
MOLECULAR SELF-ASSEMBLY STUDY OF PEG 
BASED UNCONVENTIONAL AMPHIPHILES IN 

WATER AT ROOM TEMPERATURE 
 

Thesis submitted to the              

Indian Institute of Technology Kharagpur 

For award of the degree 

 

of 

 

Doctor of Philosophy 

by 

Rita Ghosh 

 

Under the guidance of 

Prof. Joykrishna Dey 

 

 

 

 

DEPARTMENT OF CHEMISTRY 

INDIAN INSTITUTE OF TECHNOLOGY KHARAGPUR 

FEBRUARY 2018 

© 2018 Rita Ghosh.  All rights reserved. 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

To my parents… 

 
 
 
 
 
 
 



. 

 
 

CERTIFICATE OF APPROVAL 

 
                     
                                                                                                                 Date: 07/02/2018 
 
 
 
Certified that the thesis entitled “Molecular Self-assembly Study of PEG Based 

Unconventional Amphiphiles in Water at Room Temperature”  submitted by Miss. Rita 

Ghosh to Indian Institute of Technology, Kharagpur, for the award of the degree Doctor 

of Philosophy has been accepted by the external examiners and that the student has 

successfully defended the thesis in the viva-voce examination held today. 

 
 
 
 
 
 
 
-------------------------                ------------------------                  --------------------------- 
Prof. Nilmoni Sarkar                 Prof. Dibakar Dhara                   Prof. Tapas Kumar Maiti 
(Member of the DSC)    (Member of the DSC)         (Member of the DSC) 
 
 

  
 
 
 
---------------------                  -----------------------------                 ------------------------------ 
Prof. Joykrishna Dey           Prof. G. Krishnamoorthy      Prof. Manish Bhattacharjee                
(Supervisor)                            (External Examiner)                             (Chairman) 
 
 

   
 
 

 
 
 
 



 
 

 
 
 
 
 
 
 
Prof. Joykrishna Dey  
Professor 
Biophysical and Analytical Laboratory 
Department of Chemistry 
Indian Institute of Technology Kharagpur 
 

 

 
 

CERTIFICATE  

 
 

This is to certify that the thesis entitled “Molecular Self-assembly Study of PEG Based 

Unconventional Amphiphiles in Water at Room Temperature”  submitted by Miss. Rita 

Ghosh for the award of Doctor of Philosophy in Science (Chemistry) to Indian Institute 

of Technology, Kharagpur, India, is a bonafide research work carried out by her under 

my supervision. The thesis in my opinion has reached the requirements of the Institute’s 

regulations relating to the award of the PhD degree. The contents of this thesis, in full or 

in parts, have not been submitted to any other Institute or University for the award of any 

degree or diploma. 

 
 
 
 

                                                                                                  
 
February, 2018          Prof. Joykrishna Dey 
Indian Institute of Technology  
Kharagpur                      (Supervisor) 
                                                                                                             

 
 



iii 

 
DECLARATION 

 
 
 
 

I certify that  
 
 
 

a. The work contained in the thesis is original and has been done by myself under the 
general supervision of Prof. Joykrishna Dey, in the Department of Chemistry, 
Indian Institute of Technology, Kharagpur, India. .  

b. The work has not been submitted to any other Institute for any degree or diploma.  

c. I have followed the guidelines provided by the Institute in writing the thesis.  

d. I have conformed to the norms and guidelines given in the Ethical Code of 
Conduct of the Institute.  

e. Whenever I have used materials (data, theoretical analysis, and text) from other 
sources, I have given due credit to them by citing them in the text of the thesis 
and giving their details in the references.  

f. Whenever I have quoted written materials from other sources, I have put them 
under quotation marks and given due credit to the sources by citing them and 
giving required details in the references.  

 
 
 
 
 
 
 
 

 
  
Kharagpur                                                                                                     Rita Ghosh
February, 2018 
 

 
 
 



iv 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Rita Ghosh 

Email: ritag@chem.iitkgp.ernet.in 

Born on March 4th, 1989 at Galsi of 

Burdwan district under the state of West Bengal (India) 

Graduation (B.Sc.) from Vivekananda Mahavidyalaya, Burdwan (W.B.) (2010) 

Post Graduation (M. Sc.) from University of Burdwan (W.B.) (2012) 

Joined in the Department of Chemistry, Indian Institute of Technology 

Kharagpur, Kharagpur, India in the year 2012 as a Junior Research Fellow. 

 

 

 

 

 



v 

ACKNOWLEDGEMENT 

 
 

First of all, I would like to express my deep sense of gratitude to my research supervisor Prof. 
Joykrishna Dey, Department of Chemistry, Indian Institute of Technology Kharagpur, India for his 
wise and valuable guidance without which my research work could never get a shape and this 
dissertation would not be complete. 

Sir; I am grateful to you for your continued interest and encouragement during my research work. 

I wish to express my regards to Prof. M. Bhattacharjee, Head, Prof. T. Pathak and Prof. D. Mal, 
former Head of the Department of Chemistry for providing me all the departmental facilities during 
my research work. 

I would also like to acknowledge the members of my doctoral scrutiny committee Prof. N. Sarkar, 
Prof. D. Dhara and Prof. T. K. Maiti for their valuable suggestions during my research work. 

I would like to specially thank the Central Research Facility, IIT Kharagpur for providing me 
enormous research facilities, and IIT Kharagpur for providing me research fellowship.  

I am grateful to Prof. N. Sarkar and Prof. D. Dhara, Department of Chemistry, IIT Kharagpur for 
DLS and zeta potential measurements. 

I would like to thank all the faculty members, office staffs of the Chemistry Department and all the 
instrument operators for their help and co-operation.  

I sincerely thank my colleagues Amritadi, Subhajitda, Parthada, Trilochanda, Ritadi, and Deepnath 
for their help and co-operation.  

I also thank my friends, Kanika, Munmundi, Debarati, Aditya, Ruma, Sonali, Supriti, Sipradi, 
Rimpa, Sukanya, Krishnadi, Krishna, Sudipta, Sourav, Biswajit, Suman, Raka, Palashda, 
Animeshda, Biswajitda and all the well wishers who have always extended their helping hands when 
needed. 

I convey my acknowledgement to my elder sister Munmun, my brother Amit, brother-in-law Sujitda, 
my uncles, aunts and my in-laws for their love, affection, and encouragement without which I would 
not be able to come up to this stage. 

Finally, I would like to thank my father Shri Mrinal Kanti Ghosh, my mother Smt. Bhaggyabati 
Ghosh, my grandfather  late Shri Modan Mohan Ghosh, and my grandmother late Smt. Gita Ghosh 
for their unconditional love, care and encouragement throughout my life. I owe special thanks to the 
very special person, my husband, Debasis, for his incredible love, endless motivation and support in 
each step throughout the last two years. Without their sacrifices and prayers, I would not have had 
the opportunity to pursue my dreams.  

Thank you so much! 

                                                                                                                               Rita Ghosh 



Contents 

 

vi 
 

Chapter 1                        Introduction 
 
 

1.1 What are amphiphiles        1 

1.1.1 Classification of amphiphiles       2                                       

1.1.2 Surface activity of amphiphiles       3 

1.1.3 Self-assembly formation by amphiphiles     4        

1.1.4 Thermodynamics of self-assembly formation     5 

1.2 Self-assembled structures of the amphiphiles in water   6  

1.2.1 Geometric factors influencing the shape of the aggregates   7 

1.2.2 Vesicles          8 

1.3 Application of surfactants       11  

1.4 Biocompatible surfactants       12 

1.5 Poly(ethylene glycol) (PEG)       13 

1.5.1 Uses of PEG         14 

1.5.2 PEG chain-containing amphiphiles      16 

1.6 Origin of the work and outline of the thesis     17 

1.7 Objectives of the work        18 

References          19 

 

 

 
Chapter 2  Materials and Methods 
 
2.1 Materials          39 

2.2 Synthesis of amphiphiles       40 

2.2.1 Synthesis of L-cysteine conjugated  
         mPEG300-Cys and mPEG1100-Cys      40 
2.2.2 Synthesis of mesna conjugated poly(ethylene glycol)  

         methyl ether methacrylate       42 

2.2.3 Synthesis of di-(mercapto propanoyl poly(ethylene glycol))  

         propane sulfonate (DPEGS1 and DPEGS2)     45 

 



Contents 

 

vii 
 

2.2.4 Conjugation of hydrocarbon chain to mPEG300-Cys  

        (CPOLE and CPMYS)        47 

2.2.5 Conjugation of Chol to mPEG300-Cys (CPCF3 and CPCF11)  50 

2.2.6 Synthesis of poly(ethylene glycol)-di-(propionyl cysteine) (PEGDPC) 53 

2.2.7 Synthesis of poly(ethylene glycol)-di-mercaptoethyl 

        –{N,N-diethyl, (propyl sul-fonate)} (PEGDMS)    55 

 

2.3 Methods          58 

2.3.1 General instrumentation        58 

2.3.2 Surface tension (ST) measurements      59 

2.2.3 Steady-state fluorescence measurements     59 

2.2.4 Steady-state fluorescence anisotropy measurements    60 

2.2.5 Time-resolved fluorescence measurements     60 

2.2.6 Dynamic light scattering measurements     61 

2.2.7 Transmission electron microscopy (TEM)     62 

2.2.8 Atomic force microscopy (AFM)      63 

2.2.9 Gauss view analysis        63 

2.2.10 Isothermal titration calorimetry (ITC)      63 

References          64 

 

 

Chapter 3          Vesicle Forming Amphiphiles with PEG Tail 

 

3.1 Spontaneous Vesicle Formation by L-Cysteine-Derived Single PEG-Tailed 
Amphiphiles  
 
3.1.1 Scope of the study        67 

3.1.2 Surface activity         68  

3.1.3 Self-assembly behavior        69                                                                   

3.1.4 Thermodynamics of self-assembly formation     71                                             

3.1.5 Nuclear overhauser effect spectroscopy     73 



Contents 

 

viii 
 

3.1.6 Micropolarity and microviscosity      74                                                        

3.1.7 Size and shape of the aggregates      78                  

3.1.8 Stability of the vesicles        81                                                                           

3.1.9 Dye encapsulation and release kinetics      85 

3.1.10 Summary         88 

 

 
3.2 Self-assembly Study of Mesna Based Single PEG_Tailed Anionic Amphiphiles 
 
3.2.1 Scope of the study        89 

3.2.2 Surface activity         90 

3.2.3 Critical micelle concentration (cmc)      91 

3.2.4 Thermodynamics of self-assembly formation     92                                               

3.2.5 2D NOESY 1H-NMR analysis       93 

3.2.6 Micropolarity and microviscosity of the self-assemblies   95          

3.2.7 Size and shape of the aggregates      97 

3.2.8 Stability of the aggregates       100  

3.2.9 Summary         104                                                                         

   

3.3 Vesicle Formation by Anionic Amphiphiles with Double PEG Tails 

3.3.1 Scope of the study        106 

3.3.2 Self-assembly behavior        107 

3.3.3 Microenvironment study       108                           

3.3.4 Alignment of PEG chains in the aggregates     110   

3.3.5 Size and shape of the aggregates      111                                                  

3.3.6 Stability of the vesicles        115                                           

3.3.7 Summary         118                                                                   

References           119                                                                
   
   

 

 



Contents 

 

ix 
 

Chapter 4   pH-Responsive Self-Assembly Formation 

 

4.1 Vesicle Formation Followed by Vesicle to Micelle Transition by Hydrocarbon 
and PEG-containing Double-Headed Amphiphiles   
 

4.1.1 Scope of the study        129                                            

4.1.2 Interfacial properties        130                                                  

4.1.3 Fluorescence probe studies       131 

4.1.4 Thermodynamics of self-assembly formation     133                                          

4.1.5 Microenvironment of the aggregates      135                                                         

4.1.6 Hydrodynamic size and morphology of aggregates    137                             

4.1.7 Vesicle-to-micelle transition       140                                                                     

4.1.8 Effect of pH on aggregate morphology      141                                          

4.1.9 Effect of temperature on vesicle stability     144 

4.1.10 Shelf-life of the aggregates       145 

4.1.11 Effect of cholesterol on stability of bilayer membrane   145                               

4.1.12 Encapsulation of curcumin       146                                          

4.1.13 Summary         148                                                                       

 

 

4.2 Self-assembly Behavior of Cholesterol and PEG Chain-Containing Amphiphiles 
at Room Temperature  
 

4.2.1 Scope of the study        149                                                    

4.2.2 Surface activity         150 

4.2.3 Self-assembly formation       151                                                                      

4.2.4 Thermodynamics of self-assembly formation     152 

4.2.5 Micropolarity and microviscosity      154                                                               

4.2.6 Hydrodynamic diameter and morphology of the aggregates   155 

4.2.7 Constitution of vesicle bilayer       159  

4.2.8 Effect of pH on vesicle stability      161                                                                  

4.2.9 Thermal stability of the aggregates      163                                                       



Contents 

 

x 
 

4.2.10 Shelf-life of vesicles        165                                                                         

4.2.11 Summary         165                                                                                           

References          166                                                                                    

 

Chapter 5             Monolayer Vesicle Forming Bolaamphiphile 

 
5.1 Monolayer Vesicle Formation by Zwitterionic Bolaamphiphile with L-Cysteine 
as Head Groups 
 

5.1.1 Scope of the study        173                                                        

5.1.2 Surface activity         174                                                  

5.1.3 Self-assembly formation       173 

5.1.4 Driving force for self-assembly formation     173                                                                               

5.1.5 2D NOESY analysis        178                                                              

5.1.6 Nature of microenvironment of aggregates     179 

5.1.7 Hydrodynamic diameter and size distribution of aggregates   181 

5.1.8 Microscopic study        182 

5.1.9 Stability of the vesicles        185 

5.1.10 Dye entrapment and release kinetics      189                              

5.1.11 Kinetics of transmembrane permeation     191                                                  

5.1.12 Summary         192                                                                                                   

 

5.2 Monolayer Vesicle Formation by Zwitterionic Bolaamphiphile with Sulfobetaine 
as Head Groups  
  
5.2.1 Scope of the study        193                                                                                    

5.2.2 Surface activity and interfacial properties     194                                               

5.2.3 Self-assembly formation       195 

5.2.4 Thermodynamics of aggregate formation     195 

5.2.5 Molecular alignment of the amphiphiles in the aggregates   197                                       

5.2.6 Micropolarity and microviscosity      198                                

5.2.7 Size and shape of the aggregates      199 



Contents 

 

xi 
 

5.2.8 Dye entrapment studies        202                                                                

5.2.9 Stability of the monolayer vesicle      202                                                            

5.2.10 Summary         204                                                                      

References          205                                                                                  

 

Chapter 6   Conclusions and Scope for Future Studies  

6.1 Conclusions         211 

6.2 Contributions         213 

6.3 Scope for future studies        213 

           

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



List of Abbreviations and Symbols 
 

xii 
 

Abbreviations 
 

AFM     Atomic Force Microscopy 

C 153     Coumarin 153 

cac     Critical aggregation concentration 

Cal     Calceine 

CPP     Critical packing parameter 

Chol     Cholesterol 

cmc                        Critical micelle concentration 

CHN                     Carbon Hydrogen Nitrogen 

CFM     Confocal fluorescence microscopy 

CTAB     Cetyltrimethylammonium bromide 

DBU     1,8-diazabicycloundec-7-ene   

DCE     Dichloroethane 

DCM     Dichloromethane 

DLS     Dynamic light scattering 

DPH     1,6-diphenyl-1,3,5-hexatriene 

DTAB     Dodecyltrimethylammonium bromide 

EA     Ethyl acetate 

FT IR     Fourier transforms infrared 

ITC     Isothermal titration calorimetry 

H-bonding    Hydrogen bonding 

MB     Methylene blue 

Mesna     Sodium-2-mercapto ethane sulfonate 

MLM     Monolayer membrane 

MLV     Multilamellar vesicle 

mPEG     Methoxy poly(ethylene glycol) monomethacrylate 

M.P.     Melting point 

MVV     Multivesicular vesicle 

NHS     N-hydroxysuccinimide 

NMR     Nuclear Magnetic Resonance 



List of Abbreviations and Symbols 
 

xiii 
 

NOESY    Nuclear Overhauser Effect Spectroscopy 

NPN     N-Phenyl-1-naphthyl amine 

PE     Pet ether 

PEO     Poly(ethylene oxide) 

PPO     Poly(propylene oxide) 

Py     Pyrene 

SDS     Sodium dodecyl sulfate 

ST     Surface tension 

TEA     Triethylamine 

TEM     Transmission electron microscope 

THF     Tetrahydrofuran 

ULV     Unilamellar vesicle 

UV     Ultraviolet 

 

 

Symbols 

 

Cs     Concentration of surfactant 
oC     Degree Celsius 

r     Fluorescence anisotropy 

g     Gram  

γ     Surface/interfacial tension 

Γmax     Surface excess concentration  

A0     Area of head-group 

κ     Specific Conductance 

δ     Chemical shift 

gL-1     Gram per litre 

h     Hour  

dh     Hydrodynamic diameter 

lc      Critical chain length 



List of Abbreviations and Symbols 
 

xiv 
 

mPa s     Mili pascal second  

T     Temperature 

Tm     Phase transition temperature 

mM     Millimolar 

mol     Mole 

M     Molar 

Mw     Weight average molecular weight 

Mn     Number average molecular weight 

NA     Avogadro number 

Nagg     Aggregation number 

nm     Nanometer 

θ     Scattering angle 

s     Second 

λ     Wavelength 

ζ     Zetapotential      

[η]     Intrinsic viscosity 

τf     Fluorescence lifetime 

µM     Micromolar 

 

 
 



Overview of the Thesis 

 

xv 

The work presented in this dissertation is focused on self-assembly behavior of 
PEG based unconventional amphiphiles. The objective of this study is to see how 
conventional surfactants containing hydrocarbon tail(s) would behave when their 
hydrophobic tail(s) is (are) substituted by so-called polar poly(ethylene glycol) (PEG) 
chain. With this in mind, a series of molecules consisting of a single or double PEG tails 
or a combination of a PEG and a hydrocarbon tail covalently linked to an anionic 
(sulfonate) or zwitterionic (L-cysteine) head was synthesized and characterized. 
Molecules with two zwitterionic heads connected by a PEG chain were also designed and 
developed. The self-assembly properties of these molecules in water at room temperature 
were investigated by use of a number of methods including surface tension, fluorescence, 
NMR, dynamic light scattering, transmission electron microscopy, atomic force 
microscopy and isothermal titration calorimetry. The surface tension measurements 
indicated that the molecules with only PEG chains as tail or spacer are less surface active 
in comparison to conventional surfactant molecules. But the molecules containing typical 
hydrophobe (hydrocarbon or cholesterol) and PEG chains were found to be surface active 
like conventional surfactants. However, fluorescence probe studies suggested that both 
single and double PEG-tailed molecules self-assemble in water at room temperature to 
spontaneously form stable vesicles. The results of fluorescence as well as 2D NOESY 
1H-NMR studies indicated that the vesicle bilayer is constituted by the PEG chains. The 
thermodynamic parameters also suggest that spontaneous vesicle formation is entropy 
driven process. This means as in the case conventional surfactants the hydrophobic 
interaction among the PEG chains is the major driving force for aggregate formation. In 
other words, the PEG chains behave like hydrocarbon chains. Interestingly, molecules 
containing both hydrocarbon and PEG chains, the latter acts as a polar head group. In 
other words, these molecules behave like conventional surfactants. In fact, these 
molecules exhibit thermodynamically stable vesicle formation followed by vesicle-to-
micelle transition in concentrated solution. However, these amphiphiles exhibit LCST 
behavior at acidic pH. Zwitterionic bolaamphiphiles with low-molecular-weight PEG as 
spacer were also observed to spontaneously self-assemble in water at room temperature. 
Despite having so called polar spacer the bolaamphiphiles produce stable monolayer 
vesicles in water. The stability of monolayer and bilayer vesicle under physiological 
conditions suggests that they can be applied for encapsulating hydrophilic as well as 
hydrophobic guest molecules. The encapsulation and release of hydrophilic as well as 
hydrophobic guest molecules have been demonstrated in this work. Thus the vesicles can 
have potential applications in drug delivery.  

 

Keywords: Amphiphiles, poly(ethylene glycol), bolaamphiphiles, vesicles, calorimetry, 
fluorescence, microscopy 



Chapter 1 
Introduction                                                                               

1 

 

1.1 What are amphiphiles? 

Amphiphilic molecules are generally composed of a long hydrophobic tail and a 

hydrophilic head. The amphiphilic molecules upon adsorption at the air/water interface 

reduce surface tension (γ) of water and behave like surface-active agents. Since surfactant 

molecules consist of both hydrophilic (water-loving) and lipophiliic (fat-loving) groups, 

they are often termed as amphiphiles. When an amphiphile is dissolved in water, the 

hydrophobic tail causes disruption of water structure thereby increasing the overall free 

energy of the system. In order to avoid such unfavorable interactions the amphiphilic 

molecules preferentially adsorb at the air/water interface. But above a critical 

concentration the amphiphiles prefer to undergo self-assembly formation which results in 

a net decrease in free energy of the system as a whole. Thus, molecular self-assembly is a 

spontaneous organization of molecules driven by noncovalent forces such as hydrophobic 

effect, van der Waals, dipole-dipole, electrostatic and hydrogen-bonding interactions. The 

self-assembly is also well identified in biological systems such as lipid bilayer, DNA 

duplex, tertiary and quaternary structure of proteins. The spontaneous aggregate 

formation by amphiphilic molecules in solution into larger structures is also very 

important in our daily life as well as in bio-medical and drug delivery applications. There 

has been extensive fundamental and applied research about the properties of amphiphilic 

molecules in aqueous solution because of their widespread applications in chemistry, 

biochemistry, pharmaceuticals, petroleum recovery, detergents, cosmetics, paints, 

coatings, photographic films, mineral processing, food science, and also in drug design 

and drug delivery [1-3].  

 
1.1.1 Classification of amphiphiles 

Cartoon structure of different types of amphiphiles has been featured in Figure 1.1.1. The 

classification of amphiphiles is done mainly based on the nature of the polar head group 

(or hydrophile). The head group may be anionic (e.g., carboxylate (−COO¯ ), sulfonate 

(−SO3¯ ), sulfate (−OSO3¯ ), or phosphate (−OPO3¯ )), cationic (e.g., quaternary 
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ammonium (-NR3
+) group, or salt of amine (-NH3

+)) or nonionic (e.g., polyoxyethylene 

(POE), sugar or other polyol groups) and accordingly the amphiphiles are classified as 

anionic, cationic or nonionic. There are also amphiphilic molecules that contain both 

anionic and cationic centers at the head group (e.g. sulfobetaines 

(−N+(CH3)2CH2CH2SO3¯ ), long-chain amino acids (RN+H2CH2COO¯ ), imidazoline 

derivatives, etc.) and have been referred to as zwitterionic surfactants. On the other hand, 

the hydrophobic group is generally a long saturated or unsaturated hydrocarbon chain 

(C8-C22), a branched alkyl chain (C8-C22), an alkyl aromatic group, a high-molecular-

weight poly(propylene oxide) chain (-O(-CH(CH3)CH2O)n), long-chain fluoroalkyl group 

(CF3(CF2)n-), a polysiloxane group (-CH3(OSi(CH3)2O)n-), derivatives of natural or 

synthetic polymers, etc. However, recently, new structures have also been taken into 

consideration for enhanced surface and aggregation behavior of surfactants [4-7]. 

Surfactants can also have two or three tails attached to a polar head and are called as 

double or triple-chain surfactants. Surfactants having two hydrophilic heads and two 

hydrophobic tails linked by a short spacer at or near the head groups are referred to as 

“gemini” surfactants. Further, surfactants can also have two head groups (both anionic, 

both cationic or one anionic and the other cationic) joined by one hydrophobic spacer. 

These types of molecules are termed as “bolaamphiphiles” or “bolaforms”. Solution 

behavior of amphiphilic molecules depends on both the hydrophobic spacer and the 

nature of hydrophilic head group(s).  

 

 

 

 

 

 

Figure 1.1.1 Cartoon presentation of (a) cationic, (b) anionic, (c) nonionic, (d) 
zwitterionic, (e) double tailed, (f) gemini, and (g) bolaamphiphiles. 
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1.1.2 Surface activity of amphiphiles  

Surface activity is an essential property of an amphiphilic molecule, which is measured 

by its ability to reduce surface tension of water at 25 oC (γ = 71.99±0.05 mNm−1). It has 

been observed that with the addition of surfactant in water a monolayer is formed at 

air/water interface leading to a decrease in γ value of water. With increasing surfactant 

concentration the γ value continues to decrease until the air/water interface becomes 

saturated with surfactant molecules. With further increase of surfactant concentration the 

γ value remains unaltered and the surfactant molecules start to self-assemble in the bulk 

water phase to form aggregates like micelles, vesicles, etc. The critical concentration of 

surfactant above which micelle formation starts to occur is referred to as critical micelle 

concentration (cmc) or in general, critical aggregation concentration (cac). The efficiency 

of a surfactant to reduce γ value of water is generally determined by pC20 value (negative 

logarithm of the concentration (C) required to reduce γ by 20 units). Surfactants with 

higher hydrophobic tail exhibit greater surface activity and hence have higher pC20 

values.  

The surface activity can also be measured in terms of surface excess concentration 

(Γmax) that is, the maximum number of surfactant molecules adsorbed per unit area of 

air/water interface and can be obtained from Gibbs adsorption equation [8]: 

 

                                  Γmax = – (1/nRT)(dγ/dlnC) (1.1) 

  

where n is the number of molecular species. Higher value of Γmax means higher surface 

activity. The adsorption efficiency of an amphiphilic molecule, however, depends on the 

effective cross-sectional area (Ao) of the polar head group. When Ao is small more 

amphiphiles can be accommodated in the interface which means Γmax value will be 

higher. Ao can be successfully calculated from the Gibbs adsorption isotherm: 

 

                                       Ao = 1/(NAΓmax)                                                                 (1.2)  
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where NA is Avogadro’s number. Thus, amphiphiles with small Ao value and long 

hydrophobic tail will have higher surface activity or in other words, will have greater 

tendency to self-assemble in water to produce tightly packed aggregates.  

 
1.1.3 Self-assembly formation by amphiphiles 

As already mentioned, molecular self-assembly is the spontaneous and reversible 

arrangement of molecules to higher order structure or pattern by some local non-covalent 

or weak interactions (e.g. hydrophobic, van der Waals, π−π, electrostatic, hydrogen-

bonding or metal coordination). Among these, hydrophobic effect plays a predominant 

role in molecular self-assembly formation. Hydrophobic effect is mainly related to 

hydrophobic hydration, hydrophobic interactions and aqueous cohesiveness [9-12]. The 

hydrophobic tail(s) of the surfactant monomer is/are being highly hydrated in aqueous 

solution involves increased hydrogen bond interactions. During aggregation the van der 

Waals interaction between the hydrophobic tails gives a considerable decrease in the 

hydrophobic hydration. The consequent breaking of the extra hydrogen bonds results in 

an unfavorable enthalpy effect (∆H >0), which is compensated by a large entropy gain 

(∆S >0) due to increased freedom of the water molecules. This favorable entropy effect 

also compensates for two smaller effects: the entropy loss for the tails themselves and the 

enthalpy increase due to head group repulsion, especially in the case of ionic surfactants. 

However, the binding of counter ions also relieves this repulsion by decreasing the 

overall surface charge. 

1.1.4 Thermodynamics of self-assembly formation 

In order to evaluate the spontaneity of self-assembly formation study of thermodynamics 

of the self-assembly process has become an important objective. Thermodynamics of 

self-assembly (micelle/vesicle) formation in water involves mainly three thermodynamic 

parameters, enthalpy change of micellization (∆Hm), entropy change of micellization 

(∆Sm), free energy change of micellization (∆Gm). There are a number of methods 

including surface tension (ST) measurement and isothermal titration calorimetry (ITC) to 

determine the thermodynamic parameters. However, the ultimate requirement of 
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spontaneous self-assembly formation is the decrease in free energy (∆Gm < 0). According 

to the pseudo-phase separation model [13,14], the ∆Gm can be calculated from the 

following [15]:  

 

                             ∆Gm = (1 + β) RT ln(xcmc)                                                        (1.3) 

 
where xcmc is the mole fraction of the surfactant at the cmc and β is the degree of 

counterion association to micelle. The latter can be calculated from the degree of 

ionization of counterion, α (β = 1 – α), obtained from the conductivity measurement. On 

the other hand, ∆Sm can be obtained from the equation: 

                             ∆Gm = ∆Hm – T∆Sm                                                                 (1.4)                        

Thus, ∆Gm is a consequence of the change in enthalpy (∆Hm), and entropy (∆Sm) of the 

system. In most of the thermodynamic calculations, it has been found that for adsorption 

and micellization the positive entropy change (∆Sm > 0) is the major contributor to the 

negative values of the ∆Gm [2, 3]. The ∆Hm of micellization, on the other hand, can be 

positive or negative, depending on the nature of the amphiphile and physical parameters 

like temperature, concentration and pH of the solution. During self-assembly formation 

the disturbance in water structure by the amphiphiles induces increase in entropy of the 

system as a whole. Therefore, the hydrophobic interactions which arise from the increase 

in entropy of the system induce aggregate formation and growth of aggregates to larger 

size. 

1.2 Self-assembled structures of the amphiphiles in water  

Amphiphilic molecules start to self-assemble in aqueous solution above a concentration 

equal to cmc [1-3]. Extensive research on the structure-property relationship reveals that 

the size and shape of the self-assemblies mainly depend on (i) concentration of the 

amphiphile, (ii) the length of the hydrophobic tail, (iii) geometric and packing constraints 

deriving from the particular molecular structure involved, (iv) presence of additives in the 

solution, (v) nature of counterion (for ionic surfactants), (vi) temperature of the solution, 
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and (vii) the concentration of electrolyte (in the case of ionic surfactants) [4]. Kunitake 

and co-workers examined over 60 amphiphles to identify relationships between aggregate 

morphology and structure of amphiphile [16]. They recognized that the flexible tail, rigid 

segment, and hydrophilic head group were the essential elements for stable self-

assemblies.   

 

 

 

 

 

 

 

 

 

 

Figure 1.2.1 Shapes of different types of self-assemblies in aqueous solution (a) spherical 
micelle (b) disk (c) rod (d) vesicle (e) planar bilayer (f) twisted (or helical) ribbon and (g) 
tube. 

 

Micelles are the simplest and most extensively studied microstructure among the 

various aggregates that are formed in aqueous solutions. Micelles are generally 

considered as dynamic aggregate of around 30-200 amphiphiles to a small spherical 

structure with hydrodynamic diameter ≤ 2l (where l is the extended length of surfactant 

tail). The interior of a micelle is made up of hydrophobic tail, while the surface consisted 

of the polar head groups. Thus, the microenvironment of the interior rigid hydrophobic 

core of micelles differs from the polar hydrophilic surface [17]. Although, theoretically 

(c) (a) (b) 
(d) 

(g) (f) (e) 
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the most proposed structure for micelle is that of a sphere, but the more commonly 

encountered shapes of micelle are elongated, disk-like, rod-like and worm-like structures. 

Indeed, depending on the shape and size of the microstructures formed by amphiphilic 

molecules they are called as spherical, and rod-, disk- and worm-like micelles, planar and 

flexible bilayer, tubules, ribbons, monolayer and multilayer vesicles, etc. (see Figure 

1.2.1).  

1.2.1 Geometric factors influencing the shape of the aggregates 

The types of the aggregates formed in aqueous solution can be predicted by calculating 

critical packing parameter (CPP) or shape factor (P). According to Israelachvili, the CPP 

of an amphiphile is given by P = v / lc Ao, where ‘Ao’ is the surface area of the head group 

when the amphiphilic molecules are packed so as to maximize the attractive forces and 

minimize the repulsive forces, ‘v’ is the volume of the hydrophobic tail and critical chain 

length ‘lc’ is the maximum effective length the tail can assume [18-20]. The model 

predicts formation of spherical micelles for P < 1/3, cylindrical micelles for 1/3 < P < 1/2, 

vesicles or flexible bilayer for 1/2 < P < 1. On the other hand, in nonaqueous medium, 

inverted micelles are formed when P > 1.  

Thus, according to Israelachvili usually cone-shaped amphiphilic molecules with 

large polar head group (higher Ao value) tend to form micelles in water. In other words, 

single-tail amphiphiles form spherical micelles. On the other hand, truncated cone-shaped 

amphiphiles with small head group (lower Ao value) and /or large hydrocarbon tail 

(higher v value) tend to form vesicles [21-23]. Cylindrical molecules, however, form 

planar bilayer (lamellar) structures in water. This means amphiphiles with double 

hydrocarbon tails and one head form vesicles. Thus structure of the aggregate could be 

changed by varying the length of the tail or flexible linker, or both.   

 

1.2.2 Vesicles  

The most important type of self-assembly, which is truly essential to life, is the formation 

of bilayer vesicles. Vesicles also called liposomes, are the most versatile and most useful 
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self-assembly. They generally consist of alternating layers of lipid or surfactant bilayers 

separated by aqueous compartments arranged in approximately concentric circles [24]. 

That is vesicles have two distinct domains one is the hydrophobic membrane and the 

other is the interior aqueous cavity.  

Vesicles can be of different types. The vesicles composed of alternating circular 

layers of lipid or surfactant bilayers and separated by aqueous layers are called 

multilamellar vesicle (MLVs), whereas those consisted of single circular bilayer 

assembly are termed as unilamellar vesicles (ULVs). The different types of vesicles 

which are generally formed by the amphiphiles in aqueous solution are depicted in 

Figure 1.2.2. The ULVs may also be of different sizes. ULVs of diameter in the range of 

20-100 nm are generally named as small unilamellar vesicles (SUVs). ULVs of diameter 

in between 100-1000 nm are named as large unilamellar vesicles (LUVs), whereas ULVs 

of diameter greater than 1000 nm generally called as giant unilamellar vesicles (GUVs). 

Thus, the structural difference of the micelles and vesicles are prominent. Generally the 

surface of micelles is a lipid monolayer, while the surface of liposomes is a lipid bilayer 

(monolayer) and the inner core of micelles is composed of hydrocarbon chains, while the 

inner core of vesicles is consisted of aqueous pool. Micelles can only solubilize 

hydrophobic molecules while vesicles can encapsulate hydrophilic as well as 

hydrophobic molecules (drugs). In dilute lipid solution mainly ULVs dominate. 

However, at very high concentrations transformation from ULVs to MLVs or planner 

bilayer is observed [25]. MLVs are widely used in drug delivery but the disadvantage of 

using MLVs is their heterogeneous size distribution. However, there are various methods 

of preparation of vesicles of different kind reported in the literature [26]. Another kind of 

vesicular body named as multi vesicular vesicle (MVV) has also been found in many 

biological systems. It is a multistructural object in which a number of smaller vesicles are 

entrapped within the aqueous interior of a larger vesicle. MVV plays important role in 

protein sorting, degradation, and recycling during endocytosis and exocytosis [27-28].  
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Figure 1.2.2 Different types of vesicles formed in aqueous solution. 

Vesicles are also significantly thermodynamically stable and their lifetimes can be 

from a few days to several months. In most of the cases, it involves some external stimuli 

to formulate and stabilize the vesicles [29]. Therefore, spontaneous and stable vesicle 

formation without any external stimuli in aqueous solution has attracted much attention 

recent time. In most of the cases, spontaneous vesicle formation was found in 

“catanionic” mixtures or in case of double-tailed surfactants. The well-known examples 

of double-tailed surfactants are phospholipids which form liposomes (vesicles) in water 

[30]. There are also a number of reports which describe vesicle formation by synthetic, 

double-tailed surfactants [31-33]. In 1977, Kunitake et al. reported vesicle formation by 

tetraalkylammonium salts with two long alkyl residues similar to those of phospholipids 

[34]. Di-dodecyl dimethylammonium bromide (DDAB) also forms vesicles which is the 

first example of a synthetic bilayer membrane [35]. Bhattacharya et al. also have 

developed vesicle-forming double-tailed cationic surfactants [36, 37]. The gemini 

surfactants consisting of two hydrophobic and two hydrophilic groups have also been 

observed to form vesicles spontaneously [38-41].  

Similarly, bolaamphiphiles composed of two polar head groups joined by 

hydrophobic spacer chain are getting increased attention as building blocks for structures, 

such as monolayer membranes and vesicles [42-55]. Kunitake et al. first reported 

monolayer membrane formation by bolaamphiphiles [45]. Bharadwaj et al. have reported 

the spontaneous formation of vesicles by cryptand-based bolaamphiphiles [56]. Takakura 
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et al. developed new class of bolaamphiphiles which formed self-reproducing giant 

vesicles [57].  

On the other hand, single-tailed surfactants, as predicted by Israelichville, tend to 

form micelles in water. However, single-tailed surfactants whose conformation has been 

restricted by incorporation of rigid segments (e.g. biphenyl unit, azobenzene unit, 

diphenyl azomethine unit, etc.) or by intermolecular interactions, usually form stable 

bilayer aggregates [58-72].  For a spontaneous and reversible vesicle formation by single-

tailed surfactants can be induced by tuning of packing parameter by some physical 

factor(s), such as variation in solution pH, change in temperature and addition of 

additives. With the variation of pH and ionic strength of the solution, head group area of 

the amphiphile also varies. Introduction of an electric charge generally increases the 

average curvature and facilitates the formation of vesicles from lamellar phase. Dey and 

coworkers have developed a number of vesicle-forming amino acid based single-tailed 

amphiphiles and have extensively studied their aggregation behavior in aqueous solution 

[73-76]. 

1.3 Applications of surfactants 

Surfactants are widely used in our daily-life in various ways. We are greatly dependent to 

surfactant from the very early morning to the late night. Surfactants are mostly used in 

personal care products like detergents, shampoos, soaps, body spray, body lotion, 

perfume, and also in all kind of cosmetics. Some of such examples are gathered in Figure 

1.3.1.  Now-a-days, extensive fundamental research on surfactant self-assemblies is going 

on for the enhanced role of surfactants in biochemistry, polymer chemistry, 

pharmaceuticals, food science, cosmetics and personal care products, mineral processing, 

petroleum recovery, textiles, leather, paper, paints and coating industries [77-79]. 

Micellar aggregates are widely employed to solubilize hydrophobic drugs and water-

insoluble materials into solvent system [80]. On the other hand, vesicles that are 

structurally similar to biomembranes have the higher capacity to encapsulate both polar 

and non polar drugs in comparison to other aggregates of amphiphilic molecules. Thus, 

vesicles have become the most promising and demanding vehicles for drug and gene 
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delivery [81]. Vesicles have been observed to be the most promising model system for 

investigating basic biological phenomena, like membrane fusion [82], ion channelling 

[83], photosynthetic processes [84], and proton gradient formation [85]. They are also 

widely used in waste water treatment [86], and separation of biomolecules [87, 88]. Some 

vesicle-forming amino acid-derived surfactants also show sufficient antimicrobial activity 

towards gram-positive bacteria and some fungi [75, 78]. Gemini surfactants are widely 

used in enhanced oil recovery, for solublization of hydrophobic drugs, and in personal 

care products [89-91]. Bolaamphiphiles have also widespread applications in drug 

delivery and gene therapy to design vesicular systems, hydrogels, and micellar systems. 

Hydrogel forming bolaamphiphiles were found as carriers for vitamin C and vitamin 

B12. Monolayer vesicles obtained from bolaamphiphiles have been found to be more 

efficient over phospholipid based vesicles in some cases. Grinsberg S. et al has reported 

vernonia oil-based bolaamphiphiles capable of forming vesicles that can be enzymatically 

disrupted by acetylcholine esterases [34, 39]. These types of vesicles were found to 

possess potential of site specific delivery with decapsulation taking place at 

enzymatically active anatomical region. Monolayer vesicles were found be more stable 

and cell membrane permeable due to lesser fusion due to lipid exchange in comparison to 

liposomes.  

 

 

 

 

 

                    

  

 

Figure 1.3.1 Applications of surfactants in daily life. 
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1.4 Biocompatible surfactants 

As surfactants are now extensively used in detergents, cosmetics, pharmaceutical 

industries, laboratories and other fields, it becomes important to reduce the toxic effects 

of the surfactants on humans as well as on the environment. That is why, the 

biodegradability and biocompatibility of the surfactants used in various products have 

become very important. Nowadays, the surfactants must have properties of not only 

detergency and foaming power but also mildness and biodegradability. Consequently, 

new compounds, analogs of natural products, have been synthesized and their physical, 

chemical and biological properties have been studied [92-102]. Many methods have also 

been developed for designing and formulation of novel surfactants that are biodegradable 

and yield the desired effect with the least toxicity [103]. Rosen [104] and Swisher [105] 

have shown that biodegradability of surfactants mainly depends on the nature of the 

hydrophobic group, whereas the hydrophilic group plays a minor role. It has been found 

that the linear and single hydrocarbon chain containing surfactants are more 

biodegradable than the branched and multi-chain surfactants. Particularly, amino acid-

derived surfactants are well known to be mild, non-irritating to human skin and highly 

biodegradable and hence are currently used as detergents, foaming agents and shampoos.  

 On the other hand, biocompatible amphiphiles are the most demanding in these 

days because the self-assemblies obtained from the biocompatible amphiphiles are 

proved to be the promising candidate for wider applications in biological and 

phatmaceutical applications [106]. Therefore, it becomes a challenge to the researchers to 

develop biocompatible, mild and less toxic amphiphilic molecules. For this, in the last 

few years, many novel amphiphilic molecules bearing carbohydrates, amino acids, 

alkylglucosides, acylglucosamines, chitosan, lipo-amino acid, peptides and of other small 

biomolecules like bile salts, choline, carnitine, steroids, urea etc. have been developed 

[107-121]. These molecules have been found to be biocompatible and biodegradable in 

nature and hence are suitable for biochemical applications. To further ensure the 

biocompatibility, poly(ethylene glycol) (PEG) molecule has been incorporated into the 

structure of amphiphilic molecules. 
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1.5 Poly(ethylene glycol) (PEG) 

PEG, (HO–[CH2–CH2–O–]n–CH2–CH2–OH), is the most versatile and the most used 

polymer in the emerging field of drug delivery [122-130]. PEG is considered to be a 

hydrophilic polymer consisting of a repeating unit of –(O–CH2–CH2)– and is synthesized 

from ethylene oxide in a wide range of molecular weights. Since PEG is highly water 

soluble at room temperature, it is considered to be a hydrophilic polymer. On the other 

hand, poly-(propylene oxide), –[CH(CH3)–CH2–O–]n–, having a methyl (–CH3) 

substitution is hydrophobic and is insoluble in water. Interestingly, poly(methylene 

oxide), –[CH2– O–]n– having one methylene group (–CH2) less is also hydrophobic. 

However, PEG also possesses some hydrophobic character. In fact, PEG shows excellent 

solubility in different organic solvents such as, acetone, methanol, ethanol, 

tetrahydrofuran (THF), toluene, chloroform, and other chlorinated solvents etc. [131]. 

PEG was also found to have good solubility even in hydrocarbons like n-pentane, n-

hexane, n-octane, n-decane etc [132]. Thus, PEG is a very good combination of both 

hydrophilic and hydrophobic properties. This is illustrated by its adsorption at the air-

water interface forming a thin monolayer, which is a property of amphiphilic molecules 

that have distinct hydrophilic and hydrophobic regions. Furthermore, the hydrophobic 

force was found to be the driving force for the distinct aggregation behavior of the PEG-

conjugated molecules at elevated temperatures.   

It is believed that the increase of trans-gauch-trans (tgt) conformer of PEG in 

water is the main reason of its higher solubility in water. A number of reports describing 

the conformational behavior of PEG in water and organic solvents can be found in 

literature. The preferred conformations around the C−C and C−O bond of PEG in 

aqueous solutions were examined using several techniques like, X-ray (1964), NMR 

(1965) and IR spectroscopy (1969) [133-136]. All the techniques suggest that PEG in 

aqueous solution preferentially adopts the tgt conformation (trans-gauch-trans). In 1969, 

Blandamer et al., on the basis of the distances between oxygen atoms in the tgt conformer 

of PEG, demonstrated that PEG molecules form hydrogen-bond (H-bond) with the 

surrounding water molecules in aqueous solution [136]. This indeed implies good fitting 
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of the tgt conformer into the H-bonded networks in the aqueous solution and thus the 

high solubility of PEG in water. Results of Raman spectroscopic and molecular dynamics 

(MD) studies also implied that PEG in aqueous solution forms helical structure because 

of the tgt conformation in the C−O−C−C−O−C segments [137, 138].  

 
1.5.1 Uses of PEG  

Potential applications of PEG in modern medication, health care and in our daily life are 

summarized in Figure 1.5.1. PEG is an essential daily consumer product, and an 

omnipresent in our everyday life. PEG when attached with hydrophobic units, like oleic 

acid or others, acts as nonionic surfactant, which is found to be surface-active, skin-

conditioning agents, viscosity-increasing agent etc. These type of non-ionic surfactants 

have wide applications in all kinds of cosmetics including toothpaste, cleansing agents, 

shampoos, fragrance, aftershave lotion, face powder, and eye shadow [139-141].  

On the other hand, high solubility in both polar and non-polar solvents and less 

intrinsic toxicity makes PEG ideal for biological applications. PEG is very essential in 

medicinal field. It is utilized in blood and organ storage. It mainly minimizes the 

aggregation of red blood cells and enhances the blood compatibility of poly(vinyl 

chloride) bags [142-144]. Multi-arm PEG derivatives are widely used in the formation of 

hydrogels for controlled release of therapeutics, for use in medical devices, regenerative 

medicine, and also in other applications such as cell culture, wound healing etc [145-

159]. 

Furthermore, PEG is widely employed in pharmaceutical applications behaving as 

an excipient for parenteral, nasal, ocular, and topical importance. In laxatives, PEG is 

employed as the active principal. When PEG is attached with hydrophobic drugs or 

carriers the solubility of the drugs or carriers also increases in water. Thus, the 

aggregation of the drugs in vivo is hindered resulting high physical and thermal stability 

of the drugs in body system. The PEGylation (the covalent attachment of a PEG 

derivative onto molecules) of drug carriers not only increases its aqueous solubility and 

makes its renal clearance faster, but also reduces its enzymatic degradation and 

elimination and opsonization by the reticular endothelial system (RES) [160-176]. Davies 
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and Abuchowski first reported PEGylation in 1970 for albumin and catalase modification 

[177,178]. Indeed, binding of drug conjugates with PEG result in prolonged blood 

circulation time [179-181]. Thus PEGylation has a high impact to drug development and 

drug delivery [182-186]. Consequently, PEG derivatives are frequently employed for the 

PEGylation of peptides [187-189], proteins [190,191], small molecules like mannose, 

prodrugs [192], oligo nucleotides [193], cells [194], nanoparticles and virus particles 

[195-200]. It should be mentioned here that all polymer-based stealth drug-delivery 

systems that are available in market up to now contain PEG-containing compounds. 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
Figure 1.5.1 Different properties and potential applications of PEG in modern 
medication and health care. 
 

1.5.2 PEG chain-containing amphiphiles 

Since PEG is hydrophilic in nature, it is traditionally coupled with hydrophobic moieties 

to develop nonionic surfactants. There are a number of well-known nonionic surfactants, 

such as Tween-20, Triton-X-100, etc., in which PEG acts as a polar head group. New 

sterically stabilized vesicles were obtained by conjugating PEG with cholesterol. Further, 
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Lee et al. reported the synthesis and thermal properties of Triton X-based surfactants 

modified with carboxylic acids [201]. Numerous reports are there describing 

development and applications of novel nonionic surfactants having PEG as head [202-

209]. In 1989, Kabanov et al. first proposed PEG as a hydrophilic part of linear block 

copolymers for micellization [182]. PEG and poly(methacrylic acid)-containing 

amphiphilic block copolymers have been developed and their self-assembly behavior has 

been reported [204]. The PEG-containing block copolymer micelles have been used as 

drug-delivery carriers by Kwon and Kataoka [183]. A number of micelle-forming 

polymers containing PEG as polar head have been used for drug delivery applications. 

Thus coupling of poly(lactic acid) with hydrophilic PEG was performed to enhance the 

compatibility of the system with protein drugs [209-211]. Custers et al. have reported that 

modification of nonionic pluronic surfactants, PEG-poly(propylene glycol)-PEG, with 

carboxylic acids at the terminal exhibits pH-dependent phase separation and micellar 

behavior for the purpose of the removal of metal ion and organics from waste water 

[205].  

1.6 Origin of the work and outline of the thesis 

Inspired by the enormous effects of PEG in drug delivery, everyday products, and also in 

industrial applications design and development of amphiphilic molecules in which PEG 

chain replaces hydrocarbon tail was undertaken. The solubility of PEG in organic 

solvents and its behavior in water at elevated temperatures led this author to consider 

PEG chain sufficiently hydrophobic. Thus, low-molecular-weight PEG chain could act as 

hydrophobic tail when covalently linked to a more polar ionic head groups, such as 

carboxylate (–COO–), sulfonate (–SO3
– ) etc. Therefore, considering the hydrophobicity 

of PEG, it was coupled with more polar moieties. A couple of recent reports from this 

group, one on cationic and the other on anionic amphiphiles containing PEG tail showed 

formation of self-assembled microstructures in water [212, 213]. Further, some recent 

reports have also demonstrated vesicle formation by a few random copolymers 

constituted by PEG chains and ionic monomers [214-216]. However, there are no reports 

so far on low-molecular-weight amphiphiles with zwitterionic head group and PEG chain 
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either as hydrophobic tail or spacer. Therefore, in this work, a detailed investigation is 

undertaken to study aggregation behavior of this new class of molecules in aqueous 

solution in order to firmly establish the hydrophilic as well as hydrophobic nature of the 

PEG chain. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chart 1.6.1 Chemical structures and abbreviated names of the synthesized amphiphiles. 

 

Thus in the present work the amphiphilic character of molecules bearing PEG as 

tail(s) and charged group(s) as head has been examined. Consequently, a series of 
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biocompatible, PEG-based single-tailed, double-tailed, double-headed surfactants 

including bolaforms have been designed and synthesized. The chemical structures and the 

abbreviations of the synthesized molecules have been accumulated in Chart 1.6.1. The 

aggregation behavior of the amphiphiles was then thoroughly studied in aqueous solution 

by a number of techniques, including surface tension, fluorescence and 2D NOESY 1H-

NMR spectroscopy, isothermal titration calorimetry, dynamic light scattering, 

transmission electron microscopy, and atomic force microscopy. 

 

1.7 Objectives of the work 

The following objectives were set to understand the self-assembly behavior of this class 

of molecules: 

(a) To study surface activity of the molecules  

(b) To study self-assembly behavior of the molecules in aqueous solution in order to 

answer questions, such as 

(i) what is the critical concentration above which the amphiphiles form aggregate? 

(ii) what are the shapes and sizes of the aggregates formed in aqueous solution? 

(iii) how stable the aggregates are with respect to change of pH, temperature, aging time 

and additive concentration?  

(iv) what is the driving force for aggregate formation? 

(v) what is the spatial arrangement of the amphiphiles in the aggregates? 

(vi) how does the change of head-group structure affect the self-assembly behavior? 

(vii) what happens when both hydrocarbon chain and PEG chains are covalently linked to 

the same ionic head group? 

(viii) how does the change of nature of the hydrophobe from hydrocarbon chain to 

cholesterol affect the self-assembly behavior? 

(ix) what happens when two PEG chains are linked to the same ionic head group? 

(x) what happens when the same ionic head group is linked at both ends of the PEG 

chain? 

(c) To demonstrate potential application of these molecules in drug delivery 
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2.1 Materials  

Poly(ethylene glycol) methyl ether methacrylate (mPEG300, Mn ~ 300 and mPEG1100, Mn 

~ 1100), poly(ethylene glycol) diacrylate (Mn ~ 575), sodium-2-mercapto ethane sulfo-

nate (mesna, 98%), sodium-2,3-dimercaptopropanesulfonate monohydrate (95%), oleoyl 

chloride (99%), myristoyl chloride (99%), cholesteryl chloroformate (99%) and choles-

terol (Chol, ≥ 99%) were purchased from Sigma-Aldrich (Bangalore, India). L-Cysteine 

(≥ 99%) was procured from Lab Chem and used without further purification. 1,3-Propane 

sultone (98%), 1,8-diazabicycloundec-7-ene (DBU, 98%), triethylamine (TEA, 98%), 

sodium dihydrogen phosphate (≥ 99%), disodium monohydrogen phosphate (≥ 99%), 

phosphotungstic acid, sodium bicarbonate (99%), sodium carbonate (99%), metallic so-

dium, sodium hydroxide (97%) and sodium chloride (≥ 99%) were purchased from SRL 

(Mumbai, India). Solvents such as methanol (MeOH), tetrahydrofuran (THF), chloroform 

(CHCl3), dichloromethane (DCM), dichloroethane (DCE), ethyl acetate (EA), petroleum 

ether (PE) and n-hexane were obtained from Merck (Mumbai, India). All the solvents 

were of analytical grade and were dried and distilled following typical procedures before 

use. All deuterated solvents, such as CDCl3, D2O and CD3OD were purchased from 

Cambridge Isotope Laboratories, Inc (CIL, India). Millipore filter paper was obtained 

from Merck, India. Milli Q water (18.2 MΩ cm) was obtained from a Millipore water pu-

rifier (Elix, Bangalore, India).  

The fluorescent probes (see Figure 2.1.1 for structures) pyrene (Py, 99%), N-

phenyl-1-naphthylamine (NPN, 98%), 1,6-diphenyl-1,3,5-hexatriene (DPH, 98%), cou-

marine-153 (C153, 98%), calcein (CAL, 99%), methylene blue (MB, 99%), curcumin ( ≥ 

95%) , and riboflavin (98%) were obtained from Sigma-Aldrich (Bangalore, India) and 

were purified by repeated recrystallization from ethanol water mixtures. The purity of the 

probes was checked by matching fluorescence excitation and absorption spectra. 
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      Figure 2.1.1 Chemical structures of fluorescent probes. 

 

2.2 Synthesis of amphiphiles 

2.2.1 Synthesis of L-cysteine conjugated mPEG300-Cys and mPEG1100-Cys 

The single-chain zwitterionic amphiphiles were synthesized by the Michael addition reac-

tion of L-cysteine with poly(ethylene glycol) methyl ether methacrylate by thiol−ene 

“click” chemistry  according to the reported method [1,2]. Briefly, mPEG300 (2.1 g, 7 

mmol) was reacted with L-cysteine (1.275 g, 10.5 mmol) in methanol at room tempera-

ture for 6 h in the presence of TEA. The product was obtained as white solid after evapo-

ration of the solvent. To remove unreacted materials, the solid compound was dissolved 

in water and then reprecipitated by adding dry acetone. The compound was isolated as 

white solid. The details of the chemical identifications and the representative 1H-NMR 

(Figure 2.2.1) and 13C-NMR (Figure 2.2.2) spectra are presented below. 
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   Scheme 2.2.1 Synthetic scheme of mPEG300-Cys and mPEG1100-Cys. 

2.2.1.1 Chemical identification 

MW: 421.16 (mPEG300-Cys) and 1221.16 (mPEG1100-Cys), State: white solid, 

mp 170 oC (mPEG300-Cys) and 230 oC (mPEG1100-Cys). Yield ~ 80%, [α]D 25 (1%, H2O) 

= +20, FTIR  (KBr, cm–1): The broad band centered at 3411 cm–1 corresponds to O-H 

stretching for hydrogen-bonded COOH group. Absence of double bond is confirmed by 

absence of C-H stretching around 3000 cm–1. Absence of the characteristic band of S-H 

stretch around 2550 cm–1 confirms the absence of S-H. Strong peaks near 1734 cm–1 and 

1725 cm–1 show the presence of C=O stretches of ester and carboxylic acid group, re-

spectively. The absorption peak at 674 cm–1 indicates the presence of C-S bond. 1H-

NMR (CDCl 3, 400 MHz): δ (ppm) 1.254 (COCHCH3, t, 3H), 2.868 (COOHCHCH2, d, 

2H), 3.043 (SCH2-CH, d, 2H), 3.203 (SCH2CHCO, m, 1H), 3.381 (OCH3, s, 3H), 3.558 

(CO-OCH2CH2, t, 2H), 3.661 (long chain glycolic CH2, m, 18H for mPEG300-Cys and 

104H for mPEG1100-Cys), 3.729 (OCH3 CH2CH2, t, 2H), 3.795(NH2CHCH2, t, 1H), 

4.351 (CO-OCH2-CH2, dd, 2H). 13C-NMR (D2O, 1% DMSO, 400 MHz): δ (ppm) 175.1 

(COOCH2), 170.2 (COO-), 68.7, 67.3, 66.1, 61.5 (ether CH2), 55.7 (OCH3), 51.4(NCH 

CH2) 37.7 (SCH2CH), 32.2 (SCH2 CH), 30.3 (SCH2 CH2NH2), 13.9 (CH3). 
13C-NMR 

(CDCl3, 400 MHz): δ (ppm) 175.08 (COOCH2), 172.3 (COOH), 71.8, 70.4, 69.0, 63.7 

(ether CH2), 59.7 (OCH3), 53.4(NCHCH2) 40.0 (SCH2CH), 35.2 (SCH2CH), 33.4 (SCH2 

CH2NH2), 16.9 (CH3). CHNS Analysis: Calcd (%) for C16H31NO8S; C: 45.58, H: 7.59, 

N: 3.32; Found (%): C: 45.74, H: 8.03, N: 3.02. 

 

 

SH O
O

CH3

O
S O

O
CH3

O

+

TEA
MeOHH3N

+

-OOC

HOOC

H2N
nn

R.T, 6 h
n = 4, mPEG300-Cys
n = 23, mPEG1100-Cys



Materials and Methods 

 

42 

 

 

 

 

 

 

 

 

 

           Figure 2.2.1 1H-NMR spectrum of mPEG300-Cys in CDCl3 solvent. 

 

 

 

 

 

 

 

 

            Figure 2.2.2 13C-NMR spectrum of mPEG300-Cys in CDCl3 solvent. 

2.2.2 Synthesis of mesna conjugated poly(ethylene glycol) methyl ether methacrylate 

(PEGS1 and PEGS2) 

The compounds PEGS1 and PEGS2 were synthesized by the same procedure described 

above [1, 2]. The anionic surfactants were synthesized according to the Scheme 2.2.2. 
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Briefly mPEG300 (1.06 g, 3.53 mM) and mesna (0.5 g, 3.53 mmol) was stirred in metha-

nol in the presence of TEA (1.0 eq) at room temperature for 6 h. The compound was ob-

tained as a viscous colorless liquid for PEGS1 and as a white solid for PEGS2 after eva-

poration of the solvent and was purified by column (Al2O3) chromatography using 5:1 

(v/v) ethyl acetate-petroleum ether mixture. Both PEGS1 and PEGS2 molecules were 

found to be hygroscopic. The structures of the synthesized molecules were confirmed by 

FT-IR, 1H-NMR (Figure 2.2.3), and 13C-NMR (Figure 2.2.4) spectra.  

 

 

 

 

  Scheme 2.2.2 General synthetic scheme for PEGS1 and PEGS2.  

2.2.2.1 Chemical identification 

PEGS1. MW: 464.18, State: colorless viscous liquid, Yield: 80-85%, FTIR 

(KBr, cm–1) Absence of double bond is confirmed by absence of C-H stretching at 3000 

cm–1 and no band at 2565 cm–1 confirms absence of S-H stretching. Peak at 1738 cm–1 

shows presence of C=O stretching of ester group and peak at 638 cm–1 shows presence of 

C-S stretching. 1H-NMR (CD 3OD, 400 MHz): δ (ppm) 1.254 (COCHCH3, t, 3H), 2.885 

(SO3NaCHCH2, d, 2H), 2.895 (SCH2-CH, d, 2H), 3.002 (SCH2CHCO, m, 1H), 3.358 

(OCH3, s, 3H), 3.551 (CO-OCH2CH2, t, 2H), 3.663 (long chain glycolic CH2, m, 18H for 

PS1 and 104H for PS2), 3.729 (SO3Na CH2, t, 2H), 4.351 (CO-OCH2-CH2, dd, 2H). 13C-

NMR (D2O, 400 MHz): δ (ppm) 178.5 (COOCH2), 64.7, 69.5, 70.5, 70.9, 73.6 (ether 

CH2), 58.4 (OCH3), 51.4 (SCH2CH), 40.2 (SCH2CH), 34.8 (SCH2 CH2COOH), 26.4 

(SCH2 CH2COOH), 16.4 (CH3). 

PEGS2. MW: 1264.18, State: Hygroscopic white solid, Yield:  81%, FTIR 

(KBr, cm–1): Absence of double bond is confirmed by absence of C-H stretching at 3000 

cm–1 and no band at 2565 cm–1 confirms absence of SH stretching. Peak at 1740 cm–1 

shows presence of C=O stretching of ester group and peak at 635 cm–1 shows presence of 

C-S stretching. 1H-NMR (CD 3OD, 400 MHz): 1.254 (COCHCH3, t, 3H), 2.885 
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(SO3NaCHCH2, d, 2H), 2.895 (SCH2-CH, d, 2H), 3.002 (SCH2CHCO, m, 1H), 3.358 

(OCH3, s, 3H), 3.551 (CO-OCH2CH2, t, 2H), 3.663 (long chain glycolic CH2, m, 18H for 

PS1 and 104H for PS2), 3.729 (SO3Na CH2, t, 2H), 4.351 (CO-OCH2-CH2, dd, 2H). 13C-

NMR . (D2O, 400 MHz): δ (ppm) 178.5 (COOCH2), 64.7, 69.5, 70.5, 70.9, 73.6 (ether 

CH2), 58.4 (OCH3), 51.4 (SCH2CH), 40.2 (SCH2CH), 34.8 (SCH2 CH2COOH), 26.4 

(SCH2 CH2COOH), 16.4 (CH3). 

 

 

 

 

 

 

 

 

  Figure 2.2.3 1H-NMR spectrum of PEGS1 in CD3OD solvent. 

 

 

 

 

 

 

 

 

 Figure 2.2.4 13C-NMR spectrum of PEGS1 in CD3OD solvent. 
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2.2.3 Synthesis of di-(mercapto propanoyl poly(ethylene glycol)) propane sulfonate 

(DPEGS1 and DPEGS2) 

The amphiphiles with double PEG chains of different lengths (DPEGS1 and DPEGS2) 

were synthesized by the Michael addition reaction of sodium-2,3-

dimercaptopropanesulfonate with poly(ethylene glycol) methyl ether methacrylate by 

thiol−ene “click” chemistry  according to the reported method described earlier following 

Scheme 2.2.3. In brief, sodium-2,3-dimercaptopropanesulfonate (1 eq) was reacted with 

mPEG (2.2 eq) in methanol at room temperature for 12 h in the presence of TEA (2.2 eq). 

The solvent was then evaporated and the product was obtained as viscous liquid for 

DPEGS1 and as white, hygroscopic solid for DPEGS2. The unreacted materials were re-

moved by washing the product repeatedly with n-hexane. Then the pure product was air-

dried under vacuum. Chemical identifications were performed using 1H- and 13C-NMR 

NMR spectra shown in Figure 2.2.5 and Figure 2.2.6, respectively. 

 

 

 

 

 

Scheme 2.2.3 General synthetic scheme of the amphiphiles (n = 4, DPEGS1 and n = 23, 

DPEGS2). 

 

2.2.3.1 Chemical identification of DPEGS1 and DPEGS2 

MW: 828.30g (DPEGS1) and 2428.3 (DPEGS2), State: colorless semi solid 

(DPEGS1) and white hygroscopic solid (DPEGS2), Yield:  ~ 80%, FTIR (KBr, cm –1): 

absence of double bond is confirmed by absence of C-H stretching at 3000 cm–1 and no 

band at 2565 cm–1 confirms absence of S-H stretching. Peak at 1738 cm–1 shows presence 
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of C=O stretching of ester group and peak at 638 cm–1 shows presence of C-S stretching. 
1H-NMR (D 2O, 600 MHz): δ (ppm) 1.254 (COCHCH3, t, 3H), 2.885 (SO3NaCHCH2, d, 

2H), 2.895 (SCH2-CH, d, 2H), 3.002 (SCH2CHCO, m, 1H), 3.358 (OCH3, s, 3H), 3.551 

(CO-OCH2CH2, t, 2H), 3.663 (long chain glycolic CH2, m, 36H for DPEGS1 and 208H 

for DPEGS2), 3.729 (SO3Na CH2, t, 2H), 4.351 (CO-OCH2-CH2, dd, 2H). 13C-NMR 

(D2O, 600 MHz): δ (ppm) 178.5 (COOCH2), 64.7, 69.5, 70.5, 70.9, 73.6 (ether CH2), 

58.4 (OCH3), 51.4 (SCH2CH), 40.2 (SCH2CH), 34.8 (SCH2 CH2COOH), 26.4 (SCH2 

CH2COOH), 16.4 (CH3).  

 

 

 

 

 

 

 

Figure 2.2.5 1H-NMR spectrum of DPEGS1 in D2O solvent. 

 

 

 

 

 

 

 

 

Figure 2.2.6 13C-NMR spectrum of DPEGS1 in D2O solvent. 
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2.2.4 Conjugation of hydrocarbon chain to mPEG300-Cys (CPOLE and CPMYS) 

The anionic surfactants were synthesized according to the Scheme 2.2.4.The starting ma-

terial, mPEG300-Cys was synthesized according to the procedure described earlier. The 

single-chain amphiphile mPEG300-Cys was then reacted with the acid chloride (myristoyl 

chloride or oleoyl chloride) in super dry DCM in the presence of super dry TEA accord-

ing to the procedure reported in the literature [3, 4]. In a dry and clean 100 mL round bot-

tom (RB) flask equipped with a magnet, 1eq mPEG300-Cys was charged with 2 eq TEA in 

20 mL super dry DCM. The mixture was stirred for 2 h. Then the acid chloride (1 eq) in 

DCM was added drop wise to the reaction mixture in ice-cold condition and the reaction 

mixture was continued to stir for another more 6h for the complete conversion of the acid 

chloride to amide. The progress of the reaction was followed by checking TLC from time 

to time. The solvent was evaporated in a rota-evaporator. The residual white mass (semi-

solid) was dissolved in minimum volume of water and the pH of the aqueous mixture was 

adjusted to 3.0. Then the aqueous phase was solvent extracted by CHCl3 repeatedly to 

obtain the desired product. MgSO4 was then added to the organic part and was kept for 

12 h. The solid MgSO4 was then filtered off and the organic part was concentrated in ro-

ta-evaporator. The product thus procured was found to be pure enough and the yield was 

also very good (~90 %). The compound was identified by FT-IR, 1H-NMR (Figure 

2.2.7), 13C-NMR (Figure 2.2.8) spectra. 

The compound thus obtained in the first step was dissolved in THF. An aqueous 

solution of Na2CO3 (1.2 eq.) was then added drop wise dissolved in distilled water for a 

period of 15 min with continuous stirring at room temperature. The mixture immediately 

turned turbid, but became clear during the course of reaction. After stirring for 12 h, THF 

was evaporated, leaving a colorless slurry in the RB flask. The mass was freeze-dried to 

remove the water and the product was then washed with CHCl3 to remove unreacted 

Na2CO3. The desired pure product was obtained with ~ 80% yield. 
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Scheme 2.2.4 General synthetic scheme for CPOLE and CPMYS. 

2.2.4.1 Chemical identification of CPOLE and CPMYS 

MW:  663.43 g (CPOLEA) and 609.48 g (CPMYSA). State: Colorless viscous 

liquid, Yield: ~85%. FTIR: (KBr cm –1) 3501 cm–1 (broad, carboxylic acid O-H stretch), 

3337 cm–1 (strong, N-H stretch), 1734 cm–1 (ester C=O stretch), 1728 (carboxylic acid 

C=O stretch), 1653 cm–1 (amide C=O stretch), 1519 cm–1 (N-H bend), 1256, 1218, 1076, 

and 1038 (C–O stretches). No band at 2565 cm–1 confirms absence of S-H stretching and 

the absorption peak at 772 cm–1 indicates the presence of C-S bond. 1H-NMR  (CDCl3, 

600 MHz): δ (ppm) 1.254 (COCHCH3, t, 3H), 2.868 (COOHCHCH2, d, 2H), 3.043 

(SCH2-CH, d, 2H), 3.203 (SCH2CHCO, m, 1H), 3.381 (OCH3, s, 3H), 3.558 (CO-

OCH2CH2, t, 2H), 3.661 (long chain glycolic CH2, m, 18H), 3.729 (OCH3 CH2CH2, t, 

2H), 3.795(NH2CHCH2, t, 1H), 4.351 (CO-OCH2-CH2, dd, 2H), 0.886 ( CH2-CH3, t, 

3H), 1.243 (long chain alkyl CH2, m, 20H), 2.024(CH2-CHCH-CH2, m, 4H), 1.656 

(NHCOCH2-CH2, m, 2H), 2.301 (NHCOCH2, t, 2H), 6.530 (NHCO, d, 1H) and for the 

acid form CPOLE an extra peak at 5.356 (HCCH, s, 2H). 13C-NMR  (CDCl3, 600 

MHz): δ (ppm) 177.1 (COOCH2), 174.3 (COOH), 172.2 (CONH) 68.7, 67.3, 66.1, 61.5 

(ether CH2), 55.7 (OCH3), 51.4 (NCH CH2) 37.7 (SCH2CH), 32.2 (SCH2CH), 30.3 

(SCH2CH2NH2), 29 (CH2CH2CH2CH2), 13.9 (CH3), and for CPOLE an extra peak at 

129.2 (CHCH). HRMS: Calculated for CPOLE acid form is [M+H]+ : 662.4300; Found: 
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662.4326 and  Calculated for CPMYS acid form is [M+H]+ : 608.3800; Found: 

608.3918. 

MW:  685.43 g (CPOLE) and 632.38 g (CPMYS). State: Colorless hygroscopic 

solid, Yield: ~80%. 1H-NMR  (D2O, 600 MHz): δ (ppm) 1.254 (COCHCH3, t, 3H), 

2.868 (COOHCHCH2, d, 2H), 3.043 (SCH2-CH, d, 2H), 3.203 (SCH2CHCO, m, 1H), 

3.381 (OCH3, s, 3H), 3.558 (CO-OCH2CH2, t, 2H), 3.661 (long chain glycolic CH2, m, 

18H), 3.729 (OCH3 CH2CH2, t, 2H), 3.795(NH2CHCH2, t, 1H), 4.351 (CO-OCH2-CH2, 

dd, 2H), 0.886 ( CH2-CH3, t, 3H), 1.243 (long chain alkyl CH2, m, 20H), 2.024(CH2-

CHCH-CH2, m, 4H), 1.656 (NHCOCH2-CH2, m, 2H), 2.301 (NHCOCH2, t, 2H), 6.530 

(NHCO, d, 1H) and for CPOLE an extra peak at 5.356 (HCCH, s, 2H). 13C-NMR  (D2O, 

600 MHz): δ (ppm) 177.1 (COOCH2), 171.3 (COO–), 168.2 (CONH) 68.7, 67.3, 66.1, 

61.5 (ether CH2), 55.7 (OCH3), 51.4 (NCH CH2) 37.7 (SCH2CH), 32.2 (SCH2CH), 30.3 

(SCH2CH2NH2), 29 (CH2CH2CH2CH2), 13.9 (CH3), and for CPOLE an extra peak at 

129.2 (CHCH). 

 

 

 

 

 

 

 

 

 

Figure 2.2.7 1H-NMR spectrum of CPMYS (acid form) in CDCl3 solvent. 
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  Figure 2.2.8 13C-NMR spectrum of CPMYS (acid form) in CDCl3 solvent. 

2.2.5 Conjugation of Chol to mPEG300-Cys (CPCF3 and CPCF11) 

In a 100-mL (single-neck) RB flask fitted with a magnetic stirrer, mPEG300-Cys (1.0 eq) 

was dissolved in super dry THF containing 1 eq super dry TEA. But it remained insoluble 

in THF even after 1 h of stirring. Then some amount of super dry MeOH was added to 

the RB to dissolve the whole mixture. The reaction mixture was stirred at R.T. for further 

30 min. The solution was cooled to 0 oC in an icebath. To this cold solution, cholesteryl 

chloroformate (0.9 eq.) dissolved in dry THF was added drop wise with continuous stir-

ring over a period of 2 h. The pH of the reaction mixture was maintained at 8-9 by the 

addition of TEA at regular intervals. After stirring for 20 h, the solvent was evaporated in 

a rotavapor, and the residual milky white slurry was transferred into a 50-mL beaker by 

use of a minimum volume (~ 10 mL) of distilled water. The resulting aqueous milky 

white dispersion was acidified with aqueous dilute HCl (0.5 M) to pH ~ 2. The com-

pound was then extracted with small portion of CHCl3 from acidified aqueous solution. 

All the CHCl3 fractions were collected and then the solvent was evaporated out. The 

product was dried in desiccators overnight under reduced pressure to get colorless semi 

solid. The product (acid form) was characterized by FT-IR, 1H-NMR, and 13C-NMR 
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spectra. The 1H-NMR and 13C-NMR spectra have been presented in Figure 2.2.9 and 

Figure 2.2.10, respectively. 

The sodium salt of the acid was prepared by drop wise addition of aqueous NaH-

CO3 (1.2 eq.) solution to a solution of the acid (1 eq.) in THF over a period of 15 min 

with continuous stirring at room temperature. The mixture immediately turned turbid, but 

became clear during the course of the reaction. After stirring for 12 h, THF was evapo-

rated, leaving colorless slurry in the RB flask. The mass was freeze-dried to remove the 

water and the product was then dissolved in CHCl3 to remove unreacted NaHCO3. The 

desired pure product was thus obtained with ~ 80% yield. 

 

 

 

 

 

 

 

 

    

Scheme 2.2.5 General synthetic scheme for CPCF3 and CPCF11 molecules. 

2.2.5.1 Chemical identification of CPCF3 and CPCF11 

MW: 811.8 (CPCF3A) and 1633.8 (CPCF11A), State: colorless viscous semi-

solid, Yield:  80-85%, FTIR (KBr, cm –1): 3501 (broad, carboxylic acid O-H stretch), 

3423 (strong, N-H stretch), 2945 (sp2 C-H stretch), 2901 and 2862 (sp3 C-H stretch), 

1728 (carboxylic acid C=O stretch), 1695 (NH(C=O) O stretch), 1519 (N-H bend), 1256, 
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1218, 1076, and 1038 (C-O stretches); 1H-NMR (CDCl3, 400 MHz): δ (ppm) 5.377 

(olefinic H cholestanyl, d, 1H), 5.170 (NHCOO, d, 1H), 4.516 (cholestanyl CHO(CO), s, 

1H), 4.388 (CH3CHCOOH, t, 1H),  2.312 (cholestanyl CH2, d, 2H), 1.014 (cholestanyl 

CH3, s, 3H), 0.916 (cholestanyl CH3, d, 3H), 0.869 (cholestanyl CH(CH3)2, d, 6H), 0.680 

(cholestanyl CH3, s, 3H), 1.254 (COCHCH3, t, 3H), 2.868 (COOHCHCH2, d, 2H), 3.043 

(SCH2-CH, d, 2H), 3.203 (SCH2CHCO, m, 1H), 3.381 (OCH3, s, 3H), 3.558 (CO-

OCH2CH2, t, 2H), 3.661 (long chain glycolic CH2, m, 18H for CPCF3 and 108H for 

CPCF11), 3.729 (OCH3 CH2CH2, t, 2H), 3.795(NH2CHCH2, t, 1H), 4.351 (CO-OCH2-

CH2, dd, 2H); 13C-NMR (CDCl3, 400 MHz): δ (ppm) 174.78 (COOCH2), 171.95 

(COOH), 155.49 (NHCOO), 139.51 (–C =CH), 122.52 (–C=CH), 49.90 (CH), 68.7, 67.3, 

66.1, 61.5 (ether CH2), 55.7 (OCH3), 51.4 (NCH CH2) 37.7 (SCH2CH), 32.2 (SCH2CH), 

30.3 (SCH2CH2NH2), 29 (CH2CH2CH2CH2), 13.9 (CH3). 

 MW: 833.8 (CPCF3) and 1655.8 (CPCF11), State: white sticky solid, Yield:  80-

85%. 1H-NMR  and 13C-NMR are as same like the acid form only COO– comes at 

173.23. 

 

 

 

 

 

 

 

 

                

  Figure 2.2.9 1H-NMR spectrum of CPCF3 (acid form) in CDCl3. 
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Figure 2.2.10 13C-NMR spectrum of CPCF3 (acid form) in CDCl3. 

 

2.2.6 Synthesis of poly(ethylene glycol)-di-(propionyl cysteine) (PEGDPC)  

The zwitterionic bolaamphiphile PEGDPC was synthesized by the Michael addition reac-

tion of L-cysteine with poly(ethylene glycol) diacrylate according to the method reported 

earlier by our group following Scheme 2.2.6. Briefly, poly(ethylene glycol) diacrylate (1 

eq.) was reacted with L-cysteine (2.2 eq.) in methanol at room temperature for 6 h in 

presence of TEA. The product was obtained as white solid after evaporation of the sol-

vent. To remove unreacted materials, the solid compound was dissolved in water and 

then reprecipitated by adding dry acetone. Thus the compound was separated as white 

plate-like solid. The chemical structure of the compound was determined by FTIR, 1H-

NMR, and 13C-NMR spectroscopy. Representative 1H-NMR (Figure 2.2.11), and 13C-

NMR (Figure 2.2.12) spectra of PEGDPC are presented below. 
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    Scheme 2.2.6 Synthetic scheme for PEGDPC molecule. 

 

2.2.6.1 Chemical identification of PEGDPC 

MW: 817.32, State: white solid (small plate-like structure), mp 210 oC, Yield ~ 

80%, FTIR  (KBr, cm–1): The broad band centered at 3456 cm–1corresponds to O-H 

stretching for hydrogen-bonded COOH group. Absence of double bond is confirmed by 

absence of C-H stretching around 3000 cm–1. Absence of the characteristic band of S-H 

stretch around 2550 cm–1 confirms the absence of S-H. Strong peaks near 1742 cm–1 and 

1727 cm–1 show the presence of C=O stretches of ester and carboxylic acid group, re-

spectively. The absorption peak at 674 cm–1 indicates the presence of C-S bond. 1H-

NMR (D2O, 600 MHz): δ (ppm) 2.689 (SCH2-CH2CO, d, 2H), 2.803 (SCH2-CH2CO, d, 

2H), 3.068 (SCH2CH, dd, 2H), 3.647 (long chain glycolic CH2, m), 3.717 (CO-OCH2-

CH2, t, 2H), 3.860 (SCH2CH, d, 1H), 4.235 (CO-OCH2-CH2, dd, 2H). 13C-NMR (D2O, 

1% DMSO, 600 MHz): δ (ppm) 174.25 (COOCH2), 172.63 (COO-), 69.55, 68.40, 64.05 

(ether CH2), 61.06 (CO-OCH2CH2), 60.32 (CO-OCH2CH2), 52.67 (SCH2CH), 33.87 

(SCH2CH2), 32.06 (SCH2CH), 26.29 (SCH2 CH2COO). 
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Figure 2.2.11 1H-NMR spectrum of PEGDPC in D2O solvent. 

 

 

 

 

 

 

 

 

 

Figure 2.2.12 13C-NMR spectrum of PEGDPC in D2O solvent. 

      

2.2.7 Synthesis of poly(ethylene glycol)-di-mercaptoethyl–{N,N-diethyl, (propyl sul-

fonate)} (PEGDMS) 

A mixure of 2-(diethylamino) ethanethiol hydrochloride (2 eq) and DBU (5 eq) dissolved 

in dry methanol and the mixture was stirred for 30 minutes. Then poly(ethylene glycol) 

diacrylate (1eq) was added and the mixture was stirred at room temperature for further 24 
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h under nitrogen atmosphere. After completion of the reaction the solvent was evaporated 

in a rotavapour. The residue was dissolved in EA and washed with pH = 10.0 buffer solu-

tion successively. The organic layer was dried with anhydrous MgSO4 and after removal 

of MgSO4 evaporated to dryness. The compound thus obtained was dissolved again in 

DCE. The 1, 3-propane sultone (2 eq) was then added and reaction mixture was stirred 

for 20 h at 40 °C under nitrogen atmosphere. Next the solvent was evaporated and the 

residue was washed with PE and was stored in vacuum desiccator. The chemical structure 

of the resulting compound was identified by 1H- and 13C-NMR spectra as shown in Fig-

ure 2.2.13 and Figure 2.2.14, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

       Scheme 2.2.7 Synthetic scheme of PEGDMS. 

 

2.2.7.1 Chemical identification of PEGDMS 

PEGDMS (step 1). MW: 783.32, State: liquid, Yield: 81%, FTIR (KBr, cm –1): 

Absence of double bond is confirmed by absence of C-H stretching at 3000 cm–1 and no 

band at 2565 cm–1 confirms absence of SH stretching. Peak at 1740 cm–1 shows presence 
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of C=O stretching of ester group and 635 cm–1 show presence of CS stretching. 1H-NMR 

(CDCl3, 600 MHz): δ (ppm) 1.20 (NCH2CH3, t, 3H), 2.050(NCH2CH3, m, 2H),   2.301 

(NCH2CH2S, t, 2H), 2.532  (SCH2CH2CO, d, 2H), 2.677  (NCH2CH2S, t, 2H), 2.869 

(SCH2CH2CO, d, 2H), 3.462  (COOCH2CH2O, t, 2H), 3.651 (long chain glycolic CH2, 

m, 12H), 4.445 (COOCH2CH2O, t, 2H).  13C-NMR (CDCl 3, 600 MHz): δ (ppm) 171.257 

(COOCH2), 70.414, 70.556, 70.643, 70.679 (ether CH2), 61.77 (COOCH2CH2O), 47.090 

(NCH2CH3), 46.941 (NCH2CH2S), 32.215 (COCH2CH2S), 29.084 (SCH2CH2CO), 

27.157 (NCH2CH2S), 11.8 (NCH2CH3). 

PEGDMS (step 2). MW:  1027.6, State: Viscous liquid, Yield 52%, 1H-NMR 

(CD3OD, 600 MHz): δ (ppm) 1.367 (NCH2CH3, t, 12H), 2.02 (NCH2CH2CH2SO3, m, 

4H), 2.68 (SCH2CH2CO, d, 4H), 2.721 (NCH2CH2S, t, 4H), 2.82 (SCH2CH2CO, t, 4H), 

2.926 (NCH2CH2CH2SO3, t, 4H), 2.960 (NCH2CH3, m, 8H), 3.408 (NCH2CH2CH2SO3, 

t, 4H), 3.502 (COOCH2CH2O, t, 4H), ), 3.572 (NCH2CH2S, t, 4H),   3.662 (long chain 

glycolic CH2, m, 16H ), 4.448 (COOCH2CH2O, t, 4H). 13C-NMR (CD3OD, 100 MHz): 

δ (ppm) 172.65 (COOCH2), 72.27, 70.16, 69.31, 68.76 (ether CH2), 60.83 (NCH2CH2S), 

59.16 (NCH2CH2CH2SO3), 56.79 (NCH2CH3), 47.17 (NCH2CH2CH2SO3), 34.29 

(SCH2CH2CO), 27.49 (NCH2CH2S), 25.01 (SCH2CH2CO), 17.9 (NCH2CH2CH2SO3), 7.8 

(NCH2CH3). 

 

 

 

 

 

 

 

 

  Figure 2.2.13 1H-NMR spectrum of PEGDMS in CD3OD solvent. 
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Figure 2.2.14 13C-NMR spectrum of PEGDMS in CD3OD solvent. 

 

2.3 Methods 

2.3.1 General instrumentation  

The elemental analysis was carried out with a Perkin Elmer 2400 Series II CHNS/O ana-

lyzer. Melting point was determined by an Instind (Kolkata) melting point apparatus us-

ing open capillaries. The measurements of optical rotations were performed with a JAS-

CO (Model P-1020) digital polarimeter. The 1H-NMR and 13C-NMR spectra were rec-

orded on an AVANCE DAX-400 (Bruker, Sweden) 400 MHz and 600 MHz NMR spec-

trometer using TMS (tetramethyl silane) or acetonitrile as internal standard. Two dimen-

sional (2D NOESY) 1H-NMR spectra were recorded on a Bruker (600 MHz) NMR spec-

trometer in D2O solvent. The Fourier transform infrared (FTIR) spectra were recorded 

with a Perkin-Elmer (model 883 IR) spectrometer. For solid samples, KBr pellet was 

used as solvent. In case of aqueous solution, a thin layer of solution of the compound was 

placed between zinc selenide plates. The background spectrum of the pure solvent was 

subtracted from the raw data using the instrumental software to obtain solvent-corrected 
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FTIR spectrum. UV-vis absorption spectra were recorded on a Shimadzu (Model UV-

2450) UV-vis spectrophotometer using a quartz cell with a path length of 1 cm. Solvent 

correction was done for all measurements. A digital pH meter (Model pH 5652, EC India 

Ltd, Kolkata) was used for pH measurements using a glass electrode. All measurements 

were done at room temperature (~25 oC) unless otherwise mentioned.  

2.3.2 Surface tension (ST) measurements  

Surface tension (γ mNm–1) was measured through an automated Surface Tensiometer 

(model 3S, GBX, France) using the Du Nuöy ring detachment method. A platinum-

iridium ring was carefully cleaned with 50% (v/v) ethanol-HCl mixture and finally with 

distilled water. The ring was burnt in oxidizing flame prior to use for ST measurements. 

The instrument was calibrated and checked by measuring the ST of distilled water. A 

stock solution of surfactant was made either in buffer solution or in double distilled wa-

ter. An aliquot of this solution was transferred to the teflon beaker containing a known 

volume of buffer solution or (water) and placed within a thermostating vessel holder con-

trolled at 25 oC by a water circulating bath. The solution was gently stirred and allowed 

to equilibrate for 5 minutes by setting the timer equipped with the machine. Then γ value 

was measured by the instrument and recorded through a software (Balance 3S). For each 

measurement, at least three readings were taken and the mean γ value was recorded. 

2.3.3 Steady-state fluorescence measurements  

The fluorescence spectra of NPN and DPH probes were recorded on a Perkin Elmer LS-

55 luminescence spectrometer equipped with a temperature-controlled cell holder. A 

SPEX Fluorolog-3 (FL3-11, USA) spectrophotometer was used to measure fluorescence 

emission spectra of Py. For fluorescence measurements surfactant solutions of required 

concentrations were prepared in pH 7.0 buffer and were equilibrated for about 30 min 

prior to measurement. The final probe concentration (Py and DPH) were kept at 1 µM. Py 

solutions were excited at 335 nm, and emission spectra were recorded in the wavelength 

range of 350-500 nm using excitation and emission slit widths of 3 and 1 nm, respec-

tively. For fluorescence titration using NPN probe, a saturated solution of NPN in pH 7.0 

buffer was used. NPN solutions were excited at 340 nm, and the emission spectra were 
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measured using excitation slit width of 2.5 nm and emission slit width of 2.5−10 nm, de-

pending on the sample concentration. The temperature of the cuvette holder was con-

trolled by a Thermo Neslab RTE-7 circulating bath. All spectra of Py and NPN were 

blank subtracted and were corrected for lamp intensity variation during measurement. 

2.3.4 Steady-state fluorescence anisotropy measurements 

Steady-state fluorescence anisotropy (r) of DPH was measured by the Perkin Elmer LS-

55luminescence spectrometer equipped with a polarization accessory that uses the L-

format instrumental configuration. A Thermo Neslab RTE-7 circulating bath was used for 

temperature control of the magnetically stirred cuvette holder. The anisotropy was calcu-

lated employing the equation: [5] 

                       r = (IVV – GIVH) / (IVV + 2GIVH)                                                         (2.1)                 

  

where IVV  and IVH are the fluorescence intensities when the emission polarizer is oriented 

parallel and perpendicular, respectively to the excitation polarizer, and G (= IHV/IHH) is 

the instrumental grating factor. The software supplied by the manufacturer automatically 

determined the G factor and r. In all measurements, the r value was recorded over an in-

tegration time of 10 s and an average of five readings was accepted as the r value. A 

stock solution of 1 mM DPH was prepared in super dry methanol. The final concentration 

of DPH was maintained at 1 µM by addition of an aliquot of the stock solution. Variable 

temperature anisotropy measurements were performed in the temperature range 25–75 
oC. The sample was excited at 350 nm and the emission intensity was followed at 450 nm 

using excitation and emission slit width of 2.5 nm and 2.5‒10.0 nm, respectively. A 430 

nm emission cut-off filter was placed between the emission monochromator and the de-

tector to reduce the effect of scattered and stray radiation. The fluorescence measure-

ments started 30 min after sample preparation.  

2.3.5 Time-resolved fluorescence measurements  

The fluorescence lifetime (τf) of DPH probe was measured by an Optical Building Blocks 

Corporation Easylife instrument that uses a 380 nm diode laser. The time-resolved decay 
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curves were analyzed either by single exponential or bi-exponential iterative fitting pro-

gram provided by the manufacturer. Best fitting was judged by the χ2 value (0.8‒1.2) and 

by the randomness of the residual plot.  

The rigidity (or fluidity) of the microenvironments of self-assemblies is indicated 

by the microviscosity (ηm) around the probe molecule. The fluorescence lifetimes of DPH 

probe (τf) in the surfactant solution provides useful information about ηm [6,7]. Thus, ηm 

was calculated from the Debye-Stokes-Einstein relation [7]: 

                           ηm = kTτR/vh        (2.2)  

where vh is the hydrodynamic volume (313 Å3) [5] of the DPH molecule and τR is its ro-

tational correlation time. The τR value was calculated from Perrin’s equation [7]:  

                           τR = τf (ro/r –1)–1        (2.3)  

where ro (= 0.362)  [8] is the steady-state fluorescence anisotropy of DPH in a highly vis-

cous solvent and τf is the measured fluorescence lifetime of DPH in surfactant solution.  

2.3.6 Dynamic light scattering measurements  

The dynamic light scattering (DLS) measuremens were performed using a Zetasizer Na-

no ZS (Malvem Instrument Lab, Malvern, U. K.) optical system equipped with a He-Ne 

laser operated at 4 mW at λo = 633 nm, and a digital correlator. The scattering intensity 

was measured at a 173o (back scattering) angle to the incident beam. Surfactant solutions 

were prepared in desired buffer solution. The solution was filtered through a Millipore 

Millex syringe filter (0.22 µm) directly into the scattering cell. Prior to each measure-

ment, the scattering cell was rinsed several times with the filtered solution. The DLS 

measurements started 5-10 minutes after the sample solutions were placed in the DLS 

optical system to allow the sample to equilibrate at the bath temperature. For all light 

scattering measurements, the temperature was 25 oC. The average decay rate (Γ) of the 

electric field autocorrelation function, g1(τ), was estimated using the cumulants method 

[9]. The apparent diffusion coefficient (Dapp) of the aggregates was obtained from the re-

lation,  Γ = Dappq
2 (q being magnitude of the scattering vector given by q = 
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[4πnsin(θ/2)]/λ, where n and λ are the refractive index of the solvent and the wavelength 

of the laser light, respectively). The corresponding hydrodynamic diameter (dH), of the 

particles was calculated using Stokes-Einstein relationship: 

            

                      (2.4) 

 

where kB is the Boltzmann constant, T is the absolute temperature, and η is the viscosity 

of the solvent.  

2.3.7 Transmission electron microscopy (TEM)  

High resolution transmission electron micrographs (HRTEM) of the specimens were 

taken on HRTEM (JEOL-JEM 2100, Japan) operating at 200 kV. For sample preparation, 

4 µL of surfactant solution was dropped on to a 400 mesh carbon-coated copper grid and 

allowed to stand for 1 min. The excess solution was carefully blotted off with a tissue pa-

per and the specimen was air-dried. Further, the specimens were kept in vacuum desicca-

tors until before measurement. Each measurement was repeated at least three times to 

check the reproducibility of the results. 

For cryo-TEM measurements, specimen preparation was done in a controlled en-

vironment vitrification system (CEVS). The specimens were prepared in a chamber at 

100% relative humidity (Cryoplunge 3) in order to keep surfactant concentration fixed. A 

5 µL of the sample solution was applied via the side port of the VitrobotTM directly onto 

the carbon-coated side of the formvar carbon-coated perforated polymer film TEM grid 

held by tweezers inside the chamber by using a pipette. The excess solution was then 

blotted with a filter paper wrapped on a metal trip to thin the drop into a film the thick-

ness of which was less than 300 nm. The grid was then plunged into liquid ethane at its 

freezing point (–170°C) cooled by liquid nitrogen. Until imaging, the vitrified specimens 

were kept under liquid nitrogen and the temperature was maintained at –170°C. Cryo-

specimens were imaged in JEM-2100F transmission electron microscope (JEOL, Japan), 

operated at 200 kV, using a Gatan 655 (Gatan, Pleasanton, CA, USA) cooling holder and 

3
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transfer station. Specimens were equilibrated in the microscope below –170°C. To nullify 

the electron beam radiation damage the specimens were investigated under low-dose in-

tensity. The images were recorded at a nominal under focus to enhance phase-contrast 

and were acquired digitally by CCD cameras (Gatan, Pleasanton, CA, USA), using the 

Digital Micrograph software (Gatan UK, Abingdon, UK). 

2.3.8 Atomic force microscopy (AFM)  

AFM measurements were conducted by a Nanoscope IIIA from Digital Instruments 

(USA) in tapping mode under ambient conditions. For the sample preparation, one drop 

of surfactant solution was placed on a freshly cleaved mica surface. The specimen was 

then dried overnight in air. 

2.3.9 Gauss view analysis 

To get the energy-minimized monomeric structures of the amphiphile in solution state 

(water) the theoretical study was performed. All the calculations were done using the 

Gaussian 09 software package [10]. The geometries were optimized with the spin-

unrestricted formalism using B3LYP functional and 3‒21G* basis set. The polarized con-

tinuum model (PCM) was used to model the solvation effects of water. 

2.3.10 Isothermal titration calorimetry (ITC) 

A microcalorimeter of Microcal iTC200, (made in U.S.A) was used for thermometric mea-

surements. In a microsyringe of capacity 40 µL, concentrated stock surfactant solution 

was taken and added in multiple stages to pH 7.0 buffer kept in the calorimeter cell of 

capacity 200 µL under constant stirring conditions, and the stepwise thermograms of the 

heats of dilution of the surfactant solution were recorded. The stirring speed was fixed at 

400 rpm and Milli-Q water was taken in the reference cell. Each run was duplicated to 

check reproducibility. Enthalpy calculations were performed with the help of ITC soft-

ware provided by the manufacturer. All measurements were carried out at 25 oC.  

 The standard Gibbs free energy change (∆Go
m) value was calculated from the 

measured cmc value using the following relation: [11, 12] 
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                                  ∆Go
m = (1 + β) RT ln(acmc)     (2.5) 

 

where β stands for the degree of counterion binding of the surfactant molecule and is 

usually taken as 0.8 for anionic surfactants and 0.0 for zwitterionic surfactants [13], and 

acmc is the activity of the surfactant solution at cmc, which is numerically equal to the 

value of cmc as the solution is very dilute. The standard entropy change (∆So
m) was eva-

luated by the Gibbs equation: [13] 

 

                                    ∆So
m = (∆Ho

m − ∆Go
m) / T     (2.6) 

 

The spontaneity of vesicle formation is suggested by the very large negative and positive 

values of ∆Go
m

 and ∆So
m, respectively. 
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3.1 Spontaneous Vesicle Formation by Amphiphiles with PEG as Tail 
and L-Cysteine as Head1 

 

3.1.1 Scope of the study 

PEG has been recognized as one of the most important polymers in drug delivery as it is 

biocompatible, flexible in nature, water soluble and shows anomalous behavior in water 

[1-15]. It is well known that PEGs of low molecular weight (Mn<1500) are hydrophilic 

[16]. The replacement of a –CH2– by oxygen (–O–) along the hydrocarbon,–(CH2)n–, 

chain increases its polarity, thereby favoring its interaction with water. Thus, in general, 

PEGs are coupled to hydrophobic molecules to develop nonionic surfactants. There are 

many nonionic surfactants, for example, Tween-20, Triton-X-100, etc. in which the PEG 

acts as the polar head group are well known [17-24]. However, there are only a couple of 

report on the surface activity and self-assembly formation of low-molecular-weight 

amphiphiles consisting of PEG as tail and an ionic group as head [25-26]. But till date 

there is no report on zwitterionic amphiphile with PEG as hydrophobic tail. Zwitterionic 

amphiphiles are attractive candidates for delivery vehicles of pharmaceutical 

formulations and also for industrial applications owing to their ability to form different 

assemblies at different pH. Additionally, they show better wettability, good 

biocompatibility, and excellent synergism with other surfactants [27-29].   

Therefore, in this work, two zwitterionic molecules, mPEG300-Cys and mPEG1100-

Cys (see Figure 3.1.1 for structures) bearing mPEG tail of different chain lengths and L-

cysteine as the polar head group were synthesized. These zwitterionic amphiphiles with 

mPEG tail have advantage in that they have pH-sensitive head group. Again, as both 

mPEG and L-cysteine are biocompatible and eco-friendly, their self-assembled structures 

in aqueous medium can have potential applications in drug delivery. Moreover, the 

synthetic procedure is also very easy. The objective of this work is to investigate if this 

new class of molecules is surface active and exhibits any micellization in water. Thus, a 

                                                           
1Langmuir 2014, 30, 13516−13524. 
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number of methods including surface tension, fluorescence and NMR spectroscopy, 

isothermal titration calorimetry (ITC), dynamic light scattering (DLS) and transmission 

electron microscopy (TEM) were employed to study surface activity and self-assembly 

properties of these molecules in water at room temperature.  

 

 

 

 

             

Figure 3.1.1 Molecular structures of mPEG300-Cys and mPEG1100-Cys.                                                                              

3.1.2 Surface activity 

To determine the surface activity the surface tension (γ mN m−1) of phosphate buffer (pH 

7.0) containing different concentrations (Cs) of mPEG300-Cys (or mPEG1100-Cys) 

molecules was measured. As shown by the plots of γ versus logCs (Figure 3.1.2), the γ 

value of water decreases gradually with the increase of Cs, suggesting spontaneous 

adsorption of the molecules at the air/water interface. This means that both mPEG300-Cys 

and mPEG1100-Cys molecules are amphiphilic in nature. The surface activity of the 

amphiphiles was found to be quite similar to that of PEG (Mw ~ 300), which exhibits γmin 

value (52 mN m−1) at about 0.4 w% (~13 mM) [30, 31]. However, the surface activity as 

measured by pC20 (= −logC20, where C20 is the molar concentration of the surfactant 

required to reduce γ of water by 20 units) value, of mPEG300-Cys (2.28) and mPEG1100-

Cys (2.36) is much less in comparison to conventional surfactants with hydrocarbon tail 

[32-34]. This can be attributed to the hydrophilic nature of the mPEG chain.  In fact, the 

mPEG-containing zwitterionic molecules behave like long chain fatty alcohols in water 

and have amphiphilic character. The surface behavior of the fatty alcohols in water has 

been discussed elaborately by Posner et al [35]. 
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Interestingly, unlike conventional surfactants, the ST plots of the molecules do 

not show any break followed by a plateau in the investigated concentration range. This 

can be attributed to ionization state of the molecules in phosphate buffer at pH 7.0. In 

aqueous medium, depending on the pH, both mPEG300-Cys and mPEG1100-Cys are 

expected to be present in the zwitterionic, cationic or anionic form. The pKa values of the 

cation-zwitterion and zwitterion-anion equilibria obtained from fluorescence probe 

studies discussed below are respectively 3.9 and 9.3 for mPEG300-Cys and 5.1 and 9.1 for 

mPEG1100-Cys.  The pI values thus obtained are ~6.6 for mPEG300-Cys and ~7.1 for 

mPEG1100-Cys. This means that in pH 7.0 buffer, the molecules exist mainly in the 

zwitterionic form. Since the mPEG chain is considered to be polar, the polarity difference 

between the mPEG tail and zwitterionic amino acid head group is small compared to that 

of hydrocarbon chain-containing surfactants.  

 

 

 

 

 

 

 

 

Figure 3.1.2 Plots of surface tension (γ mN m−1) versus log Cs in pH 7.0 at 25 oC: (□) 
mPEG300-Cys, (▲) mPEG1100-Cys. 

 

3.1.3 Self-assembly behavior 

Steady-state fluorescence measurements were performed using different extrinsic probe 

molecules, such as NPN, C153, Py, and DPH (i) to investigate self-assembly formation, 

(ii) to determine cmc value of the amphiphile, and (iii) to estimate micropolarity and 
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microviscosity of the aggregates [36]. These probes are non-polar molecules and they 

preferentially get solubilized in the hydrophobic microdomains of surfactant aggregates. 

The fluorescence spectra of these probes are sensitive to the microenvironment around 

them and thus can indicate microstructure formation and provide insight into the 

surfactant self-assemblies in water. 

 

 

 

 

 

 

Figure 3.1.3 Plots of (a) spectral shift (∆λ) and (b) relative fluorescence intensity (I/Io) of 
NPN as a function of Cs in pH 7.0 at 25 oC; inset of figure (b) shows variation of I/Io with 
Cs of mPEG300–Cys.  

 

NPN has been extensively used as an efficient fluorescence probe as it exhibits a large-

spectral shift along with a huge intensity enhancement upon incorporation into the 

hydrophobic microdomains of surfactant aggregates [37]. In the presence of mPEG300-

Cys (or mPEG1100-Cys) amphiphile the emission maximum (λmax) of NPN exhibits a blue 

shift of ~30-35 nm and a huge increase of emission intensity relative to that in pH 7.0 

buffer. The large blue shift of the emission maxima of NPN suggest its encapsulation 

within nonpolar environment of the aggregates formed by the amphiphiles in aqueous 

buffered solution. In addition, the enhancement of the fluorescence intensity indicates 

that the microenvironment of NPN probe is viscous in nature. The variation of the 

spectral shift, ∆λ [∆λ = λmax(water) − λmax(surfactant)] of NPN probe with Cs has been shown in 

Figure 3.1.3(a). The corresponding plots of relative fluorescence intensity, I/Io (where Io 

and I are the fluorescence intensities at λ = 460 nm in pure buffer and in the presence of 
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amphiphile, respectively) versus Cs have been depicted in Figure 3.1.3(b). The sigmoid 

plot corresponding to a two-state transition clearly suggests existence of equilibrium 

between surfactant monomers and aggregates. The cmc values (Table 3.1.1) obtained 

from the onset of rise of the curves (indicated by arrows) are 1.0 mM and 0.2 mM for 

mPEG300-Cys and mPEG1100-Cys, respectively. It can be mentioned here that due to the 

longer mPEG chain the cmc value of mPEG1100-Cys is less than that of mPEG300-Cys 

[26]. Thus the behavior is very similar to those of surfactants with hydrocarbon (HC) tail. 

 

 

 

 

 

 

 

Figure 3.1.4 Plots of variation of change in enthalpy (∆H) versus Cs at 25 oC: (□) 
mPEG300-Cys and (●) mPEG1100-Cys; inset: thermogram of the respective titration. 

 

3.1.4 Thermodynamics of self-assembly formation 

The self-organization of surfactants in solution is an important and well-studied 

thermodynamically favorable physicochemical phenomenon [38]. Although there are a 

number of methods to determine cmc, the thermometric titration method has a distinction 

as it can estimate both cmc and energetics of surfactant self-organization from a stepwise 

addition mode, which provides an excellent process to evaluate all the thermodynamic 

parameters in a single run. Generally, thermodynamic parameters are calculated to 

conjecture the mechanism of self-assembly formation. In the present study, the 

thermodynamic parameters were determined by ITC for both mPEG300-Cys and 
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mPEG1100-Cys at 25 oC using different stock concentrations. However, measurements 

using lower surfactant stock concentration (5 mM of mPEG300-Cys and 2 mM of 

mPEG1100-Cys) failed to give reproducible results. The thermograms obtained by using 

higher surfactant stock concentration (30 mM of mPEG300-Cys and 5 mM of mPEG1100-

Cys) are presented as insets of Figure 3.1.4. The plots show a sigmoid increase of 

enthalpy with the increase of Cs. The thermodynamic parameters obtained from the plots 

are included in Table 3.1.1. The cmc values of mPEG300-Cys (~1.1 mM) and mPEG1100-

Cys (~0.2 mM) were obtained from the inflection point of the respective plot. The cmc 

values thus obtained are close to the corresponding value obtained by fluorometric 

titration.  The cmc values thus obtained correspond to the respective zwitterionic form of 

the amphiphiles.  

 

Table 3.1.1 Critical micelle concentration (cmc), standard Gibbs free energy change 
(∆Go

m), standard enthalpy change (∆Ho
m) and standard entropy change (∆So

m) of the 
aggregate formation in aqueous buffered solution (pH 7.0) by mPEG300-Cys and 
mPEG1100-Cys at 25 oC. 

 

The ∆Ho
m value was obtained by subtracting the initial enthalpy from the final 

enthalpy indicated by the vertical line in each figure. Basically, enthalpy level between 

nonmicellar and micellar regions gives a measure of the enthalpy change of micellization 

[39]. For both the amphiphiles, the self-assembly formation is observed to be 

endothermic, which is emphasized by the positive ∆Ho
m values. The spontaneity of 

Surfactant 

cmc 
(mM) 

∆Go
m 

(kJ mol−1) 
∆Ho

m 
( kJ mol−1) 

∆So
m 

(J K−1 mol−1) 
T∆So

m 

(kJ mol−1) 
Fluorescence 

(NPN) 
ITC     

mPEG300-Cys 
1.0 

(± 0.07) 

1.13 

(± 0.02) 
−16.81 

0.42 

(± 0.1) 
57.82 17.23 

mPEG1100-Cys 
0.2 

(± 0.03) 

0.15 

(± 0.03) 
−21.81 

2.20 

(± 0.15) 
80.57 24.01 



                                           Vesicle Forming Amphiphiles with PEG Tail 

 

73 
 

aggregate formation is expressed from the very large negative values of ∆Go
m

 and the 

very large positive values of ∆So
m. Thus T∆So

m value for both the amphiphiles is found to 

be much larger than that of the corresponding ∆Ho
m value, which clearly suggests that the 

spontaneous aggregate formation is an entropy-driven process. The essence of entropy-

driven process is the hydrophobic interaction [40, 41]. The release of water molecules 

around the mPEG tails during aggregation contributes to the entropy rise favoring the 

process. This means that the aggregation processes of both mPEG300-Cys and mPEG1100-

Cys are similar to most hydrocarbon surfactants. In other words, the mPEG chain 

behaves like hydrocarbon tail and imparts amphiphilic character to the molecules. 

3.1.5 Nuclear Overhauser effect spectroscopy (NOESY) 

For further evidence of interaction of mPEG chains and to know the mutual spatial 

arrangement of surfactant molecules in the aggregated state, two-dimensional (2D) 

NOESY 1H-NMR measurement was carried out using mPEG300-Cys amphiphile as a 

representative example. Such experiments have been shown to give excellent insights 

into the nature of interactions in the self-assembly process in a number of aggregated 

systems [42-45]. Therefore, 2D NOESY spectrum mPEG300-Cys in micellar state (Figure 

3.1.5) was measured taking D2O as reference solvent. In case of aggregated state (5 mM 

in D2O), in addition to diagonal interactions number of cross interactions can be 

observed. The interactions between d ↔ i, h ↔ e, f and g ↔ e, f protons imply the 

intermolecular interactions of the head groups of surfactant monomers (Figure 3.1.5). 

Further the interactions among a ↔ c, b, h and b ↔ h, a, i, d protons suggest the strong 

interactions among the PEG chains of the monomers. That these cross-peaks might 

originate from intramolecular interactions can be unambiguously ruled out as these key 

cross-peaks are absent in the 2D NOESY spectrum (not shown) of the non-micellar state 

of mPEG300-Cys (0.5 mM in D2O). Thus, the intermolecular origin of these key NOE 

contacts is undisputable. These cross peaks signify the spatial proximity of the surfactant 

in the self-assembled aggregates. All the above interactions can well be interpreted if the 

monomers self-organize themselves to form bilayer vesicles.  
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Figure 3.1.5 2D NOESY 1H-NMR spectrum of mPEG300-Cys (5 mM) in D2O solvent. 

 

3.1.6 Micropolarity and microviscosity 

The fluorescent probe C153 has been employed to study micropolarity of surfactant 

aggregates and solvation dynamics in microheterogeneous systems [46]. Thus the 

microenvironment formed by the mPEG chains of the amphiphiles was investigated by 

use of C153 probe. C153 is relatively more polar in comparison to NPN and therefore is 

solubilized in relatively polar environments of the aggregates. Consequently, the 

variation of ∆λ with the increase in Cs is small compared to that obtained with NPN 

probe. The fluorescence emission spectra of C153 measured in pH 7.0 buffer in the 

absence and in the presence of different concentrations of the amphiphiles have been 

depicted in (Figure 3.1.6(a)). The large increase in intensity as well as the spectral shift 

indicates aggregate formation by both amphiphile in water. 
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In addition to providing information regarding aggregate formation, the spectral 

shift of C153 can also correlate the microenvironment of the self-assembly with solvents 

of different polarity [47]. Micropolarity of the self-assemblies can thus be evaluated by 

the emission frequency (ῡem) of C153. Micropolarity is expressed in terms of solvent 

polarity scale (π*) [45]. The relationship between ῡem and π* is given by equation 3.1.  

 
                                               ῡem = 21.217 − 3.505π*                                                 (3.1) 

The π* values thus obtained are 0.74 for mPEG300-Cys and 0.62 for mPEG1100-Cys, 

which suggest that the polarities of the microenvironments of C153 probe are comparable 

to those of propionaldehyde (π* = 0.71) and acetone (π* = 0.62), respectively [47]. 

 

 

 

 

 

 

 

Figure 3.1.6 Representative fluorescence emission spectra of (a) C153 in the presence of 
20 mM mPEG300-Cys and 5 mM mPEG1100-Cys, and (b) Py in pH 7.0 buffer and in the 
presence of 5 mM mPEG300-Cys and 2 mM mPEG1100-Cys showing I1 and I3 bands. 
 

The microenvironment of the self-assemblies was also investigated by use of Py 

probe, particularly to evaluate the micropolarity of the aggregates. The solvent 

dependence of vibronic band intensities in Py fluorescence has captured great attention in 

the literature. The intensities of the various vibronic bands were found to depend strongly 

on the solvent polarity [48]. More specifically, the ratio (I1/I3) of the intensities of the 

first (I1, 372 nm) to the third (I3, 384 nm) vibronic bands in the fluorescence spectrum of 

Py is very sensitive to solvent polarity change [49].Therefore, the I1/I3 ratio is referred to 
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as micropolarity index. The polarity ratios for different organic solvents are reported by 

Kalyansundaram et al [48]. The fluorescence spectra of Py measured in pH 7.0 buffers in 

the absence and presence of mPEG300-Cys or mPEG1100-Cys are presented in Figure 

3.1.6(b). The I1/I3 value was found to be 1.54 for mPEG300-Cys and 1.46 for mPEG1100-

Cys amphiphile. The measured I1/I3 values mPEG300-Cys and mPEG1100-Cys correspond 

to the polarity of N-Methyl formamide (I1/I3 = 1.56) and acetone (I1/I3 = 1.46), 

respectively [48]. This indicates that the microenvironments of the aggregates formed by 

the amphiphiles are more polar compared to that of long-chain hydrocarbon surfactants 

[33, 34]. However, the micropolarity index of the self-assemblies as obtained from the 

probe studies (C153 and Py) shows a good degree of agreement with each other. The 

results also suggest that the microenvironments of the aggregates are constituted by the 

mPEG chains, which is consistent with the results of 2D NMR measurements. 

 

 

 

 

 

 

Figure 3.1.7 Plots of fluorescence anisotropy (r) of DPH probe versus Cs at 25 oC: (○) 
mPEG300-Cys, and (■) for mPEG1100-Cys.  

 

The steady-state fluorescence anisotropy (r) measurement was carried out with 

the help of DPH probe to further investigate the viscosity of the microenvironments of 

the aggregates constituted by the mPEG chains. DPH is a well-known membrane fluidity 

probe and its r value has been used as an index of membrane rigidity of liposomes 

(vesicles) [50, 51]. The r values in aqueous solutions of mPEG300-Cys (5 mM) and 

mPEG1100-Cys (2 mM) were observed to be 0.168 and 0.183, respectively. Such high r 
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values imply tight packing of mPEG chains housing the DPH probe, which is indicative 

of bilayer formation [52]. The concentration dependence of r of DPH was also studied 

and the results are summarized in Figure 3.1.7. As observed, r value increases with the 

increase of concentration of the amphiphiles reaching plateau above a particular 

concentration, indicating formation of more rigid microenvironments.  

The rigidity of the microenvironments of the self-assemblies was also quantified 

by measuring microviscosity (ηm) value. The ηm value was obtained from the Debye-

Stokes-Einstein relation using r and fluorescence lifetime (τf) data of DPH probe (Table 

3.1.2). It is reported that the τf value of DPH in nonpolar and viscous solvents is usually 

greater than 4 ns [53]. Therefore, time resolved fluorescence measurements using DPH 

probe were carried out in solutions containing mPEG300-Cys (15 mM) or mPEG1100-Cys 

(5 mM). The experimental time-resolved intensity profiles fit well to biexponential decay 

function with χ2 values in fairly accepted range (0.8 − 1.2). It is observed that the τf 

values of DPH in the presence the amphiphiles are greater than the value in pure buffer, 

indicating rigid microenvironment around DPH molecules. This is also suggested by the 

ηm values which are larger than those of micelle-forming hydrocarbon surfactants, such as 

SDS, DTAB, and CTAB [51]. The large ηm value for both amphiphiles is indicative of 

the existence of microenvironments constituted by tightly packed PEG chains. This is 

also consistent with the 10 to 20-fold increase in fluorescence intensity of NPN probe 

upon incorporation into the less polar microenvironments.  This is a strong proof of 

formation of stable and well-packed bilayer aggregates by the amphiphiles at 

concentrations above cmc. 

Table 3.1.2 Fluorescence anisotropy (r), fluorescence lifetime (τf), χ
2 and rotational 

correlation time (τR) of DPH, and microviscosity (ηm) of aggregates at 25 oC. 
 

 

 

 

Surfactant 
Cs 

(mM) 

r 

(±0.001) 
χ2 

τf 

(±0.1ns) 

τR 

(ns) 

ηm 

(mPa s) 

mPEG300-Cys 15 0.173 0.910 5.4 4.95 65 

mPEG1100-Cys 5 0.205 0.830 4.6 5.60 79 
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3.1.7 Size and shape of the aggregates 

The mean hydrodynamic diameter (dh) and size distribution of the self-assemblies formed 

by mPEG300-Cys and mPEG1100-Cys in pH 7.0 at 25 oC were measured by the DLS 

technique. The size distribution histograms (in % volume) for both the amphiphiles 

measured at two different concentrations are presented in Figure 3.1.8. A bimodal 

distribution is observed with both amphiphiles. In fact, aggregates of two different sizes 

with mean dh value of ~50 nm and ~250 nm coexist in dilute aqueous solutions of both 

the amphphiles. The histograms also show that the mean dh increases slightly with Cs, 

indicating formation of larger aggregates. 

 

 

 

 

 

 

 

Figure 3.1.8 Size distribution histograms of (a) mPEG300-Cys (2 mM and 20 mM) and 
(b) mPEG1100-Cys (1 mM and 10 mM) in phosphate buffer of pH 7.0 at 25 oC. 

 

The large bilayer aggregates formed by the amphiphiles are most likely vesicles.  

To confirm the shape of the aggregates HRTEM images were taken. Representative TEM 

images of the solutions of both amphiphiles at pH 7.0 buffer have been shown in Figure 

3.1.9(a, d). The micrographs clearly reveal the formation of small unilameller vesicles 

(SUVs) with diameters in the range of 50-300 nm. However, large unilamellar vesicles 

(LUVs) were also found to form in concentrated solution of the amphiphiles. The 
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existence of LUVs at higher concentrations as also indicated by the DLS data (Figure 

3.1.8) can be attributed to the fusion of the SUVs. A close insight into the size and shape 

of the microstructures show that the vesicles have distorted spherical shape. Thus, the 

TEM microstructures are consistent with the findings from DLS and fluorescence studies. 

 

 

 

 

 

 

 

 

Figure 3.1.9 HRTEM images of 20 mM mPEG300-Cys solutions at pH (a) 7.0 (b) 3.0 and 
(c) 12.0, and 5 mM mPEG1100-Cys solutions at pH (d) 7.0 (e) 3.0 and (f) 12.0.  

 

As conventional TEM measurements involve drying of the samples, the vesicular 

images are often criticized as artifacts. Therefore, in order to show the existence of 

aqueous core within the large aggregates revealed by the TEM images, encapsulation of a 

water-soluble dye, such as methylene blue (MB) was attempted. The encapsulation of 

MB into the aqueous core of vesicles was performed following a method reported 

elsewhere [54, 55]. For this, 67 mg of mPEG300-Cys (to make 80 mM stock solution) with 

100 µL of 2 mM MB in methanol was mixed and dried slowly in a round bottomed flask 

by use of a rotavapor to make a thin film. For complete evaporation of the solvent, the 

flask was kept overnight in desiccators. The film was then rehydrated overnight with a 

small amount of buffer. The rehydrated suspension was vortexed for 30 min followed by 
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dilution with pH 7.0 buffer to attain 0.1 mM MB (λmax = 665 nm). A 2 mL volume of the 

resulting solution was then loaded onto a column packed with a pre-equilibrated 

Sephadex G-75 (25 cm height and 1.2 cm diameter) and eluted with pH 7.0 buffer. 

Vesicular suspension eluted right after the void volume. The filtration was carried out 

until free MB was gel-filtrated. The eluent was collected in 2 mL fraction each. The 

absorbance for all the fractions was measured at 665 nm and the data were plotted against 

the elution volume. The peak with low absorbance at low elution volumes correspond to 

the vesicle-entrapped dye molecule. It has been found that there is a small initial portion 

containing vesicles entrapping approximately 2.77% of the total dye followed by a large 

peak which was due to the unentrapped dye as shown by the chromatogram depicted in 

Figure 3.1.10. The encapsulation of MB is thus confirmed by the characteristic size 

exclusion chromatogram which in turn confirms existence of aqueous core within the 

large aggregates formed by the mPEG300-Cys and mPEG1100-Cys amphiphiles in pH 7 

buffer. 

 

 

 

 

 

 

Figure 3.1.10 Gel filtration profile of the separation of the MB entrapped (small peaks) 
vesicle of mPEG300-Cys from the corresponding free dye. 

 

The results of ζ-potential measurements (Table 3.1.3) show that the surface 

charge of the vesicles is almost zero. This can be associated with the fact that the head 

group of the amphiphiles is zwitterionic in pH 7.0 buffer. As the vesicles are charge 
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neutral at pH 7.0, they have a tendency to interact with each other leading to fusion 

thereby increasing the size of the vesicles, especially in concentrated solution. This is 

supported the fact the vesicles become somewhat larger upon aging as confirmed by the 

change in turbidity of the surfactant solutions as discussed below.  

 

Table 3.1.3 The ζ-potential values of mPEG300-Cys and mPEG1100-Cys amphiphiles at 
different concentrations. 
 

 

 

 

 

 

3.1.8 Stability of the vesicles  

It is well-known that the spontaneously formed surfactant self-assemblies are usually 

reversible organization of molecules to a higher ordered structure and their physical 

stability can be altered by external stimuli. The vesicle stability was therefore 

investigated under various physical conditions, including time, temperature, pH and salt, 

emphasizing the stability of spontaneously formed vesicles and their ability of 

encapsulation and release of drugs.  

Thermal stability. Temperature is an important factor of self-assembly formation 

and it also affects the size and shape of aggregates [56-59]. As mentioned above, DPH is 

a membrane fluidity probe. Thus steady-state fluorescence anisotropy (r) of DPH probe 

was used to study the phase transition of bilayer membrane. The effect of temperature on 

r value of DPH was studied using 15 mM mPEG300-Cys and 5 mM mPEG1100-Cys in pH 

7.0. The plots of variation of r as a function of temperature are shown in Figure 

Surfactant CS (mM) ζ-potential (mV) 

mPEG300-Cys 
5 −0.03 

20 −1.86 

mPEG1100-Cys 
2 −0.08 

10 −1.11 
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3.1.11(a). As seen from the plots, r value decreases with the increase of temperature, but 

it still lies in the vesicular range, even at 75 oC. This suggests that the PEG chains 

become more fluid at elevated temperatures. This is due to weakening of the hydrophobic 

interactions caused by the thermal motion among PEG chains. In other words, phase 

transition from a highly ordered gel-like bilayer state to a slightly less ordered liquid-

crystalline state occurs upon increase of temperature. Thus the temperature corresponding 

to the inflection point of the curves was taken as the melting or phase transition 

temperature, Tm of the bilayer membrane. The high melting temperatures, 43 oC and 52 
oC for mPEG300-Cys and mPEG1100-Cys, respectively, clearly suggest that the vesicles are 

quite stable at physiological temperature (37 oC). The existence of ULVs at higher 

temperatures (75 oC) is evidenced by the size distribution histogram and TEM picture 

(Figure 3.1.11(b)) of 15 mM mPEG300-Cys solution. Since the Tm value of the vesicles 

formed by for mPEG300-Cys is ~43 oC, they can be used in temperature-triggered 

systemic delivery of drugs. 

 

 

 

 

 

 

 

Figure 3.1.11 Plots showing (a) variation of fluorescence anisotropy (r) of DPH with 
temperature; (b) size distribution histogram of mPEG300-Cys (15 mM) in pH 7.0 at 75 oC 
(inset: TEM micrographs of 15 mM mPEG300-Cys solution at 75 oC).  
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Figure 3.1.12 Plots showing variation of fluorescence anisotropy (r) of DPH with pH.  

 

pH effect. The pH-sensitive vesicles have shown potential importance in 

controlled drug release, as the pH around any damaged tissue differs from that of normal 

tissue. The variation of solution pH can show a predominant change in the bilayer 

structure and hence can affect the stability of vesicles formed by amphiphilic molecules 

with ionizable head group [60-62]. Since the amphiphiles under study are zwitterionic at 

neutral pH, the stability of the vesicles was studied by varying pH of the medium. The 

pH-stability measurement was carried out by monitoring the r value of DPH probe. The 

pH of the solution containing fixed concentration of mPEG300-Cys (20 mM ) and 

mPEG1100-Cys (5 mM) was varied from 2 to 12 at 25 oC. Each solution was incubated for 

30 min prior to the measurement. The plots in Figure 3.1.12 show the variation of r value 

of DPH with the change in pH of the aqueous solution. It is observed that the r value 

decreases with the decrease in solution pH and the vesicles show maximum stability 

between pH 6.5 to 8. The bilayer membrane of vesicular aggregates becomes less rigid at 

lower as well as higher pH as a result of weakening of the packing of the mPEG chains as 

consequence of electrostatic repulsion between anionic or cationic head groups produced 

due to ionization of the amphiphiles in water. However, in both lower and higher pH, the 

r value lies in the vesicular range, suggesting existence of cationic and anionic vesicles, 

respectively. The apparent pKa values for the proton transfer equilibria were estimated 
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from the pH variation profiles of r and were found to be ~3.9 and ~9.3 for mPEG300-Cys, 

and ~5.1 and ~9.1 for mPEG1100-Cys. Thus the pI values calculated from the respective 

pKa values are ~6.6 and ~7.1 for mPEG300-Cys and mPEG1100-Cys, respectively. This 

clearly indicates that at pH 7.0 both the surfactants remain in the zwitterionic form as 

shown in Figure 3.1.1. 

 

 

 

 

 

 

 

Figure 3.1.13 Hydrodynamic size distributions in aqueous solutions of (A) 20 mM 
mPEG300-Cys and (B) 5 mM mPEG1100-Cys at different pH at 25 oC.  

 

The size distributions (Figure 3.1.13) histograms of the vesicles in the acidic and 

basic pH solution of the amphiphiles were also measured in order to examine if there is 

any structural change of the vesicles. The mean dh value of the vesicles formed in acidic 

(pH 3) and basic (pH 12) pH are observed to be smaller than that of the corresponding 

zwitterionic vesicles (Figure 3.1.8) at neutral pH. However, they are much larger than 

that of normal micelles which have dh value usually in the range of 3 to 5 nm [63]. The 

existence of ULVs in acidic as well as in basic pH is further confirmed by the respective 

TEM image depicted in Figure 3.1.9.  

Aging effect. Vesicle stability with respect to time was also monitored by 

measuring turbidity (τ) of the vesicle solutions of the amphiphiles. The turbidity of a 

colloidal solution is mainly caused by the scattering of light by the vesicular aggregates 
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and the scattering intensity depends on the size and population of vesicles. For this 

turbidity of 6 mM mPEG300-Cys and 2.5 mM mPEG1100-Cys in pH 7.0 buffer was 

monitored at 450 nm over a period of 30 days. The plots in Figure 3.1.14(a) shows only 

a slight increase in turbidity for both the vesicle solutions in the initial aging interval and 

thereafter remains constant at the equilibrium value (~30%) for about 30 days. The 

formation and growth of the vesicles cause the initial increase of the turbidity while the 

subsequent constant turbidity indicates high evolution stability with aging time. This is 

also supported by the size distribution profiles (Figure 3.1.14(b)). Thus for both the 

systems, the vesicles solutions are found to be fairly stable and hence have greater shelf-

life. It is important to note that the vesicle solutions of both amphiphiles at pH 3.0 and 

12.0 do not exhibit any change of turbidity on storage for a month. This is expected as the 

vesicles in these solutions are ionic in character they repel each other thus preventing any 

inter-vesicle interaction that enlarges the vesicle. 

 

 

 

 

 

 

Figure 3.1.14 Plots of (a) turbidity, τ (= 100 − %T) versus aging time, and (b) size 
distribution histograms of the surfactant solutions at pH 7.0 and 25 oC after 20 days of 
sample preparation. 

 

3.1.9 Dye encapsulation and release kinetics 

The Cal (λmax = 465 nm) dye was encapsulated within the inner aqueous pool of the 

vesicles formed by 80 mM mPEG300-Cys at pH 7.0 in the same way as described above 
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for MB dye. The Cal concentration taken was 20 µM. The free unentrapped Cal was 

separated from the entrapped Cal by using the same gel filtration column chromatography 

as described for MB. The encapsulation was confirmed by the characteristic fluorescence 

spectrum of the dye (not shown).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1.15 (a) fluorescence spectra of vesicle-entrapped Cal in 80 mM mPEG300-Cys 
at pH 7.4 and 3.0, (b) plot of % release of Cal as a function of time (min) from vesicles of 
mPEG300-Cys at pH 3.0 and 37 oC (inset: Cal release profile at pH 7.4), and (c) plots 
showing variation of % release of DPH with time (min) at 37 oC in pH 3.0 and pH 7.4. 

 

The pH-triggered release of the Cal from the inner aqueous compartment was 

performed at pH 3.0 by monitoring its steady-state fluorescence intensity at 514 nm at 

different time intervals. The % release of the drug was calculated from the relative 

fluorescence intensity (I/Io), where I and Io are the fluorescence intensities of Cal at any 
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time t and at the start of the experiment (i.e. at pH 7.0 buffer), respectively, using 

equation:   

                                   % Release = (1 − I/Io) × 100%                                            (3.2) 

It can be observed that when an aliquot of dilute HCl solution was added (to attain pH 

3.0) to the vesicular solutions containing Cal, the fluorescence intensity of the dye 

decreased immediately by a large extent (Figure 3.1.15(a)). This can be attributed to the 

burst release (~55%) of the dye molecules due to the large change in permeability of the 

bilayer membrane as a result of change of ionization behavior of the amphiphile in acidic 

pH. Another factor which also plays an important role is the acid hydrolysis of the ester 

linkage which causes the release of dye molecules by disrupting the vesicle membrane. 

Consequently, after the rapid initial decrease the fluorescence intensity of the dye 

decreased slowly with time. The fluorescence spectra were therefore recorded at different 

time intervals following the burst release. From the representative release profile (Figure 

3.1.15(b)) for mPEG300-Cys amphiphile it is obvious that following burst release a slow 

release occurs reaching plateau at about 62%. The slow release can be attributed to the 

disruption of the vesicle membrane due to acid catalyzed hydrolysis of the ester linkages. 

The release of the model drug Cal at pH 7.4 was also carried out as a control study. The 

release profile is included in Figure 3.1.15(b). It can be observed that there is almost zero 

percent release of the dye within the experimental time period of 2 h.  

Similar experiment using hydrophobic dye DPH was also carried out in both 

surfactant solutions. The release profiles are shown in Figure 3.1.15(c). In this case also 

a burst release (35%) followed by a slow release (up to 50%) was observed. Also the 

control experiment at pH 7.4 did not show any release during the period of experiment. 

The results of these experiments show that the self-assembled vesicular structures of 

mPEG300-Cys and mPEG1100-Cys amphiphiles can be used as efficient sustained release 

delivery systems in pharmaceutical applications. A schematic of encapsulation of Cal and 

DPH in the vesicles at pH 7.4 and release of the dyes at lower pH has been shown in 

Figure 3.1.16. 
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Figure 3.1.16 Schematic representation of encapsulation of drug molecules (DPH and 
Cal) at pH 7.4 and their release at pH 3.0. 

3.1.10 Summary 

In summary, two novel L-cysteine-derived zwitterionic amphiphiles with mPEG tail of 

different chain lengths were developed and characterized. The surface activity and 

aggregation behavior of the amphiphiles were thoroughly examined in pH 7.0 buffer at 

25 oC. The amphiphiles were found to be weakly surface-active. The results of surface 

tension, fluorescence, DLS and TEM measurements suggest that the amphiphiles have 

strong tendency to self-organize spontaneously to form stable ULVs in dilute as well as 

in concentrated solutions. Unlike amino acid-based hydrocarbon surfactants, a relatively 

polar but rigid bilayer membrane is observed to form by the mPEG chains. The 

thermodynamics of vesicle formation was observed to be very similar to conventional 

hydrocarbon surfactants. The large positive values of ∆So
m indicate that the driving force 

behind the spontaneous vesicle formation is hydrophobic interaction. The vesicles were 

observed to be stable in the temperature range 20–75 oC over a long period of time. The 

amphiphiles exhibit vesicle formation in acidic as well as in basic pH. The vesicles were 

found to be capable of encapsulating hydrophilic as well as hydrophobic dyes. However, 

the vesicles are sensitive to temperature and pH change and therefore can find potential 

application as efficient sustained drug delivery vehicles in pharmaceutical industry.  
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3.2 Self-assembly Study of Mesna Based Single PEG_Tailed Anionic 
Amphiphiles2 

 

3.2.1 Scope of the study 

In the preceding section, two zwitterionic amphiphiles bearing PEG tail were developed 

[64]. Herein, the zwitterionic cysteine head group of the amphiphiles has been replaced 

by mesna (sodium-2-mercapto ethane sulfonate) to introduce the anionic head group. 

Mesna has been used here as it possesses lots of biological applications. Mesna is a 

synthetic sulfur compound that produces mucolysis by disrupting the disulfide bonds of 

the mucous polypeptide chains [65, 66]. It is also used in a variety of disorders, such as a 

mucolytic agent for pulmonary disorders and as a protective agent against the toxicity of 

some chemotherapeutic agents. It can also be used during ear surgeries, such as 

cholesteatoma or atelectatic ears, to make the dissection of tissue layers simpler [67]. As 

mesna is polar in nature, it prevents its passage out of the vascular bed into cells. This 

results in efficient renal clearance and avoids any adverse impact on the cytotoxic effects 

of ifosfamide. As the small molecule has widespread applications in cancer therapy and 

also in other medicinal field, mesna was chosen as the head group to develop the target 

amphiphilic molecules.  

However, for designing an effective drug delivery vehicle, the major issue is that 

the system must be biocompatible as well as bioavailable. Considering the chemical and 

biological uses of PEG in surfactant chemistry, drug delivery systems, it was covalently 

linked to mesna to synthesize two novel molecules, PEGS1 and PEGS2 (see Figure 3.2.1 

for structures). The PEGS1 and PEGS2 molecules consist of mPEG tail of different 

lengths and mesna as the anionic head group. The major objective is to examine if there 

is any micellization by PEGS1 and PEGS2 in water at room temperature. The surface 

activity and aggregation behavior of these molecules were investigated in phosphate 

buffer (20 mM, pH 7.0) at 25 oC.  The surface activity of the amphiphiles was determined 

by measuring surface tension in water. The self-assembly formation was studied by 

                                                           

2
 J. Colloid Interf. Sci. 2015, 451, 53–62. 
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fluorescent probe techniques. The thermodynamics of the self-assembly process was also 

studied by ITC through measurements of the ∆Go
m, ∆Ho

m and ∆So
m of micellization. DLS 

was used to determine the mean hydrodynamic diameters of the aggregates. The 

morphology of the aggregates was investigated by use of TEM.  

 

 

 

 

          

Figure 3.2.1 Chemical structures of the amphiphiles. 

3.2.2 Surface activity 

The plots of variation of surface tension with the concentration (Cs) of the amphiphiles at 

room temperature are depicted in Figure 3.2.2. As observed the γ value decreases 

gradually with the increase of concentration, suggesting spontaneous adsorption of the 

amphiphiles at the air/water interface. The pC20 value that measures the adsorption 

efficiency of PS1 (2.28) and PS2 (2.36) is much less in comparison to conventional 

hydrocarbon chain surfactants [33, 34]. However, the pC20 values are found to be less 

closely equal to the corresponding zwitterionic amphiphile mPEG300-Cys and mPEG1100-

Cys [64]. That is both PEGS1 and PEGS2 amphiphiles are weakly surface active which 

can be attributed to the overall polar nature of the molecules.  

The features of both plots are similar and no saturation point was found in the ST 

plot even at the highest concentration (30 mM) employed. However, a small dip in the ST 

plot (indicated by the downward arrow) at a much lower concentration (~2.0 mM for 

PEGS1 and ~1.0 mM for PEGS2) is observed with both the amphiphiles. The ST plot in 

the low concentration region has been separately shown as an inset of the corresponding 

figure. The concentration corresponding to the dip in the ST plot can be taken as the cmc 
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of the amphihile. Thus these amphiphiles seem to behave like long-chain fatty alcohols in 

which the polarity difference between the hydrocarbon chain and –OH is quite small. At 

low concentrations the favorable H-bonding interaction between the PEG chain and water 

molecules causes the PEG tail to lie flat at the air/water interface, resulting in a small 

decrease of γ value. Gradual increase of monomer concentration forces the PEG chains to 

become straight in the interface making more room for other molecules and thus reduces 

the γ value. 

 

 

 

 

 

 

Figure 3.2.2 Plots of variation of surface tension (γ mNm−1) as a function of logCs in 
phosphate buffer 20 mM, pH 7.0 at 25 oC: (□) PEGS1, and (●) PEGS2; inset: γ versus  
logCs plot in the lower concentration range of the amphiphiles.  

 

3.2.3 Critical micelle concentration (cmc) 

To determine cmc of the amphiphiles, fluorescence titration using NPN probe was carried 

out at room temperature. As in the cases of mPEG300-Cys and mPEG1100-Cys a large 

spectral blue shift of the emission maximum (λmax) along with a huge rise of fluorescence 

intensity in presence of amphiphiles above a critical concentration was observed, 

indicating formation of aggregates with hydrophobic core. The spectral shifts (∆λ) are 

plotted as a function of Cs as shown in Figure 3.2.3(a). The cmc was determined from 

the onset of rise of the curve as indicated by the arrow. The cmc thus obtained are 2.0 and 

0.9 mM for PEGS1 and PEGS2, respectively, and are closely similar to those obtained 
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from ST plots. The lower value of cmc of PEGS2 must be due to its longer PEG chain. 

The higher value of ∆λ for PEGS1 can be attributed to the more rigid microenvironment 

formation by the PEGS1 molecules after reaching cmc. 

 

 

 

 

 

 

Figure 3.2.3 (a) Plots showing variation of ∆λ (= λwater ˗ λsurfactant) of NPN in phosphate 
buffer (20 mM, pH 7.0) with the change in Cs at 25 oC (inset: representative fluorescence 
emission spectra of NPN in pH 7.0 buffer containing 0 and 25 mM PEGS2 and 50 mM 
PEGS1); (b) variation of ∆λ of NPN probe with Cs in salt-free water at 25 oC: (□) PEGS1 
and (■) PEGS2. 
 

The self-assembly formation in salt-free pure water was also studied by 

fluorescence measurements using NPN probe. The intensity rise along with spectral shift 

confirmed self-assembly formation in water. The cmc values as obtained from the plots in 

Figure 3.2.3(b) are 3.0 and 1.9 mM for PEGS1 and PEGS2, respectively. The cmc 

values, however, are greater than the corresponding value in phosphate buffer (Table 

3.2.2). This is due to higher ionic strength of the buffer solution that reduces ionic 

repulsion between head groups decreasing the cmc value of the anionic amphiphiles. 

3.2.4 Thermodynamics of self-assembly formation  

The aggregation behavior of the amphiphiles containing sulfonate head group was further 

studied by ITC method at 25 oC to evaluate the energy of micellization. The cmc values 

and the respective heat of dilution were evaluated from Figure 3.2.4 and are collected in 

Table 3.2.1. The positive ∆Ho
m values for both PEGS1 and PEGS2 emphasized that the 
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aggregate formation whether it is micelle or vesicle, is endothermic in nature. The highly 

negative ∆Go
m values, however, imply spontaneity of the aggregate formation process. 

The data in Table 3.2.1 suggest that the aggregate formation is less favored in the case of 

PEGS1 which can be attributed to relatively more polar and short PEG chain. The T∆So
m 

value calculated from the respective ∆So
m value is observed to be much higher than that 

of corresponding ∆Ho
m value which means aggregate formation by both amphiphiles is 

an entropy-driven process. In fact, dehydration followed by hydrophobic interaction 

among HC chains is the sole criterian of entropy-driven processes, such as micelle 

formation [38]. Thus, as in the case of HC-containing conventional surfactants, the 

hydrophobic interaction among PEG chains in the micellar interior drives the process of 

micellization. In other words, the thermodynamics behind aggregate formation are similar 

for both PEG chain-containing amphiphiles and HC-containing surfactants.  

 

 

 

 

 

 

 

 

 

 

Figure 3.2.4 Calorimetric traces (heat flow against time) for PEGS1 (a) and PEGS2 (c), 
and variation of enthalpy change with Cs for PEGS1 (b) and PEGS2 (d) in phosphate 
buffer (20 mM, pH 7.0) at 25 oC. 
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Table 3.2.1 Critical micelle concentration (cmc), standard Gibbs free energy change 
(∆Go

m), standard enthalpy change (∆Ho
m) and standard entropy change (∆So

m) of the 
micelle formation in phosphate buffer (20 mM, pH 7.0) of PEGS1 and PEGS2 at 25 oC. 

 

 

3.2.5 2D NOESY 1H-NMR analysis  

The 2D NOESY 1H-NMR spectra were measured at both micellar and non-micellar state 

of the PEGS1 amphiphile, as a representative example. D2O was used as the reference 

solvent to search for the key cross-interactions among the amphiphilic molecules. This 

analysis actually predicts the arrangement of the amphiphilc molecules in the aggregates 

as described in the previous section. In non-micellar state (0.8 mM PEGS1 in D2O) 

mainly diagonal interactions which means only interactions among adjacent H atoms in 

the PEG chain were observed (not shown here). On the other hand, in addition to the 

diagonal peaks a number of cross peaks were observed with the micellar aggregates of 

PEGS1 (8 mM in D2O). In Figure 3.2.5 the intense cross peaks d ↔ i, h ↔ e, f and g ↔ 

e, f protons suggest intermolecular interactions between the head groups of the 

amphiphile. Again, the close proximity among a ↔ c, b, h and b ↔ h, a, i, d protons 

features the strong intermolecular interactions among the PEG tails of the monomers. The 

origin of the intermolecular interactions must be the hydrophobic interaction, which is the 

driving force of aggregate formation. However, the spatial arrangement of PEGS1 

molecules in the aggregated state matching the through-space interactions suggests 

bilayer formation after reaching cmc. 

Surfactant 
cmc 

(mM) 

∆Go
m 

(kJ mol−1) 

∆Ho
m 

(kJ mol−1) 

∆So
m 

(J K−1 mol−1) 

T∆So
m 

(kJ mol−1) 

PEGS1 
2.6 

(± 0.1) 
−14.66 

0.27 

(± 0.06) 
50.09 14.93 

PEGS2 
1.0 

(± 0.2) 
−16.99 

0.43 

(± 0.09) 
58.50 17.43 
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Figure 3.2.5 2D NOESY 1H-NMR spectrum of 8 mM PEGS1 in the aggregated state. 

 

3.2.6 Micropolarity and microviscosity of the self-assemblies 

The Py probe was used to determine the micropolarity of the self-assemblies. The 

fluorescence emission spectra of Py measured in pH 7.0 buffers in the absence and 

presence of different concentrations of PEGS1 and PEGS2 were measured. The plots 

showing variation of I1 /I3 ratio with Cs are depicted in Figure 3.2.6(a). The I1 /I3 ratio has 

a value of 1.83 in pH 7.0 buffer in the absence of the surfactant. But the ratio falls off 

with increasing concentration of the added amphiphile and the limiting values (Table 

3.2.2) are less than that in water, indicating formation of aggregates with less polar 

microenvironments [57, 58]. Similar values of I1 /I3 ratio were also obtained from studies 

in pure water. However, like mPEG300-Cys and mPEG1100-Cys amphiphiles, the I1 /I3 

ratio is higher compared to those of conventional surfactants [42, 43].  
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Figure 3.2.6 Plots of (a) variation of micropolarity index (I1/I3) with the change of Cs at 
25 oC, and (b) plots of r value of DPH probe versus Cs at 25 oC: (□) PEGS1 and (■) 
PEGS2. 

 

Table 3.2.2 Self-assembly properties of PEGS1 and PEGS2 in phosphate buffer (20 mM, 
pH 7.0) at 25 oC; the values within the parentheses correspond to pure water at 25 oC. 

 a measured in 40 mM of PEGS1; b measured in 20 mM of PEGS2. 

   

The r value of DPH probe which is used as an index of microrigidity of micelles 

was measured in the presence of different concentrations of both PEGS1 and PEGS2. 

Figure 3.2.6(b) shows the plots of variation of r with Cs. The r value of DPH probe in 

the self-assemblies of PEGS2 is similar to those observed with micellar aggregates of 

Surfactant pC20 cmc (mM) r ηm (mPa s) I1/I3 

PEGS1 2.28 
2.0 ± 0.1 

(3.0 ± 0.1) 

0.174 ± 0.04a 

(0.162 ± 0.09)a 

46.0 ± 3.0a 

(45.0 ± 5.0)a 

1.61 ± 0.02a 

(1.63 ± 0.05)a 

PEGS2 2.36 
0.86 ± 0.11 

(1.9 ± 0.1) 

0.112 ± 0.07b 

(0.110 ± 0.12)b 

22.0 ± 1.5b 

(30.0 ± 3.0)b 

1.56 ± 0.03b 

(1.61 ± 0.06)b 
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conventional anionic surfactants (r ~ 0.05). However, interestingly, the r value for self-

assemblies of PEGS1 is relatively higher, suggesting more rigid microenvironment. This 

may be an indication of the formation of bilayer aggregates by PEGS1 and small micellar 

aggregates by PEGS2. The increase of r with increasing concentration of PEGS1 and 

PEGS2 can be attributed to the growth of bilayer and micellar aggregates, respectively.  

As discussed earlier, the ηm value quantifies the rigidity of the microenvironments 

of the self-assemblies and can be used as an indirect proof of the nature of aggregate 

type. Thus, ηm values (Table 3.2.2) were calculated using r and τf values of DPH probe. 

For comparison purposes the values of r and ηm obtained from measurements in pure 

water are also included in Table 3.2.2. As observed, the ηm values of the aggregates in 

water are similar to those in buffer medium. Relatively larger value of ηm in the case of 

PEGS1 (46 mPa s) indicates formation of larger aggregate. On the other hand, lower 

value of ηm in case of PEGS2 (22 mPa s) indicates formation of small micelle-like 

aggregates in buffered solution. A similar observation is also made for aggregates in pure 

water. It is reported that as the molecular weight of the PEG chain increases (i.e., with the 

increase in number of ethylene glycol units), helicity of PEG chain increases. Thus 

PEGS1 having shorter PEG chain spontaneously form larger tightly-packed bilayer 

aggregates in water as well as in buffered solution, whereas the repulsive interaction 

among the longer and more helical PEG chain causes the PEGS2 monomers to form 

loosely-packed smaller aggregates like micelles. The results thus support the mutual 

spatial arrangement of amphiphilic molecules in the aggregated state as described in 

section 3.2.5.  

3.2.7 Size and shape of the aggregates 

The size distribution of the aggregates formed by PEGS1 and PEGS2 in aqueous buffered 

solution was measured by DLS technique. The histograms in Figure 3.2.7 represent the 

volume distribution graphs of the aggregates formed by the amphiphiles at different 

concentrations. A monomodal size distribution can be observed for PEGS1 at low 

concentration, but the concentrated solution exhibits bimodal distributions with dh around 

40-80 nm and 250-700 nm, suggesting coexistence of aggregates of different sizes. On 
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the other hand, a narrow monomodal distribution with dh of around 3-10 nm is observed 

with PEGS2, suggesting formation of micellar aggregates in pH 7.0 buffer. The DLS 

results demonstrate different aggregation behavior in water as well as in aqueous buffered 

solution despite having identical head group. The results are consistent with the 

conclusions made from fluorescence anisotropy studies and 2D NOESY NMR analysis. 

The existence of different types of aggregates in buffered solution of PEGS1 and PEGS2 

amphiphiles was further confirmed by the TEM measurements as discussed below. 

 

 

 

 

 

 

 

Figure 3.2.7 Size distribution histograms of the aggregates in aqueous buffered solution 
(20 mM, pH 7.0) of PEGS1 and PEGS2 at different concentrations at 25 oC. 

 

Surface charge of the aggregates formed by PEGS1 and PEGS2 at different 

concentrations was estimated by ζ-potential measurements. The ζ-potential values of the 

aggregates of PEGS1 and PEGS2 amphiphiles are listed in Table 3.2.3. As expected, the 

negative charge density is high for both types of aggregates formed by PEGS1 and 

PEGS2. Because of intermolecular repulsive interactions among the large sulfonate head 

groups, the aggregates of PEGS1 are expected to be sufficiently stable. This is manifested 

by the results of aging effect discussed below. 
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Table 3.2.3 The ζ-potential values of the self-assembled structures of PEGS1 and PEGS2 
in 20 mM phosphate buffer (pH 7.0) at different concentrations. 

 

 

 

 

 

  

 

 

 

 

Figure 3.2.8 HRTEM micrographs of the solutions of (a) 10 mM PEGS1, (b) 20 mM 
PEGS1, (c) 5 mM PEGS2, and (d) 10 mM PEGS2.  

 

 The HRTEM images of the aqueous solutions of the amphiphiles were 

measured to visualize the shape and size of the microstructures. The micrographs (Figure 

3.2.8(a, b)) of both dilute and concentrated solutions of PEGS1 reveal the existence of 

ULVs that enclose an aqueous cavity. On the other hand, only small (10 – 15 nm) 

micellar aggregates are observed in both dilute and concentrated solutions of PEGS2 

(Figure 3.2.8(c, d)). The diameter of the micelles of PEGS2 is consistent with its long 

PEG chain. Although TEM images obtained by conventional method are often criticized 

as the method involves drying of the specimen, the images shown in Figure 3.2.8 were 

reproducible. It is clear from the images that in dilute solution of PEGS1, both small (25 

– 60 nm) and large vesicles (100 – 200 nm) coexist.  However, in concentrated solution 

Surfactant Cs (mM) ζ-Potential (mV) 

PEGS1 
10 −31.1 

20 −29.8 

PEGS2 
5 −20.0 

10 −15.2 
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of PEGS1, the population of large vesicles (> 200 nm) increases, which may be due to 

fusion of the small vesicles with the larger ones. The size of the aggregates of PEGS1 and 

PEGS2 as seen in the TEM images are, however, smaller than that obtained by DLS 

measurements. This is expected because the former method involved drying of the 

sample. Considering the experimental results of fluorescence, 2D NOESY, DLS, and 

TEM aggregate formation by the amphiphiles can be shown by the schematic (Figure 

3.2.9), which also features the spatial alignment of the amphiphilc molecules in the 

aggregate.  

 

 

 

 

 

 

 

Figure 3.2.9 Schematic representation of the formation of bilayer vesicles by PEGS1 
molecules and micelles by PEGS2 molecules; spatial arrangements of (a) PEGS1 
molecules in the bilayer state and (b) PEGS2 molecules in the micellar state showing 
matched through-space interactions as revealed by the 2D NOESY cross-peaks.   

 

3.2.8 Stability of the aggregates 

Thermal stability. The effect of temperature on the stability of the aggregates 

formed by PEGS1 and PEGS2 amphiphiles was studied by use of DPH probe. The 

fluorescence anisotropy (r) of DPH in the presence of both amphiphiles was monitored in 

the temperature range of 25 oC to 75 oC. The plots in Figure 3.2.10(a) show the variation 

of r in PEGS1 (40 mM) and PEGS2 (20 mM) solutions with temperature. The magnitude 
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of r is higher at low temperature, but it decreases with the increase of temperature. This is 

because the viscosity of the microenvironments of the aggregates decreases with the rise 

in temperature due to weakening of the hydrophobic interaction and other physical forces 

among PEG chains that are responsible for forming the aggregates. In the case of vesicles 

of PEGS1, this causes phase transition of the bilayer membrane from more rigid gel state 

to a more fluid liquid-crystalline state.  In the case of PEGS2 amphiphile, the decrease of 

r suggests disruption of the micelles. However, the vesicle structures of PEGS1 still 

remain at 75 oC which is indicated by the higher r value (0.155). The existence of 

vesicles at 75 oC was confirmed by the size distribution histogram as well as by the TEM 

image as shown in Figure 3.2.10(b, c). The temperature corresponding to the inflection 

point of the sigmoidal curves in Figure 3.2.10(a) can be taken as the phase transition 

temperature, Tm. The higher value of Tm (44 oC) is consistent with the stronger 

interactions among PEG chains in the vesicle bilayer of PEGS1. On the other hand, in the 

case of PEGS2, the interaction among PEG chains being weak the micelles get disrupted 

as a result of increase of temperature above 49 oC. Thus the vesicles of PEGS1 are quite 

stable at the physiological temperature (37 oC) and therefore can be used for drug 

delivery purposes.  

 

 

 

 

 

 

 

Figure 3.2.10 (a) Plots showing variation of r of DPH probe in 40 mM PEGS1 and in 20 
mM PEGS2 solutions with temperature (oC); representative TEM micrograph (b), and 
size distribution histogram (c)  of 40 mM PEGS1 solution at 75 oC.  
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Figure 3.2.11 (a) Variation of r of DPH probe in 40 mM PEGS1 with the concentration 
of NaCl (▲), L-lysine hydrochloride (■) and choline chloride (○); (b) size distribution 
histograms of 40 mM PEGS1 solution in the presence of 150 mM L-lysine hydrochloride 
(A) and 200 mM choline chloride (B). 

 

Effect of additives. The effect of salt concentration on the aggregation behavior 

of PEGS1 and PEGS2 was also examined. It is commonly observed that the increase of 

counterion concentration or even an increase of ionic strength of ionic surfactant solution 

induces transition of bilayer vesicles to form spherical micelles and rod-like micelles 

tubular structure or from small vesicles to giant vesicles [68-70]. In order to examine this, 

the r value of DPH probe in 40 mM PEGS1 and 20 mM PEGS2 was monitored with the 

variation of the concentration of three types of salts, including NaCl, choline chloride, 

and L-lysine hydrochloride having different cations. But the additives were found to have 

no significant effect on the r value of DPH in solution of PEGS2 (Figure 3.2.11(a)), 

suggesting either micellar structures remain unchanged or undergo transition to form 

larger micelles. Addition of salt causes a reduction of electrostatic repulsion among the 

anionic head-groups which results in a growth of aggregates. But, as there was no change 

of microviscosity, the possibility of formation of large rod-like aggregates can be ruled 

out.  
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Figure 3.2.12 (a) Variation of ζ-potential with the increase in concentration of L-lysine 
hydrochloride and choline chloride; (b) plots of turbidity (τ = 100 − % T) versus aging 
time. 

 

As with PEGS2, addition of NaCl to the solution of PEGS1 did not also show any 

significant change in the r value of DPH. Interestingly, addition of organic salts, such as 

choline chloride and L-lysine hydrochloride was observed to have a significant effect on 

the stability of the vesicles of PEGS1. The plots of r of DPH as a function of [L-lysine] 

or [choline chloride] have been shown in Figure 3.2.11(a). For both L-lysine 

hydrochloride and choline chloride, the plot shows a sharp decrease of r with the increase 

of additive concentration, suggesting transformation of bilayer structure to some other 

morphology. The transformation of the vesicles to small vesicles in the presence of 

choline chloride is shown by the corresponding size distribution histogram in Figure 

3.2.11(b). However, upon addition of L-lysine hydrochloride to the solution of PEGS1 

transformed vesicles into small micelles having dh of ~4 nm. The increased salt 

concentration, however, reduces the surface charge density of the aggregates as indicated 

by the reduction of ζ-potential (Figure 3.2.12(a)). The different effects of L-lysine 

hydrochloride and choline chloride on the vesicular structures of PEGS1 can be attributed 

to the difference in charge of the organic counter ions. Thus relatively weaker 
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electrostatic interaction of singly charged choline chloride with the –SO3
− head group 

causes partial disruption of the vesicles, leading to the formation of smaller vesicles. On 

the other hand, relatively strong interaction of the cationic L-lysine with the –SO3
− head 

group results in a complete destruction of PEGS1vesicles to small micellar aggregates. 

This is demonstrated by the size distribution histograms in Figure 3.2.11(b).  

Aging effect. The turbidity (τ) of the solutions of the amphiphile was measured at 

different time intervals in order to investigate shelf-life of the aggregates. The turbidity of 

10 mM PEGS1 and 5 mM PEGS2 in pH 7.0 (20 mM) buffer was monitored at 450 nm at 

different time intervals over 30 days. The experimental results are presented in Figure 

3.2.12(b). The plot reveals that the turbidity initially increases only slightly with time, 

and reaches almost to a steady value. The initial increase in turbidity could be attributed 

to the formation and growth of vesicles (PEGS1) or micelles (PEGS2) upon aging, while 

the subsequent plateau refers to the storage life of the aggregates. 

 

3.2.9 Summary 

In conclusion, two novel amphiphiles consisting of PEG as tail and mesna as head were 

designed and synthesized. The surface activity and intriguing self-assembly properties of 

the amphiphiles in buffer (pH 7.0) were investigated. Unlike conventional surfactants 

with hydrocarbon tail, these amphiphiles were found to have weak surface activity. 

However, the cmc of these amphiphiles was relatively low. On the basis of the 

experimental results of fluorescence, DLS and TEM measurements PEGS1 with shorter 

PEG chain have strong tendency to self-organize spontaneously to form stable ULVs in 

dilute as well as in concentrated solutions, whereas small micellar aggregates were 

observed to form in both dilute and concentrated solutions of PEGS2 bearing longer PEG 

chain. This difference in aggregation behavior of the PEG based amphiphiles having 

same head group can be attributed to the difference in conformation of the PEG chains. 

The longer PEG chain has higher helicity which controls here the microstructure of the 

aggregates. The thermodynamics of self-assembly formation, however, was observed to 

be quite similar to conventional surfactants. The large positive values of ∆So
m indicated 
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that the driving force behind the spontaneous aggregate formation is hydrophobic 

interaction. The vesicles as well as the micelles formed by the PEGS1 and PEGS2 

surfactants were also observed to be sufficiently stable at the physiological temperature 

for a longer period of time which suggests that they can have potential use in drug 

delivery applications. The addition of choline chloride caused transformation of the large 

vesicles of PEGS1 into smaller vesicles. Interestingly, the vesicular aggregates 

transformed into small micellar aggregates upon addition of relatively low concentration 

of L-lysine hydrochloride salt. 
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3.3 Vesicle Formation by Anionic Amphiphiles with Double PEG Tails 

 

3.3.1 Scope of the study 

There are numerous reports on double-tailed amphiphiles bearing hydrophobic tails, such 

as alkyl chain, aromatic moiety, pyrolle, steroid etc. [71-85]. There are also reports on 

bilayer membrane formation by nonionic double-tailed surfactants which contain 

polyglyceryl as head group [86]. In the preceding sections, however, spontaneous and 

stable vesicle formation by unconventional, single PEG-tailed amphiphiles with 

zwitterionic or anionic head group has been demonstrated [64, 87]. This led to the present 

investigation to study self-assembly behavior of double PEG-tailed amphiphiles keeping 

the PEG chain lengths and head group (sulfonate) same. Thus in this work, two novel 

double PEG-tailed molecules, sodium di-(mercaptopropanoyl poly(ethylene glycol))- 

propane sulfonate having PEG chains of length Mn ~ 300 (DPEGS1) and Mn ~1100 

(DPEGS2) were developed and characterized. The introduction of a second PEG chain is 

expected to increase polarity of the molecule. Therefore, it will be really very interesting 

to see whether such molecules undergo self-organization in aqueous solution or not.  The 

solution behavior of the newly developed amphiphiles was thoroughly investigated in 

aqueous buffer (pH 7.0) at 25 oC. The self-assembly behavior in aqueous solution was 

studied by steady-state fluorescence probe techniques. The size and shape of the 

aggregate form were measured by DLS, TEM and AFM measurements. 2D 1H-NMR 

spectra of the aqueous solutions of the surfactants were measured to study the 

interactions between PEG chains. The stability of the aggregates with the change of 

temperature and concentration of additives was also investigated. 

 

 

 

 



                                           Vesicle Forming Amphiphiles with PEG Tail 

 

107 
 

 

 

 

 

 

Figure 3.3.1 Chemical structures of the amphiphiles sodium di-(mercapto propanoyl 
poly(ethylene glycol)) propane sulfonate (n = 4, DPEGS1 and n = 23, DPEGS2). 

3.3.2 Self-assembly behavior 

To demonstrate self-assembly formation the steady-state fluorescence spectra of NPN 

probe was measured in aqueous solutions containing different concentrations of DPEGS1 

and DPEGS2 molecules. Surprisingly, the fluorescence spectrum of NPN in the presence 

of both DPEGS1 and DPEGS2 exhibits a large blue shift with a concomitant rise of 

intensity (Figure 3.3.2(a)), indicating formation of microdomains of polarity much less 

than that of bulk water [46]. In other words, they behave like conventional HC tail 

surfactants in water at room temperature. This shows the amphiphilic nature of both 

DPEGS1 and DPEGS2 molecules.  

 

 

 

 

 
 
 
Figure 3.3.2 Plots of (a) representative fluorescence emission spectra of NPN in pH 7.0 
buffer containing different concentrations of DPEGS2, and b) plots of spectral shift (∆λ) 
of NPN as a function of Cs in pH 7.0 buffer at 25 oC: DPEGS1 (■) and DPEGS2 (□). 
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The plots of variation of spectral shift, ∆λ [= λmax(water) – λmax(surfactant)] as a 

function of concentration (Cs) of DPEGS1 and DPEGS2 are shown in Figure 3.3.2(b). It 

is observed that the ∆λ value increases with Cs until a limiting value is reached 

corresponding to the plateau region. The Cs value corresponding to the inflection point 

(indicated by arrows) was taken as the cmc value of the amphiphile. The cac values thus 

obtained from the onset rise of the curves are collected in Table 3.3.1. 

Table 3.3.1 The self-association properties of DPEGS1 and DPEGS2 in phosphate buffer 
(20 mM, pH 7.0) and fluorescence properties of DPH probe in solutions of DPEGS1 and 
DPEGS2 at 25 oC. 

 *a and b corresponds to 5 mM DPEGS1 and 5 mM DPEGS2 

3.3.3 Microenvironment study  

To examine the micropolarity of the microenvironments formed by the double-tailed 

amphiphiles steady-state fluorescence spectra using Py in presence of different 

concentrations of DPEGS1 or DPEGS2 were measured and the corresponding value of 

the polarity parameter I1 / I3 was determined. For both amphiphiles, the I1/I3 ratio 

continues to fall with the increase of concentration. The lowest I1/I3 value was noted for 

DPEGS1 and DPEGS2 and is included in Table 3.3.1. The I1/I3 values of both 

amphiphiles observed to be higher and are greater than those of corresponding single-

chain amphiphiles PEGS1 and PEGS2. This shows that the polarity of the 

microenvironment Py probe is very polar like alcohols [40, 41]. This means either the 

probe molecules are solubilized near the aggregate surface or the PEG chains are so 

tightly packed that the Py molecules cannot penetrate into the core, or the degree of water 

penetration into the micelle core is large. In contrast, the large blue shift of the emission 

Surfactant cac (mM) I1/I3 
∆λ 

(nm) 
(NPN) 

r 
τf  

(ns) 
ηm (mPa s) 

DPEGS1 0.15 ±0.02 
 

1.65 ± 0.03a 
 

40 0.165a 5.06a 48.1 ± 5.0a 

DPEGS2 0.07 ± 0.03 
1.70 ± 0.04b 

 
30 0.135b 4.79b 39.2 ± 3.0b 
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spectrum of NPN suggests nonpolar environment around the probe molecules.  In order 

to address this, the steady-state fluorescence spectra of DPH probe were measured. 

The rise emission intensity (not shown) indicates solubilization of the probe 

molecules within the hydrophobic microdomains formed by the amphiphilic molecules. 

The r value of DPH probe is also known to change when encapsulated into the 

hydrophobic microdomains formed by surfactant aggregates [59-62]. Thus the r value of 

DPH probe was measured in the presence of DPEGS1 and DPEGS2 amphiphiles at 

different concentrations above their cmc values and the data are presented in Figure 

3.3.3. The r value is observed to increase nonlinearly in the concentration range 

employed.  The r value corresponding to 10 mM DPEGS1 or DPEGS2 was noted and the 

data are listed in Table 3.3.1. The r values are much higher than that of SDS micelles (r 

= 0.045), but are comparable to many vesicle- or liposome-forming amphiphiles [42, 43]. 

This suggests that the DPH molecules are solubilized within very rigid 

microenvironments and the self-assembled microstructures formed by the amphiphilic 

molecules are most likely bilayer type aggregates. 

 

 

 

 

 

 

 

Figure 3.3.3 Plots of fluorescence anisotropy (r) of DPH as a function of Cs at 25 oC. 
 

The above experimental findings were further enriched by the measurements of 

fluorescence lifetime (τf) the DPH probe which enabled estimation of ηm of the bilayer 

aggregates. The τf values obtained from the analysis of fluorescence intensity decays of 

DPH probe are listed in Table 3.3.1. The ηm values calculated using r and τf values of 
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DPH are also included in the table. The higher values of ηm indicate rigid 

microenvironments around the probe molecules and suggest formation of vesicular 

structures. It can also be concluded that the bilayer membrane is constituted by the PEG 

chains of the amphiphiles. This is also suggested by the results of NMR measurements. 

 

 

 

 

 

 

 

 

       

         

Figure 3.3.4 2D NOESY 1H-NMR spectrum of 2 mM DPEGS1 in D2O solvent. 

 

3.3.4 Alignment of PEG chains in the aggregates 

In order to determine the spatial interactions among the amphiphilic molecules in the 

aggregated state, 2D NOESY 1H-NMR experiment was performed at a Cs > cmc value. 

The representative 2D NOESY spectrum of 2 mM DPEGS1 has been shown in Figure 

3.3.4, together with the molecular chain labeling. In addition to the diagonal peaks there 

are also some key cross peaks. The key cross-peaks reveal the proximity of some 

essential proton pairs. The interactions among g ↔ f; f ↔ e, h; i ↔ (d, j, b, c, a, h, e, f); a 

↔ (b, c, i, j, d, e, f, h) and b ↔ (a, c, i, j, d, e, f, h) protons imply the intermolecular 
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interactions among the PEG chains. Thus, all these 2D cross-peak patterns evidence that 

the surfactant molecules are arranged in at least two layers with the PEG as inner layer. 

The key intermolecular NOE contacts are indicated with circles. The existence of these 

primary interactions leads to the conclusion that the sulfonate groups form the corona and 

PEG chains constitute the bilayer membrane of the aggregates which is consistent with 

the results of fluorescence probe studies.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3.5 Size distribution histograms of DPEGS1 and DPEGS2 at different 
concentrations in pH 7.0 at 25 oC.  
 

3.3.5 Size and shape of the aggregates 

The mean dh of the aggregates formed at different concentrations were determined by 

DLS measurements in pH 7.0 at 25 oC. The histograms in Figure 3.3.5 represent the size 

distribution (expressed in percentage volume) profiles for the amphiphiles at different 

concentrations. A bimodal distribution, one at around 40-100 nm and the other around 

300-600 nm for DPEGS1 implies formation of large aggregates. But in the case of 

DPEGS2 a monomodal size distribution with dh ranging between 100 nm and 400 nm is 

observed.  
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To further visualize the actual morphology of the aggregates TEM images of the 

surfactant solutions were taken. The representative TEM images of the unstained 

specimens prepared from dilute as well as concentrated surfactant solutions are shown in 

Figure 3.3.6(a, b). The micrographs reveal formation of vesicles of dh in the range of 

150-200 nm in case of DPEGS1. However relatively smaller sized vesicles of dh in the 

range of 60-120 nm can be observed for DPEGS2 at concentrations above the cmc value. 

It should be noted that the size of the vesicles is slightly smaller than that obtained by 

DLS measurements. This must be due to the drying of the samples required for 

conventional HRTEM technique which often criticized as artifacts. However, the vesicle 

formation was confirmed by the corresponding cryo-TEM images shown in Figure 

3.3.6(c, d) also exhibit ULVs having diameters in the range of 100 to 300 nm. 

 

 

 

 

 

 

 

 

Figure 3.3.6 HRTEM images of the solutions (pH 7) of (a) 2 mM DPEGS1 and (b) 2 
mM DPEGS2; cryo-TEM images of the solutions (pH 7) (c) 2 mM DPEGS1 and (d) 2 
mM DPEGS2. 
 

That the vesicle membrane is constituted by the PEG chains is evidenced by the 

surface charge of the aggregates which is measured by the ζ-potential value. The ζ-

potential values were measured at different concentrations of the amphiphiles in pH 7.0 
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buffer at 25 oC and the data are collected in Table 3.3.2. A significant negative ζ-

potential value of the vesicles confirms that the sulfonate groups make the outer surface 

of the vesicles negative. In other words, the mPEG chains constitute the bilayer 

membrane of the vesicles.  

 

Table 3.3.2 The ζ-potential values of the vesicles of DPEGS1 and DPEGS2 amphiphiles 
at different concentrations. 

 

 

 

 

 

 

The shape of the aggregates can also be observed in the AFM images as shown in 

Figure 3.3.7. In both images, well-defined spherical structures can be detected and the dh 

ranges from 50-250 nm for DPEGS1 and 80-150 nm for DPEGS2 agree well with the 

results obtained using cryo-TEM. The height profile obtained using AFM is 

representative of the thickness of two closely stacked membranes tilted together after 

drying and collapse of the vesicles. Thus, half of the thickness can be considered as the 

membrane thickness of the vesicle and the height of ~ 8 nm corresponds to a membrane 

thickness of 4 nm (Figure 3.3.7). From the Chem Draw energy minimized structue 

analysis the length of the PEG tails of DPEGS1 molecule is found to be ~ 1.9 nm, which 

is about half of the membrane thickness confirming bilayer vesicle formation by the 

DPEGS1 molecules. The same explanation is also applicable for DPEGS2 amphiphile. 

For DPEGS2, however, the height obtained is equal to ~ 1.7 nm. The energy 

minimization of DPEGS2 molecule using MM2 software of Chem Draw reveals the 

length of the PEG chains is ~ 8.5 nm. Therefore, AFM data clearly suggest that the 

bilayer thickness of the vesicle membranes is ~ 16.5 – 17 nm, which is close to twice the 

Surfactant Cs (mM) ζ-potential (mV) 

DPEGS1 
0.2 −6.93 

2 −16.00 

DPEGS2 
0.1 −6.28 

2 −7.61 



                                           Vesicle Forming Amphiphiles with PEG Tail 

 

114 
 

fully-extended length (~8.5 nm) of PEG chain. Considering all the above results a 

schematic representation (Figure 3.3.8) showing vesicle formation including bilayer 

structure can be proposed.  

 

 

 

 

 

 

 

 

 
 
 
 
 
Figure 3.3.7 AFM height images with scale-bar of (a) 2 mM DPEGS1 and (b) 2 mM 
DPEGS2 in pH 7.0 on freshly cleaved mica. 
 

 

 

 

 

 

 

 

 

 

Figure 3.3.8 Schematic representation of bilayer vesicle formation by the DPEGS1 
molecules. 
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3.3.6 Stability of the vesicles 

Effect of temperature. Determination of physical stability of the vesicles at 

higher temperatures is necessary for their practical applications and therefore, the effect 

of temperature on their stability was studied. As discussed earlier, the r value of DPH 

when solubilized within aggregates is sensitive to temperature change. Therefore the r 

value of DPH in the presence of DPEGS1or DPEGS2 amphiphile was measured in the 

temperature range of 25 oC to 75 oC. The plots in Figure 3.3.9(a) show the variation of r 

in solution (5 mM) of DPEGS1 or DPEGS2 with temperature. The magnitude of r is 

higher at lower temperature, but it decreases with the increase in temperature. This is 

because the viscosity of the microenvironment decreases with the rise in temperature due 

to weakening of the hydrophobic interaction and other physical forces among PEG chains 

that are responsible for forming the aggregates. In the case of vesicles of DPEGS1, this 

causes phase transition of the bilayer membrane from more rigid gel state to a more fluid 

liquid-crystalline state. Thus the temperature corresponding to the inflection point of the 

sigmoidal curves can be taken as the phase transition temperature, Tm. The higher value 

of Tm (52 oC for DPEGS1 and 50 oC for DPEGS2) is consistent with the stronger 

interactions among PEG chains in the vesicle bilayer. It is important to note that no 

turbidity appeared even at 75 oC, suggesting very good vesicles stablity at the 

physiological temperature (37 oC) which makes them good candidates for use in drug 

delivery applications. 

 

 

 

 

 

 

Figure 3.3.9 (a) Variation of r value of DPH in the presence of DPEGS1 (5 mM) and 
DPEGS2 (5 mM) with temperature (oC), and (b) plots of τ versus aging time at 25 oC. 
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Effect of aging. In order to investigate the shelf-life of the vesicles, the turbidity 

(τ) of the solutions (1 mM) of DPEGS1 and DPEGS2 at pH 7.0 (20 mM) was monitored 

at 25 oC at different time intervals during 60 days. The experimental results are presented 

in Figure 3.3.9(b). The plots reveal that the turbidity initially increases only slightly with 

time, and reaches almost a steady value after 60 days. The initial increase in turbidity is 

due to the formation and growth of the vesicles, while the subsequent plateau refers to the 

storage life of the aggregates. Thus the bilayer vesicles obtained from both the double 

PEG-tailed surfactants exhibit excellent stability at physiological temperature (37 oC) 

over months. 

 

 

 

 

 

 

 

Figure 3.3.10 (a) Variation of r in 5 mM DPEGS1 with concentration of NaCl (□) and L-
lysine hydrochloride (■); (b) size distribution histograms of solutions of (A) 5 mM 
DPEGS1 containing 200 mM NaCl, (B) 5 mM DPEGS2 containing 200 mM NaCl, (C) 5 
mM DPEGS1 containing 100 mM L-lysine hydrochloride, and (D) 5 mM DPEGS2 
containing 100 mM L-lysine hydrochloride. 

 

Effect of additives. As the surfactants are anionic in nature there might be 

significant effect of salt concentration on the aggregation behavior of the surfactants. As 

discussed earlier, the addition of counter ion usually induces transition of bilayer vesicle 

to other structures [88-92]. To investigate the influence of salt concentration on aggregate 
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presence of varying concentration of NaCl. The plot of variation of r with [NaCl] can be 

found in Figure 3.3.10 (a). The plot shows a slight increase of r value with the rise of 

NaCl concentration, suggesting transformation of ULVs to MLVs, tubules or rod-like 

aggregates. The DLS measurements with solutions of 5 mM DPEGS1 and DPEGS1 both 

containing 200 mM NaCl were performed and the data are presented in Figure 3.3.10(b). 

It is observed that the mean dh value is higher than the value obtained in the absence of 

salt, indicating growth of aggregates. Since no significant increase of solution viscosity 

was observed, this can be associated with the transformation of ULVs to large MLVs or 

tubules or disk-like aggregates. Indeed the TEM micrograph of the 5 mM surfactant 

solution containing 200 mM NaCl shows formation tubular aggregates (Figure 3.3.11(a)) 

in the case of DPEGS1 and large disk-like micelles in the case of DPEGS2 (Figure 

3.3.11(c)). The tube-like aggregates have length of ~700 nm and inner diameter of ~80-

100 nm. This can be linked to the tight packing of the PEG chains caused by the removal 

of ionic repulsion upon addition of salt.  

 

 

 

 

 

 

 

 

 

Figure 3.3.11 HRTEM images of (a) 5 mM DPEGS1 containing 200 mM NaCl, (b) 5 
mM DPEGS1 containing 100 mM L-lysine hydrochloride, (c) 5 mM DPEGS2 containing 
200 mM NaCl, and (d) 5 mM DPEGS2 containing 100 mM L-lysine hydrochloride; inset 
(a): one section analysis; inset (c): one section analysis. 
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Surprisingly, addition of L-lysine hydrochloride was observed to have significant 

effect on the stability of the vesicles formed by both the surfactants. The plot of r of DPH 

in 5 mM DPEGS1 as a function of [L-lysine hydrochloride] is presented in Figure 

3.3.10(a) which shows a sharp decrease of r with the increase of [L-lysine 

hydrochloride], indicating transformation of bilayer structure to some other morphology. 

The size distribution histograms of 5 mM DPEGS1 and DPEGS2 in presence of 100 mM 

L-lysine hydrochloride show aggregates of mean dh<10 nm (Figure 3.3.10(b)). The 

corresponding TEM images (Figure 3.3.11(b, d)) also exhibit very small micelles–like 

aggregates for both the amphiphiles. The transformation of bilayer vesicles to small 

micelles with the increase of L-lysine hydrochloride concentration can be attributed to the 

strong electrostatic attraction among the negatively charged –SO3
− head group of the 

surfactant molecules and large, positively charged L-lysine cations. Strong electrostatic 

interaction of the L-lysine cation with the –SO3
− head group results in a complete 

destruction of vesicles forming small micellar aggregates. This kind of behavior has also 

been observed with single-tailed amphiphiles having sulfonate head. The vesicle-to-

micelle transition is consistent with the decrease of membrane rigidity (r value) at higher 

concentrations of L-lysine hydrochloride. The results of this experiment suggest that L-

lysine can be used to induce release of drug molecules encapsulated by the vesicles of 

DPEGS1 and DPEGS2 amphiphiles. 

 

3.3.7 Summary 

In summary, two novel double PEG-tailed surfactants with sulfonate head group were 

developed and characterized. The solution behavior of the amphiphiles was investigated 

in pH 7.0 at 25 oC. The interesting result is that despite having two polar PEG chains both 

DPEGS1 and DPEGS2 were found to have strong tendency to self-assemble in aqueous 

buffered solution above a very low critical concentration. The results of fluorescence, 

DLS, TEM and AFM measurements showed spontaneous formation of bilayer vesicles in 

dilute as well as in concentrated solutions of both the double-tailed surfactants without 

the requirement of any external stimuli. This is the first report on vesicle formation by 

double PEG-tailed amphiphiles the polar PEG chains of which behave like hydrocarbon 
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tails of conventional double-tail surfactants. It appears that the driving force behind the 

vesicle formation is the hydrophobic interaction among the PEG chains. The alignment of 

the amphiphilic molecules in bilayer vesicles has also been shown by 2D NOESY NMR 

analysis. The vesicles were found to be stable at body temperature (37 oC) over months. 

However, in the presence of NaCl the vesicles of both amphiphiles are transformed into 

either tubules or disk-like aggregates. On the other hand, in the presence of L-lysine 

hydrochloride salt the vesicles produce small micelles. The vesicle-to-micelle transition 

can find application in L-lysine cation-triggered delivery of drug molecules in the 

pharmaceutical industry. 
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4.1 Vesicle-to-Micelle Transition in Aqueous solutions of Hydrocarbon 
and PEG Chain-Containing Amphiphiles1 

 

4.1.1 Scope of the study 

As PEG is hydrophilic in nature, it is generally coupled with hydrophobic moiety for 

developing amphiphilic molecules [1-4]. Thus a number of amphiphilic molecules have 

been developed by coupling PEG chain with hydrophobic units, such as proteins [5-7], 

cholesterol [8, 9] etc. However, there are also some reports on hydrophobicity of PEG 

chain, where the PEG chain has been shown to act like the hydrocarbon (HC) tail of 

conventional surfactants [10-13]. In previous chapter, vesicle formation by amphiphiles 

having PEG as hydrophobic tail has been explored in detail. Therefore, it was thought 

that when both hydrocarbon and PEG chains are covalently linked to a polar carboxylate 

(-COO−) group, the resulting amphiphilic molecule might behave like a double-tail 

surfactant. In order to examine this, two amphiphilic molecules, CPOLE and CPMYS 

(see Chart 4.1.1) were designed and synthesized. Both amphiphiles comprised of PEG 

and HC chains of different lengths which are covalently linked to L-cysteine amino acid. 

These types of amphiphiles may act either like a single-chain or double-chain surfactant 

depending upon (i) how the PEG chain behaves and (ii) what molecular conformation is 

adopted in aqueous medium. Therefore, aggregation behavior of these amphiphiles was 

investigated thoroughly in pH 7.0 buffer at 25 oC.  Theoretical calculations were also 

performed to obtain the stable molecular conformation of the amphiphiles in aqueous 

solution. Surface activity and cmc of the amphiphiles were analyzed by ST method. The 

self-assembly behavior, and micropolarity and microviscosity of the aggregates were 

measured through fluorescence probe technique. DLS was used to determine mean dh 

value of the aggregates. The morphology of the aggregates was confirmed by use of 

TEM. The thermodynamics of self-assembly process was studied by ITC. The stability of 

the aggregates with respect to surfactant concentration (Cs), solution pH, temperature, 

                                                           
1 Langmuir 2017, 33, 543−552. 
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and ageing time was studied. The effect of cholesterol on the physical stability of the self-

assembled structures formed by these amphiphiles was also investigated. 

 

 

 

 

 

 

 

 

Figure 4.1.1 (a) Chemical structures of CPOLE and CPMYS, and (b) energy-minimized 
structure of CPOLE and CPMYS in solution phase (water); grey: C, white: H, red: O, 
blue: N, yellow: S. 

 

4.1.2 Interfacial properties 

Surface activity of CPOLE and CPMYS was studied by ST measurements in pH 7.0 

buffer at 25 oC. Figure 4.1.2 shows the plots of γ versus logCs, which exhibits two 

breakpoints, suggesting change of morphology of the aggregates with the increase of 

surfactant concentration above cmc. The surface activity of the amphiphiles can be 

compared by the minimum surface tension (γmin) and pC20 values. For both CPOLE and 

CPMYS, the γmin value is ca. 30 mN m−1 and is similar to those of conventional HC chain 

surfactants. Also, the pC20 values of CPOLE (5.25) and CPMYS (4.84) are higher than 

conventional anionic surfactants, suggesting higher surface activity. Further, the cmc 

values obtained from the corresponding breakpoints are very low and are similar to those 

of neutral surfactants [14]. This means that, the HC chain acts as the tail and PEG chain 

acts as a head group of the amphiphile.  

(b) (a) 
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Figure 4.1.2 Plots showing variation of surface tension (γ) as a function of log Cs.  

 

4.1.3 Fluorescence probe studies 

As the fluorescence emission spectra of NPN are sensitive to solvent polarity and 

viscosity change [15], it was employed as a probe to study the self-assembly behavior of 

CPOLE and CPMYS in aqueous buffer. The representative spectra recorded in the 

presence of varying concentrations of CPMYS are shown in Figure 4.1.3(a). It can be 

observed that the fluorescence emission spectrum of NPN not only shifts toward shorter 

wavelength relative to that in water, but also exhibit an intensity rise with the increase of 

Cs. The plots of spectral shift (∆λ) of the emission maximum relative to water [∆λ = λwater 

− λsurfactant] as a function of Cs are shown in Figure 4.1.3(b). The large blue shift of the 

fluorescence spectrum suggests that the NPN molecules are solubilized within some 

hydrocarbon-like environment. The feature of the plots of CPOLE and CPMYS shows 

two distinct inflections in the sigmoid curve, indicating existence of two overlapping 

equilibrium processes in the concentration range employed. This is consistent with the 

existence of two breakpoints in the ST plots and suggests existence of two types of 

aggregates in buffered solution of the surfactants above a critical concentration. Similar 

observations have also been reported for many hydrocarbon chain surfactants [16,17].The 

concentrations corresponding to the inflection points were taken as the cmc values and 
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are included in Table 4.1.1. It is observed that the cmc values obtained by fluorescence 

titration are closer to the respective value obtained by ST measurements.  

 

 

 

 

 

 

 
 
 
Figure 4.1.3 (a) Representative fluorescence emission spectra of NPN in pH 7.0 buffer 
and different concentrations of CPMYS (b) spectral shift (∆λ) of NPN as a function of Cs 
in pH 7.0 at 25 oC: (■) CPOLE, and (□) CPMYS. 
 

Table 4.1.1 Self-assembly properties of CPOLE and CPMYS surfactants in aqueous 
solutions of pH 7.0 and 3.0 at 25 oC. 

             a[CPOLE] = 2 mM; b[CPMYS] = 2 mM. 

pH Surfactant 
cmc (µM) 

I1/I3 ηm dh (nm) 
ST Fluorescence 

7.0 

CPOLE 
10 ± 10 10 ± 10 

1.02 ± 0.02a 22.3 ± 3.0a 5.5a 
100 ± 30 110 ± 15 

CPMYS 
37 ± 10 28 ± 10 

1.02 ± 0.03b 25.8 ± 5.0b 10.5b 
150 ± 50 160 ± 30 

3.0 
CPOLE _ 4 ± 2 1.05 ± 0.01a 45.2 ± 4a 30a 

CPMYS _ 8 ± 2 1.06 ± 0.01b 56.3 ± 5b 40b 
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4.1.4 Thermodynamics of self-assembly formation 

To conjecture the mechanism of self-assembly formation the ITC method was employed 

to determine all the thermodynamic parameters associated with the process. In the present 

study, the thermodynamic parameters were determined by ITC at 25 oC using 0.5 mM or 

3 mM stock solution of CPOLE, and 1 mM or 4 mM stock solution of CPMYS. The ITC 

thermograms of the amphiphiles obtained by use of lower and higher stock 

concentrations are depicted in Figure 4.1.4. The plots show a sigmoid increase of 

enthalpy with the increase of Cs. The feature ITC titration curves also suggest existence 

of two aggregation processes for both CPOLE and CPMYS in the concentration range 

employed. The cmc values of the amphiphiles obtained from the inflection point of the 

respective plot are close to the corresponding value obtained by ST measurements and 

fluorimetric titrations.  

The thermodynamic parameters obtained from the respective plots are 

summarized in Table 4.1.2. The spontaneity of aggregate formation is suggested by the 

very large negative and positive values of ∆Go
m

 and ∆So
m, respectively [18, 19]. The very 

large negative values of ∆Go
m also indicate that the transition between two types of 

aggregates at high surfactant concentrations is spontaneous, but less favored in 

comparison to the aggregate formation in dilute solution. Further, the T∆So
m value of 

both the surfactants is found to be much larger than that of the ∆Ho
m value, which means 

spontaneous aggregate formation is an entropy-driven process. This means that the 

driving force for aggregation is hydrophobic interaction [20]. The release of water 

molecules around the hydrocarbon tails contributes to the large entropy rise facilitating 

the self-assembly process. This suggests that the aggregation process of the two 

surfactant systems is similar to most hydrocarbon tail surfactants. The thermodynamic 

parameters of the surfactants demonstrate that the aggregate formation is much more 

feasible and spontaneous compared to not only conventional ionic surfactants with 

hydrocarbon tail, but also to those with only PEG-tail [12-13]. This must be due to the 

reduction of ionic repulsion among –COO− groups due to the stealth properties of the 

PEG chains on the surface. 
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Figure 4.1.4 ITC profiles of the stock concentrations (a) 0.5 mM CPOLE, (b) 3 mM 
CPOLE, (c) 1 mM CPMYS, and  (d) 4 mM CPMYS.  
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Table 4.1.2 Critical micelle concentration (cmc), standard Gibbs energy change (∆Go

m), 
standard enthalpy change (∆Ho

m) and standard entropy change (∆So
m) of micelle 

formation in aqueous buffered solution (pH 7.0) by CPOLE, and CPMYS at 25 oC. 

 

 

 

 

 

 

 

 

 

Figure 4.1.5 Plots of fluorescence anisotropy (r) of DPH versus surfactant concentration 
(Cs) at 25 oC: (■) CPOLE, (□) CPMYS. 
 
 

4.1.5 Microenvironment of the aggregates  

The micropolarity of the self-assemblies both amphiphiles was estimated by use of Py as 

the fluorescent probe. The I1/I3 values (Table 4.1.1) of Py probe in the presence of 

Surfactant 
cmc1 
(µM) 

cmc2 
(µM) 

 
∆H1 

( kJ/mol) 
 

∆H2 

( kJ/mol) 
∆G1 

(kJ/mol) 
∆G2 

(kJ/mol) 

∆S1 

(J K-1/ 
mol) 

∆S2 
(J K-1/ 
mol) 

CPOLE 

20 

(± 10) 

160 

(± 40) 

–1.13 

(± 0.10) 

+0.42 

(± 0.06) 
–48.25 –38.98 +158 +132 

CPMYS 
37 

(± 20) 

200 

(± 40) 

–0.61 

(± 0.09) 

+1.78 

(± 0.07) 
–44.74 –37.56 +149 +131 
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CPOLE (2 mM) and CPMYS (2 mM) amphiphiles are very low compared to that in 

water (1.82). This means that Py is solubilized within the hydrophobic micro domains of 

self-assemblies consisted of only HC tails [21, 22]. The I1/I3 values, within the limit of 

experimental error, are almost equal for CPOLE and CPMYS. This is because Py is 

solubilized deep into the hydrocarbon region of the aggregates. It is interesting to note 

that the I1/I3 values of CPOLE and CPMYS are much less than those of conventional HC 

tail surfactants. This means that the HC tails of the surfactant molecules in the aggregates 

are tightly packed and as a result, the degree of water penetration is very low. 

Thus the value of r which is an index of microviscosity (or microfluidity) was 

measured using DPH probe [23, 24]. The plots in Figure 4.1.5 show the variation of r 

with the change of Cs of CPOLE and CPMYS. As observed the r value is very high at 

low concentrations, but decreases upon increase of Cs. The higher value of r in low 

concentration is indicative of ordered environment around the DPH probe and suggests 

the existence of bilayer vesicles in dilute solution of the amphiphiles. However, smaller r 

value at high Cs values suggests existence of loosely-packed self-assemblies, such as 

micelles [25]. The decrease of steady-state r value of DPH probe clearly indicates that the 

vesicles with rigid bilayer membrane are transformed into small micelles with the 

increase in concentration of the amphiphile.  

 

Table 4.1.3 Fluorescence anisotropy (r), lifetime (τf), and rotational correlation time (τR) 
of DPH, and microviscosity (ηm) of the surfactant self-assemblies at pH 7.0 at 25 oC at 
different concentrations; the quantities within parenthesis presents corresponding χ2 
values. 
 

 
 

 

 

 

Surfactant Cs (mM) r (±0.001) 
τf 

(±0.1ns) 

τR 

(ns) 

ηm 

(mPa s) 

CPOLE 
0.08 0.162 3.9 (1.14) 3.17 49.6 

1 0.067 5.8 (1.09) 1.48 22.3 

CPMYS 
0.05 0.175 3.67 (1.1) 3.43 55.8 

1 0.073 6.7 (1.07) 1.69 25.8 
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In order to quantify the rigidity of the microenvironments of the aggregates, 

microviscosity (ηm) was also determined using corresponding r and τf values (Table 

4.1.3). The ηm-values of concentrated (2 mM) CPOLE and CPMYS is 22.3 mPa s–1 and 

25.8 mPa s–1, that are similar to those of micellar aggregates of SDS and DTAB 

surfactants [26]. However, at low surfactant concentrations, for example, in 0.08 mM 

CPOLE (49.6 mPa s–1) and 0.1 mM CPMYS (55.8 mPa s–1) the ηm values of the self-

assemblies are relatively higher, which is indicative of formation of closed bilayer 

vesicles as also suggested by the TEM pictures as shown below.  

 

 

 

 

 

 

 

 

Figure 4.1.6 Size distribution histograms of CPOLE in solutions of pH 7.0 with Cs = 
0.05 and 2.0 mM, and of CPMYS with Cs = 0.08 and 2.0 mM at 25 oC.  

 

4.1.6 Hydrodynamic size and morphology of aggregates 

To investigate the structural transition in solutions of CPOLE and CPMYS, DLS 

measurements were carried out and the mean dh value of the aggregates was measured at 

different concentrations. The size distribution histograms of the aggregates are shown in 

Figure 4.1.6. In dilute solution, a monomodal distribution with large mean dh value of ~ 

60 nm for CPOLE and ~ 250 nm for CPMYS is observed, suggesting existence of large 

aggregates. On the other hand, the monomodal size distribution with a much smaller 
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mean dh value of ~ 5 nm for CPOLE and ~ 10 nm for CPMYS in moderately 

concentrated solutions clearly indicates existence of small micelles. This means both 

CPOLE and CPMYS produce larger aggregates at lower concentrations, which transform 

into a much smaller micelle-like aggregates upon increase of concentration.   

 

 

 

 

 

 

 

 

 

Figure 4.1.7 HRTEM micrographs of (A) 0.05 mM CPOLE, (B) 3 mM CPOLE (inset: 
enlarged image), (C) 0.08 mM CPMYS, (D) 3 mM CPMYS (inset: enlarged image) in 
pH 7.0 buffer.  

 

In order to determine morphology of the aggregates, TEM measurements were 

carried out using both dilute and concentrated solutions of CPOLE and CPMYS. The 

unstained HRTEM micrographs of the specimens are shown in Figure 4.1.7. Large 

closed spherical vesicles can be observed in dilute aqueous solutions of both amphiphiles. 

However, at higher concentrations, only small micelle-like microstructures are found 

with both CPOLE and CPMYS. It should be noted that though the sample preparation 

involved drying, the results were reproducible. Although because of low resolution, it is 

difficult to comment on the exact number of lamella of the vesicles, they appear to have a 

thin boundary corresponding to ULVs. The deformation observed in the vesicular 
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structure could be due to fusion of smaller vesicles facilitated by the exchange of 

amphiphiles between two interacting vesicles. As a result, the vesicles are polydisperse 

(which is normal with spontaneously formed vesicles) in size with dh value in the range 

of 50 to 200 nm. However, the results are consistent with those of DLS measurements. 

The existence of small aggregates (micrographs B and D) in concentrated surfactant 

solutions is also consistent with the results of DLS measurements. 

The ζ-potential value which is a measure of surface charge and determines the 

stability of colloid particles was measured in solution of CPOLE and CPMYS at different 

concentrations and pH. The data are accumulated in Table 4.1.4. Relatively low ζ-

potential values are expected for the carboxylate surfactants, as the salts hydrolyze in 

dilute solution to produce corresponding acid form, facilitating formation of acid-soap 

dimer. Consequently, in dilute solution, the stronger intermolecular attraction induces the 

amphiphilic molecules to pack tightly thereby producing large vesicular aggregates. On 

the other hand, higher ζ-potential value in concentrated solution means greater repulsion 

among head groups and hence formation of smaller aggregates. The very low ζ-potential 

values for the aggregates of both surfactants at pH 3.0 suggest formation of uncharged 

micelles due to conversion of soap to acid form of the amphiphile as discussed below. 

 
 
Table 4.1.4 ζ-potential (mV) values of CPOLE and CPMYS surfactant solutions of 
different concentrations at pH 7.0 and 3.0. 
  

 

 

Surfactant Cs (mM) 
ζ-values at pH 

7.0(mV) 
ζ-values at pH 

3.0(mV) 

CPOLE 0.05 –11.5  

 1 –18.5 –0.8 

CPMYS 0.08 –10.0  

 1 –13.5 –0.4 
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4.1.7 Vesicle-to-micelle transition 

From the above discussion it can be concluded that the first cmc (cmc1) corresponds to 

vesicle formation and therefore it can be referred to as critical vesicle concentration (cvc). 

On the other hand, the second cmc (cmc2) is actually the critical concentration for the 

vesicle-to-micelle phase transition. Several mechanisms of vesicle-to-micelle transition, 

including monomer diffusion and fusion of vesicles have been suggested [27, 28]. The 

vesicles have a dynamic structure between monomers and vesicles. Actually in dilute 

solutions of the amphiphiles in pH 7.0, hydrolysis of the salt form of the surfactant 

produces its acid form. When their concentrations are equal they interact through H-

bonding and thus produce acid-soap dimers. Since the electrostatic repulsion between 

head groups is eliminated, the acid-soap dimers self-organize to produce large 

aggregates, such as bilayer vesicles. Such behavior of the amphiphiles is quite similar to 

that of medium and long chain fatty acid salts [29-32]. However, at higher concentrations, 

due to the decrease of degree of hydrolysis the carboxylate form predominates, resulting 

in an increase of electrostatic repulsion among amphiphiles and thereby triggering 

reorganization of bilayer vesicles to form small spherical micelles.  

According to the results of fluorescence probe studies the HC chain of the 

amphiphiles constitute the bilayer membrane of vesicles at low concentrations and the 

core of micelles at higher concentrations. The spatial arrangement of the surfactant 

molecules in the aggregated state was further inferred from the 2D NOESY 1H-NMR 

spectra (Figure 4.1.8) of CPOLE, as a representative example. As the cvc values of the 

amphiphiles are very low, it was difficult to record NOESY spectra in the vesicular state 

of the surfactant. Therefore, NOESY spectrum was recorded in D2O at the micellar state 

of CPOLE at Cs = 2 mM.  From the NOESY analysis it is clear that there are mainly 

diagonal interactions along with some key cross interactions, which imply that the only 

interactions between adjacent H atoms in the PEG chain and hydrocarbon chain were 

observed. In other words, only intra- and intermolecular interactions among PEG chains 

and HC chains were observed for CPOLE in their aggregated state. Thus the spatial 

interactions of the H atoms indicate micelle-like aggregate formation by CPOLE at 

higher concentrations.  
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Figure 4.1.8 The 2D NOESY 1H-NMR spectrum of 2mM CPOLE in D2O solvent. 

 

4.1.8 Effect of pH on aggregate morphology 

The surfactants CPOLE and CPMYS being sodium salts of carboxylic acids, it is 

expected that change of pH will have an effect on the aggregation behavior of the 

amphiphiles [33-38]. This is because the pH-induced protonation of the –COO− group 

affects the hydrophilic interaction between the head groups of the ionic amphiphile and 

hence will have a defining effect on cvc value as well as on the shape and size of the 

aggregates formed by the surfactant molecules. The cmc values (4 µM for CPLOLE and 8 

µM for CPMYS) of the surfactants were therefore measured at pH 3.0 using NPN as a 

fluorescent probe. The fluorescence titration curves are shown in Figure 4.1.9(a). It is 
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interesting to note that the plots exhibit only one inflection point. The cmc values 

obtained from the concentration corresponding to the inflection point are found to be 

much less than the cvc value obtained at neutral pH. This is expected because at pH 3.0 

the –COO− group being protonated, the surfactant molecule exists mainly in the neutral 

form.  Thus as a result of elimination of charge repulsion among head groups, the cmc 

value decreased for both surfactants (Table 4.1.1). As can be seen from the fluorescence 

titration curves the fluorescence spectrum of NPN is highly blue shifted relative to that in 

water, suggesting that the micelles have hydrocarbon-like micellar core. The effect of the 

pH on the microenvironment is also indicated by the I1/I3 ratio of Py probe. The data in 

Table 4.1.1 show that the micelles in pH 3.0 have micropolarity like hydrocarbon 

solvents. 

 

 

 

 

 

 

 

Figure 4.1.9 Plots of (a) spectral shift (∆λ) of NPN as a function of surfactant 
concentration (Cs) in pH 3.0, and (b) variation of anisotropy (r) of DPH with in 2 mM 
CPOLE and 2 mM CPMYS at 25 oC. 

 

The rigidity of the microenvironment was monitored by fluorescence anisotropy 

of DPH probe. The variation of r as a function of pH has been depicted in Figure 

4.1.9(b). The sigmoidal plots clearly indicate existence of a two-state equilibrium 

between the –COO−, and –COOH forms of the amphiphilic molecules. The pKa values 

thus obtained from the inflection points of the plots are ~5.5 and ~4.5 for CPOLE and 

(a) (b) 
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CPMYS, respectively. This suggests that at pH 3.0, both the amphiphilic molecules are 

present mostly in the neutral carboxylic acid form. This means a reduction of the 

electrostatic repulsion between head groups and hence a tighter packing of the monomers 

in the aggregates at pH ≤ 3, as indicated by the higher ηm value (Table 4.1.1) of the 

micelles.  

 

 

 

 

 

 

 

 

 

 

Figure 4.1.10 Size distribution histograms of (a) 2 mM CPOLE, and (b) 2 mM CPMYS 
at different pHs.  

 

The tight packing of the charge neutral surfactant monomers in the aggregates as 

discussed above will result in a growth of micelles at low pH. Therefore, the mean dh 

value of the micelles was measured for both CPOLE and CPMYS molecules at different 

pH. The size distribution histograms have been shown in Figure 4.1.10. It is observed 

that the mean dh value increased relative to that in neutral pH. This suggests formation of 

larger micelles in acidic pH, which is confirmed by the HRTEM images of the surfactant 

solutions at pH 3.0. Indeed, both micrographs (E) and (F) in Figure 4.1.11(a) exhibit 

large disk-like micelles for CPOLE and CPMYS molecules.  
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Figure 4.1.11 (a) HRTEM images of (A) 2 mM CPOLE and (B) 2 mM CPMYS at pH 
3.0; (b) plots of turbidity (τ) as a function of temperature (oC) of the surfactant solutions 
(0.5 mM) at pH 3.0: (■) CPOLE, and (□) CPMYS (inset: turbidity plots at pH 7.0). 

 

4.1.9 Effect of temperature on vesicle stability 

As PEG chain-containing neutral surfactants and polymers are known to undergo 

dehydration at higher temperatures and fall out of solution showing appearance of 

turbidity [39], the temperature variation of turbidity of the solutions of CPOLE and 

CPMYS amphiphiles was measured in the temperature range of 20 to 80 oC at different 

concentrations. However, the surfactant solutions at pH 7.0 did not exhibit any significant 

turbidity in the concentration rage (0.05 to 2 mM) studied as evident from the plots in the 

inset of Figure 4.1.11(b). This means that the aggregates of CPOLE and CPMYS are 

stable at the physiological pH (7.4) and temperature (37 oC). In contrast, surfactant 

solutions (0.05 mM) of both surfactants at pH 3.0 exhibit clouding of the solution. The 

temperature dependence of turbidity (τ = 100 − %T) has been shown in Figure 4.1.11(b). 

As can be seen CPMYS exhibits ~50% turbidity upon elevation of temperature to 85 oC. 

The cloud point (Tc) appears to be ~43 oC. The Tc value, however, is found to be less at 

(a) 
(b) 
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higher concentrations of CPMYS molecule. On the other hand, for CPOLE, the turbidity 

of 0.05 mM solution was found to be less (< 20 %) even at the highest achievable 

temperature (85 oC) in water and the Tc value is observed to be ~ 55 oC. This suggests 

that nonionic CPMYS (at pH 3.0) may have potential application in the field of drug 

delivery for hydrophobic therapeutic agents. 

4.1.10 Shelf-life of the aggregates 

It should be noted that the PEG chain covalently attached to the surfactant head group 

contains a hydrolysable ester linkage. The hydrolysis of the surfactant could destabilize 

the vesicles or micelles at room temperature even at neutral pH. Therefore, it is important 

to determine the shelf-life of the vesicles/micelles formed by these amphiphiles in neutral 

pH at room temperature. In order to determine the stability of colloidal formulation, the 

turbidity of the solutions of CPOLE and CPMYS was measured at different time 

intervals. Turbidity, generally, arises from the scattering of light by the aggregates, and 

depends on their sizes and populations. The turbidity of 0.05 mM and 0.5 mM CPOLE, 

and 0.08 mM and 0.5 mM CPMYS solutions in pH 7.0 buffer was monitored at 450 nm 

at different time intervals during 30 days. The results are summarized in Figure 

4.1.12(b). It is important to note that in the concentration range employed, the turbidity 

remains almost constant at ≤10 % throughout the aging period, showing good storage life 

of the vesicles as well as of the micelles. 

 

4.1.11 Effect of cholesterol on stability of bilayer membrane 

As mentioned earlier, the ULVs get deformed as a result of fusion with each other due to 

exchange of amphiphilic molecules. Therefore, in order to enhance the stability of 

vesicles in dilute solution, Chol was added to the surfactant solution. It is a well-known 

and major component of biological membrane lipids which controls the fluidity, 

diffusional mobility and permeability of membrane [40, 41]. Usually, there is an upper 

limit to Chol incorporation within the aggregate, above which Chol seems to precipitate 

as crystals of pure Chol either in the monohydrate or in the anhydrous form. Indeed, the 

solubility of Chol in the vesicle bilayer was found to be only ~ 2 mol% in 0.08 mM 
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solution of CPOLE and CPMYS. In the presence of 2% Chol, the r value of DPH probe 

was observed to increase from 0.162 to 0.263 for CPOLE and from 0.175 to 0.282 for 

CPMYS (Figure 4.1.12(a)), indicating increase of bilayer rigidity and hence physical 

stability of the vesicles.  

 

 

 

 

 

 

 

 Figure 4.1.12 Plots of (a) variation of r value of DPH in 0.08 mM CPMYS with the 
variation of Chol (mol %), and (b) change in turbidity with the variation of time. 

 

4.1.12 Encapsulation of curcumin 

The results of solubility of Chol in the vesicle solutions of CPOLE and CPMYS led to the 

conclusion that hydrophobic compounds can be solubilized within the non-polar 

microenvironments of their vesicles. Therefore, the solubility of curcumin was measured 

in micellar solutions of both surfactants. Surprisingly, encapsulation efficiency was found 

to be ~ 80 % for CPMYS, and ~ 50 % for CPOLE. As a result of incorporation into the 

surfactant micelles, the rate of hydrolytic degradation of curcumin was observed to be 

drastically suppressed. The degradation rate of curcumin was monitored by recording the 

UV-Vis spectra after certain intervals. It is reported that, after 1 h interval, 80% of 

curcumin is degraded in an aqueous buffer solution of pH 7.4 [42]. In the present work, 

the extent of curcumin degradation inside the micelles was determined by monitoring the 

time dependent absorption spectra, as shown in Figure 4.1.13(a). Inside CPMYS 

0 5 10 15 20 25 30

0

2

4

6

8

10

 

 

 0.08 mM CPMYS
 0.5 mM CPMYS
 0.05 mM CPOLE
 0.5 mM CPOLE

T
ur

bi
di

ty
 (τ

)

Time (day)

(b)

0.0 0.5 1.0 1.5 2.0

0.08

0.12

0.16

0.20

0.24

 

 

 CPMYS
 CPOLE

A
n

is
ot

ro
p

y 
(r)

Chol (mol%)

(a)



pH-Responsive Self-assembly Formation 
 

147 

 

micelles, the degradation rate is observed to be 10% and for CPOLE micelles it is 12% 

after 1 day of incubation. The fluorescence emission spectra were also taken at different 

time intervals (Figure 4.1.13(b)). The large blue shift (45 nm) of the spectrum along with 

a huge amount of intensity enhancement upon encapsulation into the micelles even after 

1 day reveals high curcumin encapsulation efficiency and very low degradation rate of 

the curcumin in the CPOLE and CPMYS micelles. This means the surfactant micelles 

could act as a good stabilizer for curcumin. A plausible explanation for higher stability of 

curcumin inside CPOLE and CPMYS micelles is the ability to form hydrogen bonds with 

the enol form of the β-diketone linker of curcumin with the amide and/or ester linkages. 

Similar degradation rates are also reported for curcumin on binding with hydrophobic 

cavities present in cyclodextrins and proteins [43]. Qian et al. recently established that the 

stability of curcumin increased drastically upon encapsulation into polymeric micelles 

[44]. Moreover, it was also demonstrated that the efficiency of intravenous application of 

curcumin-loaded micelles is higher than that of free curcumin. Thus it can be concluded 

that the CPOLE and CPMYS micelles can be potentially good carriers of curcumin.  

 

 

 

 

 

 

 

 

 

Figure 4.1.13 (a) Absorption and (b) emission spectra of curcumin in buffer (pH 7.0) and 
1 mM CPMYS micelles at different time intervals after encapsulation.  
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4.1.13 Summary 

In summary, two anionic surfactants CPOLE and CPMYS containing both PEG and 

hydrocarbon chain have been developed, and characterized. Both surfactants exhibit very 

good surface activity in pH 7.0 buffer at 25 oC. The surfactants were observed to self-

organize spontaneously to form unilamellar vesicles (ULVs) in very dilute solution. 

However, the vesicles are transformed into micelles upon increase in concentration of the 

amphiphile. The cmc values for vesicle and micelle formation are relatively low. The 

thermodynamic data suggest that both vesicles and micelles are formed spontaneously in 

solution above a relatively low cmc value. The large positive values of ∆So
m indicate that 

the driving force behind the spontaneous vesicle/micelle formation is hydrophobic 

interaction. The micropolarity of both vesicles and micelles were observed to be much 

less compared to bulk water, suggesting that the vesicle bilayer and the micelle core are 

constituted by the hydrocarbon chains of the CPOLE and CPMYS molecules. This means 

the PEG chains are directed either toward aqueous core of the bilayer vesicles or to 

toward bulk water. At a pH below their pKa value, both amphiphiles form large disk-like 

micelles above a very low critical concentration (cmc ≈ 5 µM). The vesicles as well as 

micelles were observed to be stable in the temperature range 20–75 oC at pH 7.0 over a 

long period of time. However, at pH 3.0, micelles of CPMYS surfactants exhibit clouding 

at a temperature of about 43 oC as a result of temperature-induced dehydration of the 

PEG chains. The ULVs formed in dilute solutions of CPOLE and CPMYS become more 

stable upon addition of cholesterol as additive. Despite having ester linkage in the 

molecular structure of the surfactants, the ULVs of both surfactants were found to be 

stable at pH 7.0 for more than 30 days. Thus, the ULVs formed by CPOLE and CPMYS 

can have potential applications in drug delivery. 
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4.2 Self-assembly Behavior of Cholesterol and PEG Chain-Containing 
Amphiphiles at Room Temperature 

 

4.2.1 Scope of the study 

In the preceding section, spontaneous and stable vesicle formation followed by vesicle-

to-micelle transition by a couple of amphiphiles having different amount of hydrophobe 

has been demonstrated [45]. The excellent surface properties, versatile self-assembly 

behavior and drug solubilization capacity of both hydrocarbon and PEG chain-containing 

amphiphiles (CPOLE and CPMYS) led to this study to investigate the surface properties 

and self-assembly behavior of two structurally similar amphiphiles bearing Chol as 

hydrophobe. The self-assembled nanostructures produced by the amphiphiles containing 

Chol were expected to increase the solubilization capacity of drug molecules and shelf-

life of the aggregates. Also, Chol is a fundamental structural and functional component of 

animal cell membrane, whereby it controls membrane fluidity and permeability [46-48]. 

It also works as a precursor for the biosyntheses of steroid hormones, bile acids, and 

vitamin D [49]. Moreover, it involves many membrane related bioprocesses, such as 

intracellular transport, signal transduction, and cell trafficking within the cell membrane 

[50-52]. Thus it was thought that incorporation of Chol in the amphiphile structure might 

be helpful making more biocompatible and more rigid drug delivery system. PEG was 

taken as the hydrophile because of its good water solubility, biocompatibility, and 

reduced uptake by the RES [49-51], which result in a prolonged blood circulation time in 

comparison to non-PEG derivatives. The versatile applications of PEG and PEGylation 

towards various fields of research have already been discussed in the Chapter 1 [53-58]. 

There are also numerous reports on PEG-Chol conjugates. Due to relatively good 

biocompatibility with the host, as well as low toxicity profiles [59], PEG-Chol conjugates 

are used to obtain PEGylated drug delivery system (DDS), such as micelles [60], 

liposomes [61], nanoparticles [62], hydrogels etc. When combined with the oral or 

injectable administration of PEG-Chol based therapeutic agents, PEGylated DDS are now 

used to treat many infectious diseases, central nervous system diseases, augmentation of 

cancer chemotherapies, enhance imaging efficiency in vivo, and to optimize numerous in 
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vivo gene therapy applications [63]. Furthermore, biodegradable PEG-Chol conjugates 

can effectively prolong circulation half-life time of liposomes or vesicles [64]. 

Therefore, in this work, two carboxylate surfactants (CPCF3 and CPCF11) were 

developed by conjugating both Chol and PEG chain with L-cysteine amino acid. The 

chemical structures of CPCF3 and CPCF11 are depicted in Figure 4.2.1. The structures 

of molecules differ only in their PEG chain lengths. The aim of this work is to (i) 

physicochemically characterize the pH-sensitive nanoaggregates using different 

experimental conditions and (ii) compare the results between themselves as well as with 

those of CPOLE and CPMYS surfactants.   

 

 

 

 

 

 

                    

 

Figure 4.2.1 Molecular structure of CPCF3 and CPCF11. 

 

4.2.2 Surface activity 

As CPCF3 and CPCF11molecules are consisted of both hydrophobic and hydrophilic 

groups, they are expected to reduce surface tension (γ) of water. Therefore, surface 

tension of pH 7 buffer was measured in the presence of different concentrations (Cs) of 

the amphiphiles at room temperature. The data are presented in Figure 4.2.2. The 

reduction of γ value of water with increasing Cs suggests that the amphiphiles are surface 
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active. The pC20 values of the molecules were observed to be 4.45 for CPCF3 and 4.67 

for CPCF11 which suggest that they are highly surface active. However, the surface 

activities of CPCF3 and CPCF11 are less than those of CPOLE and CPMYS surfactants 

which can be attributed to the bent structure of the Chol unit preventing tight packing of 

the molecules at the air/water interface. Since the γ value decreased over a large 

concentration range and there was no sharp break in the surface tension plot, it was 

difficult to determine cmc from these plots. Therefore, fluorescence probe technique was 

used to determine cmc of the surfactants as described below. 

 

 

 

 

 

 

 

Figure 4.2.2 Plots showing variation of surface tension (γ mN m−1) of water with log Cs 

of CPCF3 and CPCF11 in pH 7.0 buffer at 25 oC. 

 

4.2.3 Self-assembly formation 

In order to study the self-association behavior of the surfactants, the steady-state 

fluorescence titration experiments were performed using NPN as probe molecule. As a 

representative example, the fluorescence spectra of NPN measured in the presence of 

different concentrations of CPCF3 surfactant are depicted in Figure 4.2.3 (a). A ~ 70 nm 

blue shift of the λmax along with a 35 to 40-fold intensity rise of NPN fluorescence 

spectrum can be observed in presence of CPCF3 surfactant. The variation of spectral shift 

(∆λ) with Cs has been shown in Figure 4.2.3(b). The cmc value as obtained from the 
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concentration of the onset of rise of the plot is 0.4 µM and 0.9 µM for CPCF3 and 

CPCF11, respectively. The cmc values are much less than those of CPOLE and CPMYS 

surfactants. This is due to the greater hydrophobicity of the Chol unit in comparison to 

HC chains. 

 

 

 

 

 

 

 

Figure 4.2.3 (a) Fluorescence spectra of NPN in pH 7.0 buffer at different concentrations 
(Cs) of CPCF3,  and (b) variation of spectral shift (∆λ) of NPN as a function of Cs in pH 
7.0 at 25 oC: (■) CPCF3 and (□) CPCF11.  

 

4.2.4 Thermodynamics of self-assembly formation 

The ITC measurements were performed in pH 7.0 at 25 oC taking a stock solution of 0.1 

mM CPCF3 and 0.2 mM CPCF11. The corresponding thermograms and the respective 

plot of enthalpy change with the variation of Cs have been presented in Figure 4.2.4 and 

the relevant data are listed in Table 4.2.1. The cmc values of CPCF3 (~2 µM) and 

CPCF11 (~4 µM) were obtained from the inflection point of the respective plot. It should 

be noted that for both surfactants, the cmc value obtained from ITC titration is almost ten 

times higher than the corresponding value obtained by fluorometric titration (Table 

4.2.2). The relatively smaller value of cmc obtained by fluorescence measurements can 

be associated with the fact that fluorescence being a highly sensitive technique could 
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a very low surfactant concentration. The energy change involved in this concentration 

region is so small that it could not be detected by ITC measurements.    

 

 

 

 

 

 

 

 

 

 

Figure 4.2.4 ITC profiles of (a) 0.1 mM CPCF3 (b) 0.2 mM CPCF11 solutions in pH 7.0 
buffer at 25 oC. 

 

Table 4.2.1 Critical aggregation concentration (cmc), standard Gibbs energy (∆Go
m), 

standard enthalpy (∆Ho
m) and standard entropy (∆So

m) changes of aggregate formation in 
aqueous buffered solution (pH 7.0) by CPCF3 and CPCF11 at 25 oC. 

 

 
 

 

 

 

  

Surfactant 
cmc 

(µM) 

∆Go
m 

(kJ mol–1) 

∆Ho
m 

( kJ mol–1) 

∆So
m 

(J K–1 mol–1) 

T∆So
m 

(kJ mol–1) 

CPCF3 
     2.2 

(± 0.02) 
–56.73 

–4.49 

(± 0.1) 
175 52.24 

CPCF11 
4.8 

(± 0.03) 
–21.81 

–4.17 

(± 0.13) 
80.57 24.01 
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 The ∆Ho
m value was obtained by subtracting the initial enthalpy from the 

final enthalpy as indicated by the vertical arrow in each plot of Figure 4.2.4. The 

spontaneity of aggregate formation is shown by the very large negative values of ∆Go
m

 

and also by the very large positive values of ∆So
m (Table 4.2.1). Thus T∆So

m values for 

both the surfactants are found to be much larger than that of the ∆Ho
m values, suggesting 

that the spontaneous aggregate formation is an entropy-driven process and hence favored 

by the hydrophobic interactions among the Chol units.  

 

4.2.5 Micropolarity and microviscosity 

The microenvironment of the aggregates formed by the surfactants was studied using Py 

and DPH as fluorescent probes. The I1/I3 values of 1 mM CPCF3 and 1 mM CPCF11 

were found to be very low (see Table 4.2.2) relative to that in pH 7.0 buffer (1.82), which 

implies that Py is solubilized within the hydrophobic microdomain of the self-assemblies 

composed of hydrophobic cholesterol units. These results are consistent with those 

obtained from the fluorescence titration using NPN probe and thus confirm the accuracy 

of the methods. The very low micropolarity of the self-assembled structures might be 

very useful for solubilization of highly hydrophobic drugs. 

 

 

 

 

 

 

 

 

 

Figure 4.2.5 (a) Representative fluorescence emission spectra of DPH in pH 7.0 buffer 
and in the presence of 0.1 mM and 0.5 mM CPCF3 and (b) concentration (Cs) variation 
fluorescence anisotropy (r). 
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Further, the steady-state fluorescence anisotropy of DPH probe was measured in 

the presence of different concentrations of the surfactants. The partitioning of DPH 

molecules into the microenvironments of the aggregates is shown by the enhancement of 

fluorescence intensity in the presence of surfactants (Figure 4.2.5(a)). The variation of r 

with Cs is shown by the plots in Figure 4.2.5(b). The higher r values (Table 4.2.2) 

suggest that the microdomains formed by the surfactants are very rigid. Indeed the ηm-

values obtained from the corresponding r and τf values (Table 4.2.2) suggest that the 

microenvironments of the aggregates formed by both CPCF3 and CPCF11 are very rigid. 

The highly ordered microenvironment of the aggregates of both surfactants clearly 

indicates existence of bilayer vesicles in solution. 

 

Table 4.2.2 Critical micelle concentration (cmc), fluorescence anisotropy (r), 
fluorescence lifetime (τR), microviscosity (ηm) and I1/I3 of Py in aqueous buffered 
solution (pH 7.0) by CPCF3 and CPCF11 at 25 oC. 
 

 

 
 

 

 

 

 *a and b designates 1.0 mM of respective surfactant concentration. 

 

4.2.6 Hydrodynamic diameter and morphology of the aggregates 

DLS was used to measure size distributions of the aggregates in aqueous buffer (pH 7.0). 

The size distribution profiles (Figure 4.2.6) thus obtained are narrow and monomodal in 

nature for both the surfactants. As can be seen aggregates having sizes in the range of ~ 

20-40 nm are formed by both the surfactants at the lower concentrations. However, larger 

aggregates of dh in the range of 100-200 nm is found in concentrated surfactant solutions. 

For CPCF3, small size aggregates with mean dh ~ 25 nm is observed in dilute solution, 

Surfactant cmc (µM) r 
τf 

(ns) 
ηm (mPa s) I1/I3 

CPCF3 0.4 ± 0.3 
0.32 ± 
0.02a 

8.52a 540 ± 20a 0.93 ± .04a 

CPCF11 0.9 ± 0.2 
0.29 ± 
0.02b 

7.45b 485± 30b 1.00 ± .03b 



pH-Responsive Self-assembly Formation 
 

156 

 

whereas in concentrated surfactant solution the size increased to ~150 nm. CPCF11 also 

self-assembled to give aggregates with average dh ~ 30 nm in dilute solutions and 200 nm 

in concentrated solutions. The presence of large aggregates indicates formation vesicles 

in concentrated solutions of both surfactants. 

 

 

 

 

 

 

 

 

 

Figure 4.2.6 Concentration dependent size distribution profiles of the aggregates formed 
by (a) CPCF3 and (b) CPCF11 in pH 7.0 buffer at 25 oC. 

 

The existence of large size aggregates can also be seen in the HRTEM images 

(Figure 4.2.7) of surfactant solutions of different concentrations. Interestingly, very small 

unilamellar vesicles (SUVs) can be found to form in dilute surfactant solutions. Also 

clusters of SUVs having size ~20 nm are found to form in pH 7.0 buffer for both the 

surfactants. However, the size of the SUVs increases to some extent with the increase of 

surfactant concentration. Consequently, vesicles of diameter ~100 nm can be found in 

concentrated surfactant solutions (1.0 mM). The growth of vesicle in concentrated 

surfactant solutions can be ascribed to strong intermolecular H-bonding interactions 

among the carbamate groups which facilitates tight packing of the aggregates. 

 

10 100 1000
0
5

10
15
20
25

0

4

8

12

160
2
4
6
8

10
12

 

 

0.01 mM CPCF11

 

 

0.1 mM CPCF11

 

 

1.0 mM CPCF11

d
h
 (nm)

V
ol

u
m

e 
(%

)

10 100 1000
0
5

10
15
20
25
300

10

20

30

40

500
2
4
6
8

10

 

0.01 mM CPCF3

 

0.1 mM CPCF3

 

 

1.0 mM CPCF3

d
h
 (nm)

V
o

lu
m

e 
(%

)

(b) (a) 



pH-Responsive Self-assembly Formation 
 

157 

 

 

 

t 

 

 

 

 

 

 

Figure 4.2.7 Unstained HRTEM micrographs in pH 7.0 of CPCF3 solutions of (a) 0.01 
mM (b) 0.1 mM (c) 1.0 mM and CPCF11 solutions of (d) 0.01 mM (e) 0.1 mM and (f) 
1.0 mM. 

 

 

 

 

 

 

 

 

 

 
 
 
Figure 4.2.8 AFM height image with scale-bar, 3D sectional analysis of CPCF3 solution 
(1.0 mM, pH 7.0), and on mica. 
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As a representative example, the aggregates in the surfactant solutions of CPCF3 

were further characterized by AFM in the dehydrated state. Figure 4.2.8 shows the 

tapping-mode AFM image of 1.0 mM CPCF3 in pH 7.0 buffer which reveals spherical 

aggregates with diameters of ~200 nm. This is in good agreement with the results 

obtained by DLS and TEM measurements. The section analysis profile of a selected 

aggregate is also shown in Figure 4.2.8. The collapsed aggregate height was observed to 

be ~ 20 nm. This means the average wall thickness of the hollow sphere is about 10 nm 

which is equal to the thickness of the bilayer constituted by the Chol units. This means 

formation of only ULVs by the surfactants. 

In order to rule out any artifacts in the HRTEM and AFM images and to show the 

existence of aqueous core within the vesicular aggregates, an experiment involving 

entrapment of Cal, a hydrophilic fluorescent dye, was performed. The entrapment of the 

dye, in the aqueous core of the vesicles was confirmed by the quenching of fluorescence 

intensity of the probe (Figure 4.2.9) in comparison to the fluorescence of absorbance 

matched solution of the probe in the absence of surfactant. The fluorescence quenching is 

due to the confinement of the probe molecules within the aqueous core of small volume. 

However, fluorescent microscopic images could not be visualized because of small size 

(<300 nm) the vesicles. 

 

 

 

 

 

 

Figure 4.2.9 Plots of fluorescence spectra of free Cal and Cal-entrapped vesicles of 
CPCF3 and CPCF11 surfactants (0.1 mM) in pH 7.0 buffer.  
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The surface charge of the vesicles formed by the surfactants was determined by ζ-

potential measurements. The relevant data presented in Table 4.2.3 show that the vesicles 

are negatively charged. As expected, the monomers being negatively charged when 

assembled to produce vesicles the total surface charge is also negative. However, at lower 

pH (pH 3.0) the surface charge of the surfactants become almost zero, and the surfactants 

become nonionic in nature. Consequently, in acidic pH, the SUVs become uncharged. 

 

Table 4.2.3 The ζ-potential values of differently concentrated CPCF3 and CPCF11 
solutions at different pHs. 

 

 

4.2.7 Constitution of vesicle bilayer  

The supramolecular arrangement of the amphiphiles in the aggregates can be explained 

by the hydrophilic/lipophilic, electrostatic, van der Waals and H-bonding interactions 

among the surfactant monomers. As discussed before, though the major driving force for 

aggregation is hydrophobic effect, the slightly negative ∆Ho
m value suggests that there is 

a significant interaction among head groups. Since both CPCF3 and CPCF11 contain a 

carbamate (–OCONH–) and a carboxylate (–COO–) group at the head, it is highly likely 

that there will be intermolecular H-bonding interactions among the head groups. This is 

indicated by the low micropolarity sensed by both NPN and Py probes (Table 4.2.2) in 

surfactant solutions. The low value of I1/I3 ratio suggests bilayer formation by the Chol 

units involves expulsion of water molecules from the interfacial region of the self-

Surfactant Cs (mM) 
ζ –potential at pH 

7.0 (mV) 
ζ –potential at pH 

3.0 (mV) 

CPCF3 0.01 -13.8  

 0.1 -9.3 -0.9 

CPCF11 0.01 -18.2  

 0.1 -13.5 -1.3 
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assemblies which means disruption of the carbamate-water H-bonds. That is, the 

solvation of the hydrophilic carbamate group near the surfactant head group is lost during 

aggregation and consequently, the intermolecular carbamate-carbamate H-bonding 

interaction is established.  

  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2.10 Schematic representation of the bilayer structure formed by CPCF3 
molecules in aqueous solution. 

 

 In order to confirm the existence of intermolecular H-bonding among the 

surfactant molecules through the carbamate groups, FT-IR spectra (not shown) of 

CPCF3, as a representative example, were recorded (i) in pure aqueous sample (0.1 mM) 

as well as (ii) in dry chloroform (CHCl3) solvent. The appearance of the N–H stretching 
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frequency (3430 cm–1) and the amide-I band (1645 cm–1) of the aqueous solutions of the 

amphiphiles indicates the existence of carbamate group. Though the amide-I band in 

aqueous sample (1645 cm–1) resembles the corresponding stretching frequency measured 

in CHCl3 solution, the amide-II band in aqueous solution is shifted to higher frequency 

(1593 cm–1) relative to that of the unassociated state in CHCl3 solvent (1580 cm–1). This 

shows the existence of intermolecular H-bonding between adjacent molecules. The 

intermolecular H-bonding interactions of the carbamate groups induce tighter packing of 

the molecules leading to the formation of bilayer vesicles. These H-bonding interactions 

at the head-group region minimize the repulsive interactions among the –COO– groups 

and thus favor bilayer formation as shown in Figure 4.2.10. The two-layer arrays of the 

intermolecular H-bonding interactions through the amide bonds of the neighboring 

surfactant molecules result in a parallel arrangement of the corresponding hydrophobic 

tails such that the surfactant molecules self-assembled into bilayer structures in aqueous 

buffer.  

4.2.8 Effect of pH on vesicle stability  

As the amphiphiles contain –COO– as one of the head groups, it is important to 

investigate the pH-dependence of solution behavior [33-38]. To explore the pH-

dependent change of the microenvironment of the self-assemblies formed by the 

amphiphiles, fluorescence probe studies using DPH were performed at different pH. With 

the decrease in solution pH the r value of DPH was found to increase for both the 

amphiphiles. It may be attributed to protonation of the –COO– group that reduces ionic 

repulsions as well as promotes intermolecular H-bonding interaction between the –

COOH groups or between –COOH and –OCONH groups at the interface. The ordering at 

the aggregate interface should also result in compact packing in the interior of the bilayer 

aggregates as manifested by the increase of r value. The intermolecular H-bonding as a 

result of protonation of the –COO– group increases the curvature of the bilayer 

aggregates to produce large unilameller vesicles (LUVs). The pH adjustment provides a 

way for the bilayer surface charge density to be varied precisely through changing the 

degree of protonation of the –COO– head-group. As a result, the concomitant electrostatic 

and H-bonding interactions force the bilayers to adopt LUV structure. The polarity of the 
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hydrophobic domain depends upon microstructure of the self-assemblies and the 

solubilization of the dye. The I1/I3 values for both the amphiphiles at pH 3.0 were found 

to much lower (0.85 for 1 mM CPCF3 nd 0.91 for 1 mM CPCF11) than that of buffer at 

pH 7.0. The decrease of ionic character at lower pH results in a decrease of charge 

repulsion and hence tighter packing of the cholesterol units thereby preventing water 

penetration. The hydrophobic domain formation must result from pH-induced 

conformational change of the amphiphiles.   

 

 

 

 

 

 

 

 

 

Figure 4.2.11 (a) HRTEM images of (A) 0.1 mM CPCF3 solution at pH 3.0 (B) 0.1 mM 
CPCF3 solution at pH 5.0 (C) 0.1 mM CPCF11 solution at pH 3.0 and (D) 0.1 mM 
CPCF11 solution at pH 5.0; (b) size distribution histograms (A) 0.1 mM CPCF11 
solution at pH 3.0 (B) 0.1 mM CPCF11 solution at pH 5.0 (C) 0.1 mM CPCF3 solution at 
pH 3.0 and (D) 0.1 mM CPCF3 solution at pH 5.0. 

 

 The change in size of the aggregates with lowering of pH is also evident 

from the results of DLS and TEM measurements (see Figure 4.2.11). From Figure 

4.2.11(a) it is evident that ~250 nm sized vesicles were found for 0.1 mM CPCF3 in pH 

3.0, whereas ~350 nm sized vesicles were found in pH 5.0. This is also supported by the 

results of DLS measurements summarized in Figure 4.2.11(b). The change in size of the 
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aggregates at different pH can be explained by the protonation of the –COO– group. At 

pH 5.0, some of the –COO– ions are converted to –COOH which leads to strong H-

bonding interaction between the head groups. This results in a decrease of the effective 

area of head group (Ao) and hence an increase of packing parameter (P) value which 

means formation of LUVs at pH 5.0. On the other hand, at pH 3.0 all the –COO– groups 

are converted to the neutral form (–COOH), which also form intermolecular H-bonds 

with the nearby –COOH groups. But interaction between –COOH groups is much weaker 

than that between –COOH and –COO− groups. Consequently, the SUVs are formed in 

pH 3. 

 

 

 

 

 

 

 

Figure 4.2.12 Plot of percent transmittance (%T at λ = 450 nm) of surfactant solution 
(0.1 mM) as a function of temperature (T /oC) at (a) pH 7.0 buffer and (b) pH 3.0 buffer. 

 

4.2.9 Thermal stability of the aggregates 

For drug delivery applications, the vesicles should be stable under physiological 

conditions (pH 7.4, 37 oC). It should be noted that at neutral pH the aqueous solutions of 

both the surfactants do not exhibit any cloudiness even at 80 oC as indicated by the plots 

of transmittance (% T) versus temperature (Figure 4.2.12 (a)). This means the SUVs are 

highly stable at physiological temperature at neutral pH. However, a sharp fall of 

transmittance can be observed with both the surfactants at pH 3.0 above a critical 

temperature which can be taken as the cloud point (Tc). The Tc values thus obtained are  
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53 oC and 60 oC for CPCF3 and CPCF11, respectively. As reported for PEG-containing 

copolymers, this is due to temperature-induced dehydration of the PEG chains which 

makes polymer chain more hydrophobic [57, 58]. The slightly higher value of the cloud 

point and hence higher stability of CPCF11 vesicles is due to its longer PEG chains. The 

size distributions histograms (not shown here) at pH 3.0 at 80 oC also showed a large 

shift toward larger dh values, suggesting good thermal stability of the vesicles at 

physiological temperature.  

 

 

 

 

 

 

 

Figure 4.2.13 (a) Variation of fluorescence anisotropy (r) of DPH at λ = 430 nm with 
temperature (T /oC) in the presence of 0.1 mM CPCF3 and CPCF11 in pH 3.0, and (b) 
variation of turbidity (100 – %T) of CPCF3 and CPCF11solutions (0.1 mM each) with 
aging at pH 7.0 (inset: size distribution profile of 0.1 mM CPCF3 after 60 days of sample 
preparation). 

 

The thermal stability of the vesicles was also studied by fluorescence probe 

method using DPH as a probe molecule at pH 3.0. The fluorescence spectra of DPH were 

measured at different temperatures in the range 25–80 oC in pH 3.0. As observed from 

the plots in Figure 4.2.13(a), the r value of DPH probe decreases with the increase of 

temperature, indicating increase of internal fluidity of the vesicles. The increase in the 

internal fluidity of the vesicles facilitates DPH molecules to diffuse out as manifested by 

the decrease of fluorescence intensity (not shown). However, the temperature-induced 

release of DPH molecules is less at 37 oC, suggesting sufficient thermal stability of the 
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micelles even at pH 3.0. In support of this conclusion the hydrodynamic size distributions 

(not shown here) of the vesicles was also measured at 37 oC (310 K). However, only a 

very small shift toward larger dh value, showing partial disruption of the bilayers above 

physiological temperature was observed.  

 

4.2.10 Shelf-life of vesicles 

Vesicle stability was also studied by measuring turbidity (τ) of the surfactant solutions 

(0.1 mM) at pH 7.0 buffer over a period of 60 days. The results are presented in Figure 

4.2.13(b). It is evident that there is only a small increase in τ value after 60 days of 

vesicle preparation. Actually the formation and growth of the vesicles cause a small 

increase of the turbidity. The size distribution profile (inset of Figure 4.2.13(b)) also 

does not exhibit any change in dh value. This means SUVs formed at room temperature 

are highly stable over several months and therefore they can have potential applications 

in drug delivery. 

4.2.11 Summary 

In summary, two novel amphiphilic molecules CPCF3 and CPCF11 were designed and 

synthesized using biocompatible PEG and Chol. The amphiphiles were characterized by 

surface tension and various spectroscopic methods. Both the amphiphiles were found to 

self-assemble at a very low concentration. The thermodynamics of aggregate formation 

was also studied using ITC technique. The thermodynamic parameters suggest that the 

hydrophobic interaction among the Chol units is the main driving force for aggregate 

formation. However, the intermolecular H-bonding among the amphiphiles also plays a 

vital role for vesicle formation. The amphiphiles were observed to form stable SUVs with 

mean dh of ~20 nm in very dilute surfactant solutions at pH 7.0. However, the vesicle size 

increases to ca. 80 nm in concentrated surfactant solution. The microenvironments of the 

SUVs were found to be highly viscous as well as much less polar compared to bulk water 

due to having Chol-like steroidal moiety as hydrophobe. The interesting observation was 

that the SUVs transform into LUVs at lower pH. Though surfactant solutions at pH 7.0 

remained transparent over a large temperature range, both amphphiles showed clouding 
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phenomenon at pH 3.0. Indeed, the SUVs formed in neutral pH were found to have 

extremely good stability over several months under the physiological conditions. 
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5.1 Monolayer Vesicle Formation by Zwitterionic Bolaamphiphile with 
L-Cysteine as Head Groups1  

 

5.1.1 Scope of the study 

Bolaamphiphiles have been used in formulating stable nano-carrier systems and have 

already demonstrated to hold enough potential in effective drug as well as gene delivery 

[1-11]. There are many reports describing chemical properties of bolaamphiphiles and 

their effects on self-assembly pattern and applications in drug and gene delivery [12-22]. 

Indeed, bolaamphiphiles have demonstrated their ability to serve as important structural 

blocks of vesicles and/or micelles for drug delivery as depicted by archaeosomes. After 

three decades of initial development, bolaamphiphiles have presented a new area of 

research to formulation scientists. Therefore, extensive research should now be focused 

on assessing their safety profile to establish them as safe excipients for drug delivery 

applications.   

In previous chapters, the self-assembly behavior of amphiphiles with anionic or 

zwitterionic head group and PEG tail have been described [23, 24]. The results have 

suggested that the so-called polar PEG chain can also act like hydrocarbon chain of 

conventional surfactants. Thus it becomes obvious in the next step to develop 

bolaamphiphile bearing PEG as spacer chain. It will be very interesting to see whether 

such bolaamphiphiles can form aggregates in solution. Despite a large number of reports 

on the aggregation behavior and biomedical applications of bolaamphiphiles containing 

hydrocarbon chains, steroids, porphyrenes etc., till now there is not a single report on 

bolaamphiphile bearing PEG as spacer. Therefore, in this work, a first-in-class 

bolaamphiphile containing PEG backbone as the spacer has been developed. Since 

unilamellar vesicle formation by mPEG300-Cys and mPEG1100-Cys amphiphiles bearing 

zwitterionic L-cysteine head has been demonstrated in chapter 3, another L-cysteine 

head was covalently linked to the other end of PEG chain to obtain a bolaamphiphile, 

                                                           
1 Langmuir 2017, 33, 7741−7750. 
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PEGDPC (Figure 5.1.1). Since both PEG and L-cysteine are biocompatible and eco-

friendly, their self-assembled structures in aqueous medium can have potential 

applications in drug delivery. Therefore, aggregation behavior of this amphiphile was 

thoroughly investigated in pH 7.0 buffer at 25 oC by use of a number of techniques, 

including surface tension, fluorescence probe, ITC, DLS, and TEM. Encapsulation and 

pH-triggered release of model hydrophobic as well as hydrophilic drugs have also been 

demonstrated. 

 

 

 

 

 

 

 

Figure 5.1.1 A) Chemical structure of the amphiphile (PEGDPC) and B) energy-
minimized structure of the amphiphile in solution phase (water) (grey: C, white: H, red: 
O, blue: N, yellow: S). 

 

5.1.2 Surface activity 

The surface tension of the aqueous solutions (pH 7.0) of PEGDPC at different 

concentrations was measured at 25 oC. As shown by the plot in Figure 5.1.2 γ value 

decreases with the increase of PEGDPC concentration (Cs), indicating its amphiphilic 

character and spontaneous adsorption of the molecules at the air/water interface. The 

pC20 value of PEGDPC as obtained from the ST plot is ~ 2.3, which is less than those of 

conventional surfactants (pC20 ≥ 3.0) [25, 26] and therefore can be considered as a 

moderately surface-active amphiphile. Interestingly, unlike conventional bolaforms, the 

plot does not show any break followed by a plateau in the investigated concentration 

range. However, a dent in the curve is observed at a Cs value of about 0.5 mM which can 
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be considered as the cmc value. Further reduction of γ value with increasing 

concentration of PEGDPC can be attributed to formation of larger aggregates above its 

cmc. Similar behavior has already been reported in the literature for other surfactants [23, 

24]. 

 

 

 

 

 

 

 

Figure 5.1.2 Plot of variation of γ (mNm−1) with logCs of PEGDPC (mM) in pH 7.0 
buffer at 25 oC. 

 

 

 

 

 

 

 

Figure 5.1.3 (a) Representative fluorescence emission spectra of NPN in presence of 
different surfactant concentration in pH 7.0 buffer (b) Variation of spectral shift (∆λ) of 
NPN probe in phosphate buffer (20 mM, pH 7.0) with the change in Cs at 25 oC. 
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5.1.3 Self-assembly formation 

As in the cases of single-headed amphiphiles the self-assembly behavior of PEGDPC in 

pH 7 buffer was studied by use of NPN probe. In the presence of PEGDPC the intensity 

of fluorescence emission spectrum of NPN (Figure 5.1.3(a)) is not only enhanced the 

emission maximum also exhibits a blue shift relative to that in pH 7.0 buffer. The plot 

showing variation of the shift (∆λ) of emission maximum of NPN probe with PEGDPC 

concentration (Cs) is depicted in Figure 5.1.3(b). The sigmoid plot corresponding to a 

two-state process clearly suggests existence of equilibrium between surfactant monomers 

and self-assembled aggregates. The cmc value (0.60± 0.04 mM) obtained from the onset 

of rise of ∆λ is closely equal to the value obtained from ST plot. 

 

5.1.4 Driving force for self-assembly formation  

The results of fluorescence probe studies spontaneous self-assembly formation by 

PEGDPC molecules which means the process is accompanied by a negative ∆Go value. 

In order to determine the driving force for the self-assembly process, ITC method was 

employed to estimate other thermodynamic parameters such as ∆Ho
m and ∆So

m associated 

with the aggregate formation. The thermogram along with the titration curve is displayed 

in Figure 5.1.4. From this calorimetric titration curve, the cmc and ∆Ho
m values were 

directly obtained from the plot and ∆Go
m and ∆So

m values were calculated by the 

procedure described in chapter 2. The values of cmc and thermodynamic parameters are 

listed in Table 5.1.1. The cmc value obtained from the onset of rise of ∆H is consistent 

with the values obtained from fluorescence titrations. The aggregate formation is 

spontaneous as confirmed by the large negative value of ∆Go
m as well as by the large 

positive values of ∆So
m. Since the T∆So

m value for the self-assembly of PEGDPC 

molecules is greater than that of the ∆Ho
m value, the spontaneous aggregate formation is 

an entropy-driven process [27-30]. The large increase of entropy can be associated with 

the dehydration of the PEG chains during self-assembly formation. That is, the PEG 

spacer of the bolaamphiphile behaves like hydrocarbon chain of conventional surfactants. 

However, when the thermodynamic data for the vesicle formation by PEGDPC are 

compared with those of the corresponding single-headed zwitterionic amphiphile (see 
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Table 3.1.2, chapter 3), it is found that the aggregate formation is more favorable in the 

case of latter molecule [23].  

 

 

 

 

 

 

 

 

 

Figure 5.1.4 Thermogram (upper panel) and plot of variation of enthalpy change (∆H) 
with PEGDPC concentration (Cs) at 25 oC; stock concentration of PEGDPC solution was 
5 mM. 

 

Table 5.1.1 Critical micelle concentration (cmc), standard Gibbs free energy change 
(∆Go

m), standard enthalpy change (∆Ho
m) and standard entropy change (∆So

m) for the 
self-assembly formation by PEGDPC in aqueous buffered solution (pH 7.0) at 25 oC. 

 

 

cmc (mM) ∆Go
m 

(kJ mol−1) 

∆Ho
m 

( kJ mol−1) 

∆So
m 

(J K−1 mol−1) 

T∆So
m 

(kJ mol−1) Flu  ITC 

0.60 

(± 0.04)  

0.63  

(± 0.02) 
−18.26 

0.19 

(± 0.1) 
61.91 18.45 
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5.1.5 2D NOESY analysis 

As indicated by the results of ITC measurement, the hydrophobic interaction between the 

PEG spacers of PEGDPC molecules is responsible for aggregate formation. The results 

of fluorescence probe study also indicated formation of less polar microdomains, 

possibly, by the PEG chains. Since the PEGDPC molecule has two polar head groups at 

the two ends of PEG chain, the only possible arrangement of PEGDPC molecules in the 

self-assembly is monolayer as shown in Figure 5.1.5. The constitution of monolayer 

membrane was confirmed by 2D NOESY 1H-NMR analysis. The NOESY spectrum of 1 

mM PEGDPC solution (in D2O) as depicted in Figure 5.1.6 shows mostly diagonal peaks 

that arise from the interactions of the nearby H atoms in the same molecule. In addition to 

diagonal interactions a number of key cross interactions can also be observed in Figure 

5.1.6. The interactions among g ↔ a, b, c, d, e, f protons imply the intermolecular 

interactions among the PEG chains. Further the interactions among a ↔ b, c, d and b ↔ 

c, d protons suggest the strong intermolecular interactions among the head groups. As 

already discussed earlier the cross peaks signify the spatial proximity of the surfactant in 

the self-assembled aggregates [31-33]. In other words, the monolayer is constituted by 

the PEG spacer of the bolaamphiphile. Based on the above results of fluorescence probe 

studies and 2D NOESY analysis it can be concluded that the bolaamphiphile forms 

monolayer vesicles as shown in the cartoon pictures depicted in Figure 5.1.5. 

 

 

 

 

 

 

 

 

 

 

Figure 5.1.5 Schematic representation of monolayer vesicle structure formed by the 
monomers. 
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  Figure 5.1.6 2D NOESY spectrum of 1 mM PEGDPC in D2O (aggregated state). 

 

5.1.6 Nature of microenvironment of aggregates 

As discussed in chapter 3, the nature of microenvironment of the aggregates can give an 

idea about the molecular arrangement in the aggregates. Therefore, the micropolarity and 

microviscosity of the aggregates were determined by use of Py and DPH probes, 

respectively. In pure buffer medium, the micropolarity index (I1/I3) has a value of 1.81. 

But the ratio falls off with increasing Cs and the limiting value reaches to 1.48 ± 0.03 at 

Cs = 20 mM. Thus, I1/I3 value corresponds to the polarity of ethylene glycol [34-36]. This 

suggests that the Py molecules are solubilized within the microenvironment constituted 

by the PEG chains as already inferred from the results of NMR measurements. However, 

the polarity of the microenvironment of the self-assemblies of PEGDPC amphiphile is 

higher compared to those of L-cysteine-derived amphiphile with a single PEG tail [23]. 

This can be attributed to the increase of overall polarity of the amphiphile due to the 

presence of a second large L-cysteine head group. In pH 3.0 buffer, however, the I1/I3 

ratio is less (1.38 ± 0.04) which is comparable to those of conventional single-tailed ionic 

surfactants. This is because in pH 3.0 buffer, both –COO‒ and ‒NH2 groups of L-cysteine 
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head get protonated, thus converting the head groups to cationic (ammonium). 

Consequently, a reduction of hydration of the head group occurs, which favors tight 

packing of the PEG chains. This means less penetration of water molecules inside the 

monolayer membrane and hence a reduction in polarity of the microenvironment of the 

Py molecule. The fluorescence probe study thus confirms monolayer formation by the 

PEG spacer chain of the amphiphile. 

 

 

 

 

 

 

Figure 5.1.7 Plots of fluorescence anisotropy (r) of DPH probe versus surfactant 
concentration (Cs) at 25 oC. 

 

Further, the steady-state fluorescence anisotropy (r) value of DPH probe at 

different concentrations above its cmc value of the amphiphile was measured. The plot of 

variation of r with Cs is shown in Figure 5.1.7. High r value (> 0.14) of the DPH probe 

indicates viscous microenvironment constituted by tight packing of PEG chains [37-40]. 

The feature of the plot suggests increase of ηm value of the aggregates with the increase of 

Cs above the cmc and may be attributed to the formation of larger aggregates with more 

rigid microenvironment which is consistent with the feature of ST plot (Figure 5.1.2).  

The ηm value was calculated using the limiting value or r (0.185 ± 0.003) and 

fluorescence lifetime of DPH corresponding to 20 mM PEGDPC solution. The ηm value 

(~70.14 mPa s) thus obtained is greater than that of conventional surfactant micelles, but 

similar to those of vesicles [41-44]. The high ηm value is consistent with the formation of 

monolayer membrane by the PEGDPC molecules. 
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5.1.7 Hydrodynamic diameter and size distribution of aggregates 

The mean dh value of the aggregates formed at different concentrations and pH were 

determined by DLS measurements. The histograms in Figure 5.1.8 represent the number 

distribution profiles of the aggregates formed at different concentrations. It is observed 

that the aggregates formed in pH 7.0 have narrow and bimodal size distributions. The 

aggregates are found to be much larger in size than small spherical micelles. Considering 

the ηm value of the aggregates, the size distribution histograms presented in Figure 5.1.8 

can be associated with small vesicles having mean dh value in the range of 100-250 nm.  

 

 

 

 

 

 

 

 

 

Figure 5.1.8 Concentration dependent size distribution profiles of the aggregates formed 
by PEGDPC in pH 7.0 buffer at 25 oC.  

 

The surface potential of the vesicles in 3 mM PEGDPC solution was also 

measured and the data are collected in Table 5.1.2. Slightly negative ζ-potential value 

(−5.2 mV) of the vesicles at around neutral pH (~6.0‒7.0) clearly suggests that the L-

cysteine head group of the bolaamphiphile is exposed to the bulk water. In other words, 

the PEG spacer constitutes the monolayer membrane of the vesicles. 
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Table 5.1.2 The ζ-potential values of 3 mM PEGDPC at different pHs. 
 

 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1.9 Unstained HRTEM images of PEGDPC in pH 7.0 buffer: (a, b) 3 mM and 
(c) 5 mM; Cryo-TEM image of (d) 3 mM PEGDPC in pH 7.0 buffer. 

 

5.1.8 Microscopic study  

The HRTEM images of surfactant solutions of different concentrations were taken 

to visualize the shape of the microstructures formed in aqueous solution. The TEM 

micrographs (Figure 5.1.9) reveal existence of spherical vesicles with aqueous core. The 

vesicle diameters (150-200 nm) in dilute solution of PEGDPC as seen in the micrographs 

pH ζ-values (mV) 

7.0 – 5.2 

2.0 +14.3 

10.0 –34.8 

Pure water –2.5 
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are in close agreement with the results of DLS measurements. A very careful look at the 

vesicular pictures reveals that the thickness of the vesicle wall is ~ 4 nm which is almost 

equal to the length of the spacer PEG chain (40.51 Å) as obtained from the Gaussview 

model of the molecule.  The microscopic investigations thus confirm existence of small 

unilamellar vesicles (SUVs) in both dilute and concentrated solutions of PEGDPC. Since 

the PEG chain is relatively short, monolayer lipid membrane (MLM) formation as shown 

in Figure 5.1.5 is much more favorable than bilayer lipid membrane (BLM). This is 

because for BLM formation, the molecule has to be bent in U-shape, which is 

energetically less favorable. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1.10 (a) AFM height image (b) the energy-minimized structure of PEGDPC in 
solution phase (water) showing the spacer length (c) AFM image with scale bar, and (d) 
3D sectional analysis of  PEGDPC solution (10 mM, pH 7.0) on mica. 

 

The aggregates of PEGDPC were also characterized by AFM in a dehydrated 

state. Figure 5.1.10 shows the tapping-mode AFM image of a 10 mM PEGDPC solution 

which clearly reveals existence of spherical aggregates with diameters in the range of 80 

to 220 nm. This is in good agreement with the results obtained from TEM and DLS 

measurements. The section analysis profile of a selected aggregate is shown in Figure 
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5.1.10(c). The collapsed aggregate height was observed to be ~ 8 nm. This means the 

average wall thickness of the hollow sphere is about 4 nm, which is almost equal to the 

spacer length (40.51Å) of PEGDPC molecule. This implies that the vesicle wall is 

composed of only a monolayer of PEGDPC molecules. Considering its similarity to a 

symmetric bolaamphiphile with short chain, PEGDPC could not adopt a U-bent shape, 

but span the wall to form a monolayer vesicle. 

As the HRTEM and AFM methods are associated with the drying of the sample, 

the images might appear as artefacts. Therefore, in order to rule out the possibility of any 

artefact in the HRTEM and AFM images, Cryo-TEM measurements were performed. 

The Cryo-TEM image of the 3 mM PEGDPC solution is shown in Figure 5.1.9 (d). The 

image clearly reveals existence of vesicles having outer diameters in the range of 120 to 

180 nm. Thus the results are consistent with the results of DLS, HRTEM and AFM 

measurements.  

 

 

 

 

 

 

 

Figure 5.1.11 Gel filtration profile of the separation of the dye-entrapped vesicles (small 
peak) of PEGDPC from the free dye (MB). 

 

Further to demonstrate the presence of aqueous core in the vesicular aggregate, 
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characteristic UV spectrum of MB in water. Thus approximately 1.75% of the total dye 

could be encapsulated within the vesicles. This study clearly demonstrates that the 

vesicles contain inner aqueous pool. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1.12 Plots of variation of fluorescence anisotropy (r) of DPH as a function of 
(a) temperature (inset: TEM image at 80 oC), and (b) pH. 
 

5.1.9 Stability of the vesicles  

As the microenvironment of the vesicle membrane formed by the PEG spacer is slightly 

polar in character, it can be concluded that the PEG chains in the membrane are partially 

hydrated. Thus heating of the PEGDPC solution is expected to cause dehydration of the 

PEG chains and hence change the membrane rigidity. Thus r value of DPH probe was 

measured at different temperatures to observe the phase transition, if any, of the vesicle 

membrane. Figure 5.1.12(a) depicts the variation of r as a function of temperature. As 

seen the r value of DPH decreases with the increase of temperature, but it still lies in the 

vesicular range, even at 80 oC. The existence of vesicle phase at 80 oC was confirmed by 

the TEM image depicted in the inset of Figure 5.1.12(a). This suggests that the PEG 

chains become more fluid and hence leaky at elevated temperatures. This is due to 

weakening of the hydrophobic interactions among PEG chains caused by the thermal 

motion. The temperature corresponding to the inflection points of the curves can be taken 

as the melting or phase transition temperature, Tm of the membrane. The high melting 
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temperature (48 oC) for PEGDPC, clearly suggests higher thermal stability of the vesicles 

at physiological temperature (37 oC). Interestingly, no clouding of the solution occurred 

at higher temperatures. 

Since the surfactant head group is zwitterionic in nature at ~ pH 6.0-7.0, the 

stability of the vesicles was also studied by varying pH of the medium. The pH-stability 

measurement was carried out using 20 mM PEGDPC by monitoring the fluorescence 

anisotropy of DPH probe. Figure 5.1.12(b) shows the variation of r with the change in 

pH of the surfactant solution. It is observed that the r value decreases with the decrease as 

well as with the increase of solution pH, showing a maximum at pH around 7.0. This 

suggests that the MLM becomes less rigid both at lower and higher pHs as a result of 

ionization of –COOH or –NH3
+ groups which as discussed above weakens the packing of 

the PEG chains in the MLM. The weak packing of the PEG units results from increased 

electrostatic repulsion between anionic or cationic head groups of the amphiphiles at the 

surface. The pKa values for the proton transfer equilibria were evaluated from the pH 

value corresponding to the inflection point of the respective titration curves. The pKa 

values thus obtained are 4.8 and 8.4 for the cation-zwitterion and zwitterion-anion 

equilibria, respectively. The pI value of the head group calculated from the respective 

pKa value is ~6.6 at which the amphiphile remains in the zwitterionic form and the 

aggregates exist either as uncharged or weakly charged entities.  

In order to investigate the change in vesicle structure with pH, DLS 

measurements were performed with the PEGDPC solutions of varying pH. The existence 

of large aggregates at higher as well as at lower pH is confirmed by the size distribution 

histograms (Figure 5.1.13) of the corresponding solution. The size distribution 

histograms show that with increase or decrease in pH from 7.0, the aggregate size 

decreases. The aggregate size is largest in pH 7.0 and is consistent with the zwitterionic 

head group of the amphiphile in pH 7.0. The existence of vesicles at both lower and 

higher pH is demonstrated by the TEM picture (Figure 5.1.14) of the respective solution. 

Indeed, vesicle structures can be found in pH 3.0 as well as in 10.0. However, the 

vesicles shrink upon increase or decrease of pH which supports the results of DLS 

measurements (Figure 5.1.13). This is due to the cationic and anionic character of the 
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amphiphile head group in acidic and basic medium, respectively. The ionic character of 

the amphiphile actually causes electrostatic repulsion among the ionic head groups 

leading to the formation of smaller vesicles.  

 

 

 

 

 

 

 

 

 

Figure 5.1.13 Hydrodynamic size distribution profiles of vesicles in 3 mM PEGDPC at 
different pHs. 

 

 

 

 

 

 

 

Figure 5.1.14 Unstained HRTEM images of 3 mM PEGDPC at (a) pH 2.0 (b) pH 3.0, 
and (c) pH 10.0. 
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Figure 5.1.15 (a) Variation of turbidity of the vesicles with aging time in neutral pH at 
room temperature (inset: Size distribution histograms of 2 mM PEGDPC after 60 days of 
sample preparation) (b) Plot of variation of anisotropy (r) of DPH versus NaCl 
concentration (mM) using 5 mM PEGDPC solution at 25 oC (inset: size distribution 
histogram of 5 mM PEGDPC in the presence of 200 mM NaCl). 

 

The vesicles prepared in acidic, neutral, and basic pH were also found to be stable 

enough with respect to aging time. This is because of surface charge (ζ-potential) of the 

vesicles. The ζ-values of the vesicles in 3 mM PEGDPC were measured at different pHs 

and the data are listed in Table 5.1.2. The results clearly indicate that the surface charge 

of the vesicles is positive and negative at pH 3.0 and 10, respectively. However, at 

around pH 6‒7 the surface charge is slightly negative. Since the zwitterionic vesicles at 

around neutral pH have tendencies to either grow in size or coagulate producing 

precipitates, turbidity (τ) measurement of the surfactant solution (3 mM, pH 7) was 

monitored over a period of two months at 400 nm to assure vesicle stability and the 

results are presented in Figure 5.1.15(a) which shows only a slight increase in turbidity 

for the vesicle solution and can be attributed to the growth of vesicles. This is supported 

by the size distribution histograms (inset of Figure 5.1.15(a)) of the vesicle solution 

measured at different time intervals. In fact, the monolayer vesicles in 3 mM PEGDPC 

solution are found to be highly stable even after two months of sample preparation. The 

excellent stability of the vesicles makes them suitable for applications in drug delivery. 
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Bilayer vesicles sometimes get destructed in presence of external additives like 

NaCl, KCl etc. [47, 48] The monolayer vesicle stability was then investigated in the 

presence of NaCl salt by the measurement of r value of DPH probe in pH 7.0 buffer. In 

the presence of increasing NaCl concentration the r value of DPH increases only slightly. 

The plot showing variation of r with [NaCl] is depicted in Figure 5.1.15(b). The slight 

increase of r value of DPH at [NaCl] = 200 mM suggests that the monolayer vesicles 

remain unaffected even in the presence of high salt concentration. The size distribution 

histogram of 5 mM PEGDPC in the presence of 200 mM NaCl is shown as an inset of 

Figure 5.1.15(b). As seen the dh value of the monolayer vesicles remains almost 

unaltered at this high NaCl concentration. 

 

5.1.10 Dye entrapment and release kinetics 

The encapsulation and release of entrapped guest molecules from vesicles is an important 

issue in drug delivery. As the monolayer membrane of the vesicles consists of 

biocompatible PEG chains and there is an aqueous pool inside the monolayer vesicles, 

hydrophilic guest molecules can be encapsulated in the vesicles. Thus, Cal was entrapped 

within the aqueous core of the vesicles at pH 7 according to the method described 

elsewhere [45-46]. The free, unentrapped dye was separated by dialysis. As the vesicle 

surface is consisted of zwitterionic L-cysteine head groups, the stability of the membrane 

is expected to be sensitive to acid-base ionization process. Thus in order to demonstrate 

pH-triggered release of the encapsulated Cal dye from the vesicles, the fluorescence 

spectra of the Cal-loaded vesicles was measured at different pHs. As evident from the 

Figure 5.1.16(a) the fluorescence intensity of Cal dye decreased both upon decrease as 

well as upon increase of solution pH. In fact, the fluorescence intensity of Cal in water is 

known to decrease with the decrease in pH. In both acidic and basic pH, the monolayer 

vesicles become either positively or negatively charged due to ionization of the head 

group which increases repulsion among head groups making vesicle membrane unstable 

and leaky thus releasing the hydrophilic guest to the bulk water having pH higher or 

lower than pH 7.0. It is also clear from Figure 5.1.16(b) that almost 55% of the guest 
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was released from the vesicles within 45 min of acidification of the vesicle solution (pH 

≤ 4) as a result of burst release which is highly desirable for drug delivery to solid 

tumors.  

 

 

 

 

 

 

 

Figure 5.1.16 (A) Change of fluorescent intensity of Cal dye showing release of Cal 
from vesicles of DPEGDMS (60 mM) at different pHs after 45 min of incubation at 25 
oC, and (B) % release of Cal with the variation of time (min) from the vesicles at pH 4.0 
and 37 oC; inset: Cal release profile at pH 7.4 and 37 oC. 

 

 

 

 

 

 

 

 

Figure 5.1.17 (a) Plots of release (%) of DPH with time (min) at 37 oC in pH 4.0 (inset: 
pH 7.0), and (b) OH- permeability profile of riboflavin entrapped vesicles.  
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Similar experiment using hydrophobic dye DPH was also carried out. The release 

profile is shown in Figure 5.1.17(a). In this case also at pH 4.0 a release (25%) followed 

by a slow release (up to 30%) was observed. The control experiment at pH 7.4 did not 

show any release during the period of experiment. Thus the monolayer vesicles might be 

used as efficient hydrophilic as well as hydrophobic drug carrier. 

5.1.11 Kinetics of transmembrane permeation 

Usually, closed vesicles have the capacity to hold hydrophilic molecules or ions inside 

their inner aqueous cavity. In the entrapped situation, these solutes cannot permeate 

across the monolayer membrane freely. The membrane permeability can be measured 

with a suitable water soluble marker. Thus, riboflavin, a neutral water-soluble molecule 

which is strongly fluorescent in its neutral form, but becomes nonfluorescent upon 

deprotonation (pKa ~ 10.2) was employed for this study [49, 50].  The fluorescence 

emission intensity (I) of the riboflavin-containing PEGDPC vesicular solution (60 mM) 

in pH 6.8 measured at λflu = 514 nm (λex = 374 nm) was observed to be 1250 a.u, which 

arises from the contribution of the dye molecules that are adsorbed on the outer 

membrane surface and also  those entrapped within the inner aqueous core of vesicles. 

When the pH of the vesicular solution was adjusted to 10.2, the fluorescence intensity 

“instantaneously” decreased to 650 a.u. That is a reduction of ~ 50% intensity is 

observed. This immediate loss in I results from the deprotonation of riboflavin bound on 

the outer surface of the vesicles. The residual I, however, gradually decreased with time 

(t) (Figure 5.1.17(b)) and can be attributed to the deprotonation of riboflavin enclosed 

within the inner aqueous core of the vesicles. The result of this experiment demonstrates 

that the monolayer membrane formed by the PEGDPC molecules is permeable to ions 

(OH− in this case), and that a pH gradient across the membrane can be developed and 

maintained for some time owing to the existence of the permeability barrier provided by 

the membrane. Time-dependent loss of the fluorescence intensity due to the conversion 

of neutral riboflavin into its deprotonated form upon pH adjustment further demonstrates 

that the monolayer vesicles contain an internal aqueous compartment. 
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5.1.12 Summary 

In this work, a novel L-cysteine-derived bolaamphiphile (PEGDPC) with PEG as spacer 

was developed and was thoroughly characterized. The solution behavior of the 

amphiphile at different pHs and temperatures was investigated. Despite having so-called 

polar PEG spacer the molecule exhibits a reasonably good surface activity in water. 

Different techniques, including fluorescence spectroscopy, DLS, TEM, and AFM 

confirmed spontaneous formation of monolayer vesicles by the amphiphilic molecule in 

neutral, acidic and basic pH. The surfactant monomers organize themselves to form small 

monolayer vesicle in very dilute as well as in concentrated solution. To the best of 

knowledge of this author, this is the first report on vesicle formation by a bolaamphiphile 

containing PEG as spacer chain. The thermodynamic data suggest that the driving force 

for vesicle formation is hydrophobic effect. The monolayers were observed to be fairly 

stable with respect to increase of surfactant concentration and temperature. However, the 

hydrodynamic size of the monolayer vesicles was found to decrease with both decrease 

and increase of solution pH. The vesicle membrane was also observed to be permeable to 

OH− ions. The vesicle stability under physiological condition also suggests that they can 

have potential applications in drug delivery. 
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5.2 Monolayer Vesicle Formation by Zwitterionic Bolaamphiphile with 
Sulfobetaine as Head Groups  

 

5.2.1 Scope of the study 

In the preceding section, monolayer vesicle formation by a zwitterionic bolaamphiphile, 

PEGDPC, having pH-sensitive L-cysteine head groups has been demonstrated. The 

monolayer vesicles of PEGDPC shows variation in microenvironment and size with the 

change in pH, which in turn was observed to affect the drug encapsulation and drug 

release properties of the vesicles [51]. Thus it becomes an obvious choice to evaluate the 

solution behavior of a pH-silent zwitterionic bolaamphiphile containing the same PEG 

spacer. Thus, it is intended to establish formation of highly stable vesicles which will be 

silent to solution pH and other stimuli. In other words, the objective of this study is to 

investigate the effects of head group change on the aggregation behavior of the PEGDPC 

bolaamphiphile. Therefore, a zwitterionic bolaamphiphile, (poly(ethylene glycol)-di-

(mercaptoethyl sulfobetaine)) (PEGDMS, Figure 5.2.1) bearing PEG as spacer and 

sulfobetaine (–N+(C2H5)2SO3
‒) as head groups was synthesized. As the sulfobetaine 

group is larger than the zwitterionic L-cysteine group, the solution behavior of PEGDMS 

molecule is expected to be different from that of PEGDPC amphiphile. This led to the 

study of surface activity and self-assembly behavior of the molecule in aqueous solution 

at room temperature. Therefore, the eperimental results have been compared with those 

of PEGDPC amphiphile. 

 

 

 

 

                

 Figure 5.2.1 Chemical structure of PEGDMS molecule. 
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Figure 5.2.2 Plot of surface tension (γ) of phosphate buffer (20 mM, pH 7.0) as a 
function of concentration (log Cs) of PEGDMS at 25 oC. 

 
5.2.2 Surface activity  

The variation of surface tension (γ / mN m‒1) of phosphate buffer (pH 7.0) at 25 oC with 

the concentration (Cs) of PEGDMS is shown in Figure 5.2.2. The γ value decreases 

gradually with the increase of Cs, indicating spontaneous adsorption of the PEGDMS 

molecules at the air/water interface which shows amphiphilic character of the molecule. 

The reduction of γ value is almost same for both PEGDMS and PEGDPC bolaamphphile. 

Indeed the pC20 value of the former (~2.3) amphiphile is also same as the latter (~2.4). 

This means both the amphiphiles are almost equally surface-active.  However, the feature 

of the ST plot showing a sharp dent (indicated by arrow) is similar to that of PEGDPC 

amphiphile. The concentration corresponding to the dent (Cs = 0.55 mM) can be taken as 

the cmc value of PEGDMS. The cmc value of PEGDMS being less than that of PEGDPC 

the aggregate formation by the former is more favored. The fall of γ value with increasing 

concentration above the cmc value can be associated with the growth of the aggregates. 
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Figure 5.2.3 (a) Representative fluorescence emission spectra of NPN in presence of 
different concentrations of PEGDMS in pH 7.0, and (b) plot of spectral shift (∆λ) of NPN 
versus Cs of PEGDMS in pH 7.0 at 25 oC. 
 

5.2.3 Self-assembly formation 

The self-assembly of PEGDMS in phosphate buffer of pH 7.0 was investigated by use of 

NPN probe at 25 oC. As in the case of PEGDPC, the fluorescence spectrum (Figure 

5.2.3(a)) in the presence of PEGDMS exhibits an enhancement of intensity and a large 

blue shift with respect to that in pure buffer. This indicates aggregate formation with a 

less polar and more viscous microenvironment. The variation of the shift (∆λ) of 

emission maximum of NPN probe with Cs is shown by the plot in Figure 5.2.3(b). The 

cmc value (0.53 ± 0.02 mM) obtained from the onset of rise of the curve is surprisingly 

equal to the value obtained by ST measurement. This confirms accuracy of the 

measurements. 

 

5.2.4 Thermodynamics of aggregate formation 

The spontaneous self-assembly formation by PEGDMS molecules is also suggested by 

the thermodynamic data (see Table 5.2.1) obtained by ITC measurements. The titration 
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sigmoid increase of enthalpy with the increase of Cs. The cmc value of PEGDMS (~0.53 

mM) obtained from the inflection point of the plot is consistent with values obtained from 

ST and fluorescence titration. The data in Table 5.2.1 show that ∆Go
m (−18.69 kJ mol−1) 

is negative and the ∆So
m

 (63.39 J K−1 mol−1) is positive which confirm spontaneity of the 

self-assembly process. Further T∆So
m value for PEGDMS is found to be much larger than 

that of the ∆Ho
m, suggesting that the spontaneous aggregate formation is an entropy-

driven process [52-54]. This means hydrophobic interaction (as a consequence of 

dehydration of the PEG spacer) of the PEG spacer chains is the driving force for 

aggregation. Thus the behavior of PEGDMS is similar to that of PEGDPC.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
Figure 5.2.4 The upper panel shows a record of heat flow versus time during the 
titration; the lower panel shows the variation of the change in enthalpy (∆H) with the 
final concentrations (Cs) of PEGDMS amphiphile.  
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Table 5.2.1 Critical micelle concentration (cmc), standard Gibbs free energy change 
(∆Go

m), standard enthalpy change (∆Ho
m) and standard entropy change (∆So

m) for the 
aggregate formation in aqueous buffered solution (pH 7.0) by PEGDMS at 25 oC. 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5.2.5 2D NOESY 1H-NMR spectrum of 2 mM PEGDMS in D2O. 

 

5.2.5 Molecular alignment of the amphiphile in the aggregate 

That the hydrophobic interactions among the PEG chains are responsible for aggregate 

formation by the PEGDMS molecules is substantiated by the results of 2D NOESY 1H-

NMR spectrum (Figure 5.2.5) of the molecule in D2O solvent. The interactions between l 

cmc (mM) ∆Go
m 

(kJ mol−1) 

∆Ho
m 

( kJ mol−1) 

∆So
m 

(J K−1 mol−1) 

T∆So
m 

(kJ mol−1) Flu ITC 

0.53 

(± 0.02)  

0.53 

 (± 0.03) 
−18.69 

0.20 

(± 0.1) 
63.39 18.89 
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↔ i, g, h, f, k, a, j imply intermolecular interactions among the PEG chains. Further, the 

key cross peaks reveal strong interactions among e ↔ i, g, h; c ↔ i, g, f and l ↔ i, g, h, f 

which suggest interactions mainly among the head groups. Thus, it can be concluded that 

the PEGDMS molecules arrange themselves in the same way as the PEGDPC molecules 

(Figure 5.1.5) do to form the monolayer membrane. This conclusion also substantiated 

by the zeta-potential value of the aggregates. Indeed, ζ-value of 5 mM PEGDMS solution 

in pH 7.0 was found to be negative (‒5.02 mV). The small negative ζ-value indicates that 

the aggregate surface is slightly negatively charged and is therefore composed of the 

zwitterionic –N+(C2H5)2SO3
‒  head group of the PEGDMS molecules. 

 

Table 5.2.2 Critical micelle concentration (cmc), fluorescence anisotropy (r) and lifetime 
of DPH probe (τf), micropolarity index (I1/I3), and microviscosity (ηm) of PEGDMS 
molecule. 

 

          

 

*measured in 20 mM PEGDMS 

5.2.6 Micropolarity and microviscosity 

The micropolarity index (I1/I3) of the aggregates formed by the PEGDMS molecules is 

included in Table 5.2.2. The I1 / I3 ratio in 20 mM solution of PEGDMS in pH 7.0 buffer 

was observed to be 1.36, which corresponds to the polarity of dichloromethane solvent 

(I1/I3 =1.37) [34, 35]. This means that the microenvironment of the Py probe is constituted 

by the PEG chains as observed with the PEGDPC amphiphile. This is consistent with the 

results of NMR measurements which suggest interaction PEG chains. The micropolarity 

of PEGDMS monolayer, however, is less than that of PEGDPC amphiphile.  

In order to determine rigidity of the monolayer membrane constituted by the PEG 

chains, the r and τf values of DPH probe were measured in 20 mM PEGDMS solution. 

cmc (mM) 
I1 / I3 r τf  (ns) ηm (mPa s) 

Flu ITC 

0.52 0.53 
1.36 ± 
0.04 

0.172* 4.20 48.9  ± 5.0 
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The microviscosity (ηm) value calculated from the Debye-Stokes-Einstein using 

fluorescence data is included in Table 5.2.2. Although the ηm value (ca. 48.9 ± 5.0 mPa s) 

is slightly less than that of PEGDPC vesicles, it indicates rigid microenvironment of the 

DPH probe. This means that PEGDMS also forms similar type of aggregates like 

PEGDPC amphiphiles. This conclusion is further supported by the results of DLS and 

TEM measurements as discussed below. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2.6 Concentration dependent size distribution histograms of PEGDMS in pH 
7.0 at 25 oC (upper panel: histogram of 2 mM PEGDMS in pH 3.0). 
 

5.2.7 Size and shape of the aggregates 

The size distribution histograms of the aggregates formed by the PEGDMS amphiphile in 

solutions of different concentrations are presented in Figure 5.2.6. The mean dh value of 

the aggregates of PEGDMS in the investigated concentration region ranges between 80 

nm and 250nm. The presence of large aggregates at all concentrations is consistent with 

vesicular aggregates as indicated by the fluorescence data. The existence of vesicles is 

further evidenced by the results of TEM measurements. Representative HRTEM images 
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of unstained specimens prepared from dilute as well as concentrated solutions of 

PEGDMS are depicted in Figure 5.2.7. The micrographs clearly reveal the existence of 

spherical vesicles with an aqueous cavity in all the micrographs of PEGDMS. The 

vesicles have diameter in the range 60-150 nm is also consistent with the results of cryo-

TEM measurements (Figure 5.2.7(d)). Thus it can be concluded that as in the case of 

PEGDPC, PEGDMS amphiphiles also form unilamellar vesicles.  

 

 

 

 

 

 

 

 

 

 

Figure 5.2.7 HRTEM images of (a) 2 mM (b) 10 mM PEGDMS in pH 7.0 (c) 2 mM 
PEGDMS in pure water and cryo-TEM image of (d) 2 mM PEGDMS in pH 7.0 buffer. 

 

In support to the results of DLS and TEM studies AFM measurements were 

carried out with the same PEGDMS solutions at room temperature. As shown in Figure 

5.2.8 spherical aggregates having diameters in the range of 50 to 120 nm can be found in 

2 mM PEGDMS solution. This is in good agreement with the result obtained from TEM 

and DLS measurements. The 3D section analysis profile has also been shown in Figure 

5.2.8. The collapsed aggregate height is observed to be ~ 8 nm. Thus the average wall 

thickness of the sphere is about 4 nm which is equal to the spacer length of PEGDMS 



                                            Monolayer Vesicle Forming Bolaamphiphile 
 

201 

 

bolaamphiphile. This means that the aggregates formed are monolayer vesicles as also 

observed with PEGDPC bolaamphiphile. Considering the results obtained from all the 

above measurements a schematic of monolayer vesicles formation by the PEGDMS 

molecules have been shown in Figure 5.2.9. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2.8 (a) AFM height image of 2 mM PEGDMS (b) 3D sectional analysis and (c) 
fully stretched structure of PEGDMS showing the spacer chain length. 
 

  

 

 

 

 

 

 

Figure 5.2.9 Schematic of monolayer vesicle formation by PEGDMS molecules. 

(a) (b) 

40.51 Å 

(c) 



                                            Monolayer Vesicle Forming Bolaamphiphile 
 

202 

 

5.2.8 Dye entrapment studies 

The results of Cal encapsulation by the monolayer vesicles of PEGDMS are presented in 

Figure 5.2.10. The encapsulation of Cal was confirmed by the presence of small peak 

immediately after the void region in the chromatogram (see Figure 5.2.10(a)). This 

clearly suggests the presence of aqueous core within the monolayer vesicles formed by 

the pH-silent bolaamphiphile. The fluorescence spectra of free Cal in water and vesicle-

entrapped Cal are depicted in Figure 5.2.10(b). It is observed that the fluorescence 

intensity of Cal is quenched due to confinement within the vesicles. These experiments 

demonstrate the existence of vesicles in solutions of PEGDMS as observed with 

PEGDPC amphiphile. 

 

 

 

 

 

 

 
 
Figure 5.2.10 (a) Gel filtration profile showing separation of the Cal-entrapped (small 
peak) vesicles of PEGDMS from the corresponding free dye, and (b) fluorescence spectra 
of Cal-entrapped vesicles (20 mM PEGDMS) along with the one with unentrapped 
vesicles. 
 

 

5.2.9 Stability of the monolayer vesicles 

Since the quaternary ammonium and sulfonate groups are silent to solution pH change, 

the vesicles of PEGDMS bolaamphiphile is expected to be pH-silent. As the sulfonate 

group remains deprotonated in all the pH, no notable changes was observed in the 
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microenvironment and morphology of the aggregates. The same I1 / I3 value and r value 

at very low pH suggests that the local environment around the probe molecule remains 

the same even at low pH. For further confirmation, DLS measurement (Figure 5.2.6) and 

TEM analysis (Figure 5.2.7(d)) were performed with 2 mM PEGDMS at pH 3.0. As 

expected, no characteristic change was observed in the morphology or size distribution of 

the vesicles. This indicates that the monolayer vesicles are highly stable toward pH 

variation.  

The ζ-potential values of the vesicles were measured to further examine the 

stability against flocculation and coagulation. Thus, ζ-potential value of the vesicles in 5 

mM PEGDMS solution was found to be −5.02 mV and 10 mM PEGDMS shows −7.11 

mV in pH 7.0 buffer. The results indicate that at pH 7.0 the surface charge is slightly 

negative which has already been described for other zwitterionic surfactants having 

sulfonate headgroups. Although the whole molecule of PEGDMS is electronically 

neutral, the anionic properties on the terminal end may be stronger because of the charge 

density distribution on the ionic head. It may be understood that the charge density of the 

quaternary ammonium part located in the middle part on the chain of PEGDMS is 

scattered along the molecule chain, while the charge density of the anionic sulfonate 

group located in the terminal end is concentrated. Therefore, the zwitterionic PEGDMS 

molecule can be treated like a slightly charged anionic surfactant in pH 7.0 buffer. 

Similar viewpoints have also been reported by Florenzano, Qin and Chorro et al. [52-54].  

Since the zwitterionic vesicles have tendencies to precipitate out from solution, 

turbidity (τ) measurement of the surfactant solution (2 mM, pH 7.0) was monitored over 

a period of two months at 400 nm to assure vesicle stability. However, the plot in Figure 

5.2.11(a) shows only a slight increase in turbidity for the surfactant solution and can be 

attributed to the formation and growth of the vesicles. This is supported by the size 

distribution profiles (inset of Figure 5.2.11(a)) of the surfactant solution at different time 

intervals. The monolayer vesicles in 2 mM PEGDMS solution are thus found to be highly 

stable even after two months.  

The fluorescence anisotropy of DPH probe solubilized in the monolayer vesicle of 

PEGDMS was also monitored with increasing NaCl concentration to investigate whether 
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there is any effect of salt on the monolayer vesicles. The plot in Figure 5.2.11(b) shows 

quite increase of r value with the increase in [NaCl]. The increase of r value of DPH 

suggests that the monolayer membranes become more rigid with the increase in NaCl 

concentration. The size distribution histogram of 10 mM PEGDMS in the presence of 

200 mM NaCl has been depicted as inset in Figure 5.2.11(b). It can be observed that the 

size of the monolayer vesicles also increases in presence of NaCl. The increase of 

membrane rigidity and size of the monolayer vesicles can be attributed to the decrease in 

head-group repulsions which is slightly negatively charged in pH 7.0 buffer. 

 

 

 

 

 

 

 

 

Figure 5.2.11 Plots of (a) variation of turbidity of the vesicles with aging time in neutral 
pH at room temperature (inset: Size distribution histograms of 2 mM PEGDMS after 60 
days of sample preparation) (b) variation of anisotropy (r) of DPH versus NaCl 
concentration (mM) using 10 mM PEGDMS solution at 25 oC (inset: size distribution 
histogram of 10 mM PEGDMS in the presence of 200 mM NaCl). 

 

5.2.10 Summary 

In summary, a novel zwitterionic bolaamphiphile with PEG as spacer has been developed 

and characterized. The surface activity and the solution behavior of the amphiphiles were 

investigated in pH 7.0 at 25 oC. The results of various experiments suggest spontaneous 
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0 10 20 30 40 50 60
0

2

4

6

8

10

12

10 100 1000
0

5

10

15

20

25

30

 

 

V
ol

um
e 

(%
)

d
h
 (nm)

 

 

T
u

rb
id

ity
 (τ

)

Time (day)

(a)

0 50 100 150 200
0.17

0.18

0.19

0.20

0.21

0.22

0.23

10 100 1000
0

2

4

6

8

10

12

14

 

 
V

ol
um

e 
(%

)

d
h
 (nm)

 

 

A
n

is
ot

ro
py

 (r
)

[NaCl] (mM)

(b)



                                            Monolayer Vesicle Forming Bolaamphiphile 
 

205 

 

temperature. The thermodynamic parameters suggest that the driving force behind the 

aggregate formation is the hydrophobic interaction among the PEG chains. Since the 

zwitterionic head group of PEGDMS contains charged sulfobetaine groups, the stability 

of the vesicles was observed to be independent of pH. The monolayer vesicles were 

found to be sufficiently stable under physiological conditions for a longer period of time.  
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6.1 Conclusions 

The work presented in this dissertation was focused on development of biocompatible 

amphiphilic molecules having PEG of different chain lengths as tail(s) (or spacer) 

covalently linked with anionic or zwitterionic group(s) as head. One of the objectives of 

this work was to demonstrate that though low-molecular-weight PEG chain is hydrophilic 

in nature, it could behave as a hydrophobic tail when covalently attached to an ionic head 

group. Therefore, a series of molecules with an ionic (anionic or zwitterionic) head 

covalently attached to a single or double PEG chains of different lengths was synthesized 

and characterized for the first time in the literature. Two novel bolaamphiphiles with 

zwitterionic head groups linked by a PEG spacer were also developed in this work. A 

comparison of the self-assembly properties of the amphiphiles has been made in Table 

6.1. 

The solution behavior of these molecules suggests that they are less surface active 

in comparison to their corresponding hydrocarbon chain analogues which means these 

molecules are amphiphilic in nature. Despite having so-called polar PEG chain(s) these 

molecules also self-assemble spontaneously in aqueous solution at room temperature 

above a very low critical concentration. The self-assembly formation is driven by the 

positive entropy change in the system and hence hydrophobic effect. This behavior is 

similar to those of conventional hydrocarbon chain surfactants. In other words, the PEG 

chain behaves like a hydrocarbon tail. It is important to note that amphiphiles with 

zwitterionic head group(s) formed small unilamellar vesicles (SUVs) irrespective of PEG 

chain length, but the sulfonate amphiphile with long PEG tail, due to the helicity of 

longer PEG chain in water, formed small micelles. In contrast, the double PEG-tailed 

sulfonate amphiphiles formed unilamellar vesicles irrespective of PEG chain length. In 

all the single and double PEG-tailed amphiphiles, the bilayer membrane of vesicles or 

core of micelles is constituted by the PEG chains. The bilayer membrane and the micellar 

core are less polar and more viscous. But the micropolarity of the bilayer membrane is 

slightly greater than those constituted by hydrocarbon chains of conventional 
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amphiphiles. Thus these vesicular (or micellar) aggregates can solubilize molecules of 

moderate polarity and hence can find applications in drug delivery. 

Further, this is the first time, two novel bolaamphiphiles constituted by so-called 

polar PEG chain as spacer and L-cysteine or sulfobetaine as zwitterionic head groups 

(PEGDPC and PEGDMS) have been developed. Both types of bolaforms have been 

shown to be moderately surface active, showing their amphiphilic character.   Both types 

of bolaforms form monolayer vesicles in water at room temperature. The PEG spacer 

constitutes the monolayer and hence the monolayer is slightly more polar than in the 

cases of bolaforms containing hydrocarbon chain as spacer.  

Interestingly, when a PEG as well as a hydrocarbon chain (or cholesterol moiety) 

is attached to the same anionic group, the resulting molecule (CPOLE, CPMYS, CPCF3, 

and CPCF11) behaves like a conventional surfactant and the PEG chain acts as the head 

group. Unlike conventional surfactants, these carboxylate surfactants produced bilayer 

vesicles in water at low concentrations (above the cmc value), but they exhibit vesicle-to-

micelle transition in concentrated solution. However, as in the case of hydrocarbon 

surfactants, the vesicle bilayer is constituted by the hydrocarbon chains or cholesterol 

moieties. The PEG chains oriented toward the surface not only impart stability to 

vesicles, but also act as stealth to be less recognized by the blood components and 

thereby increasing the lifetime of vesicles in the body circulation. 

The sulfonate amphiphiles with two PEG tails exhibit NaCl and L-lysine-induced 

vesicle-to-tube and vesicle-to-micelle transition, respectively, at room temperature which 

can be exploited in drug delivery applications. It is important to note that none of these 

amphiphiles exhibit clouding phenomenon even at a temperature as high as 80 oC. In fact, 

the aggregates formed in room temperature were observed to be stable at the 

physiological temperature. In contrast, the carboxylate amphiphiles containing both PEG 

and hydrocarbon (or cholesterol) chains exhibit clouding of the solution of pH <3 at a 

temperature sufficiently above physiological temperature. Thus, the vesicles or micelles 

being sufficiently small (200-300 nm) and stable under physiological conditions can be 

used as injectable drug delivery systems. On the other hand, the vesicles of zwitterionic 

single-chain amphiphiles and bolaamphiphiles (mPEG300-Cys and PEGDPC) containing 



Conclusions and Scope for Future Studies 

213 

 

L-cysteine as head group(s) which exhibit pH-responsive behavior can find applications 

as pH-triggered drug release vehicles.  

 

Table 6.1 A comparison of different properties, for example, surface activity (pC20), 
critical micelle concentration (cmc), microviscosity (ηm), micropolarity index (I1/I3), 
mean hydrodynamic diameter (dh) and morphology of aggregates of the amphiphiles in 
pH 7.0 buffer at 25 oC. 

* ULV = unilamellar vesicles 

 

 

6.2 Contributions 

� A series of novel amphiphilic molecules with striking properties have been 

developed. 

� PEG molecule acting as tail of the amphiphiles has been reported for the first 

time. 

Amphiphile pC20 cmc (mM) ηm (mPa s) (I1/I3) dh (nm) Morphology 

mPEG300-Cys 2.28 1.0 ± 0.07 65 1.56 ~50, ~250 ULV* 

mPEG1100-Cys 2.36 0.2 ± 0.03 79 1.46 ~50, ~250 ULV 

PEGS1 2.30 2.0 ± 0.1 46 1.61 ~300 ULV 

PEGS2 2.42 0.86 ± 0.11 22 1.56 ~5 Micelles 

DPEGS1 - 0.15 ± 0.02 48 1.65 ~50, ~400 ULV 

DPEGS2 - 0.07 ± 0.03 39 1.70 ~250 ULV 

CPOLE 5.25 0.01, 0.11 22 1.02 ~5 Spherical 
micelles 

CPMYS 4.84 0.03, 0.16 26 1.02 ~10 Disk-like 
micelles 

       CPCF3 4.45 0.002 540 0.93 ~250 ULV 

CPCF11 4.67 0.005 485 1.00 ~300 ULV 

PEGDPC 2.3 0.6 70 1.38 ~300 Monolayer 
vesicles 

PEGDMS 2.4 0.52 49 1.36 ~180 Monolayer 
vesicles 
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� Spontaneous unilamellar stable vesicle formation by the single as well as double 

PEG-tailed amphiphiles without any external stimuli has been reported for the 

first time. 

� It has been demonstrated when both PEG and hydrocarbon chain (or cholesterol) 

are covalently linked with L-cysteine head group, the resulting amphiphiles 

behave like conventional surfactant. 

� Zwitterionic bolaamphiphiles containing low-molecular-weight PEG as spacer 

chain have been reported for the first time. 

� Also spontaneous formation of monolayer vesicles by the bolaamphphiles has 

been demonstrated. 

� The results of this work have shown that the small unilamellar vesicles (SUVs) 

can be used for encapsulation and release of hydrophobic as well as moderately 

polar drugs in drug delivery applications. 

 

6.3  Scope for future studies 

The present work can be further extended to develop a large number of biocompatible 

amphiphiles by conjugating PEG with different amino acids, especially with pH-sensitive 

functionality.  The gemini surfactants constituting of two PEG tails and two ionic or 

zwitterionic heads can also be synthesized and a comparison of their solution behavior 

with those of conventional gemini surfactants can be made. Further, it would be 

interesting to investigate the interactions of these PEG based amphiphiles with oppositely 

charged conventional surfactants in solution. The present investigation could also be 

extended to molecular modeling to understand the self-assembly processes of these 

amphiphiles in water.  A detailed in vitro and in vivo evaluation of drug-loaded vesicles 

produced by these amphiphiles is also required. Applications of PEG based 

nanostructures in developing products for daily-use should be studied. 
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