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Overview of the Thesis

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 aso 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 conventiona 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
"H-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 conventiona 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 applicationsin drug delivery.

Keywords: Amphiphiles, poly(ethylene glycol), bolaamphiphiles, vesicles, calorimetry,
fluorescence, microscopy
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Chapter 1

I ntroduction

1.1 What are amphiphiles?

Amphiphilic molecules are generally composed ofoagl hydrophobic tail and a
hydrophilic head. The amphiphilic molecules uposagtion at the air/water interface
reduce surface tensiop) (of water and behave like surface-active agenteeSsurfactant
molecules consist of both hydrophilic (water-loiramd lipophiliic (fat-loving) groups,
they are often termed as amphiphiles. When an ghpéiis dissolved in water, the
hydrophobic tail causes disruption of water streetihereby increasing the overall free
energy of the system. In order to avoid such unfave interactions the amphiphilic
molecules preferentially adsorb at the air/wateterface. But above a critical
concentration the amphiphiles prefer to undergbasdembly formation which results in
a net decrease in free energy of the system a®kewrhus, molecular self-assembly is a
spontaneous organization of molecules driven byaealent forces such as hydrophobic
effect, van der Waals, dipole-dipole, electrostatid hydrogen-bonding interactions. The
self-assembly is also well identified in biologicgystems such as lipid bilayer, DNA
duplex, tertiary and quaternary structure of prigei The spontaneous aggregate
formation by amphiphilic molecules in solution intarger structures is also very
important in our daily life as well as in bio-medi@nd drug delivery applications. There
has been extensive fundamental and applied resabatlt the properties of amphiphilic
molecules in aqueous solution because of their spidead applications in chemistry,
biochemistry, pharmaceuticals, petroleum recovedgtergents, cosmetics, paints,
coatings, photographic films, mineral processirmmpdf science, and also in drug design

and drug delivery [1-3].

1.1.1 Classification of amphiphiles

Cartoon structure of different types of amphiphhes been featured Figure 1.1.1. The

classification of amphiphiles is done mainly basedthe nature of the polar head group
(or hydrophile). The head group may be anionic.{egrboxylate (-COO ), sulfonate
(-SG; ), sulfate (-0OS©), or phosphate (-ORO)), cationic (e.g., quaternary

1



I ntroduction

ammonium (-NR") group, or salt of amine (-NfJ)) or nonionic (e.g., polyoxyethylene
(POE), sugar or other polyol groups) and accorgirtige amphiphiles are classified as
anionic, cationic or nonionic. There are also ampbhic molecules that contain both
anionic and cationic centers at the head group . (esulfobetaines
(-N*(CH3),CH,CH,S0; ), long-chain amino acids (RML,CH,COO ), imidazoline
derivatives, etc.) and have been referred to aterwainic surfactants. On the other hand,
the hydrophobic group is generally a long saturatedinsaturated hydrocarbon chain
(Ce-Cy2), a branched alkyl chain §€,;), an alkyl aromatic group, a high-molecular-
weight poly(propylene oxide) chain (-O(-CH(@EH,0),), long-chain fluoroalkyl group
(CR(CR)n-), a polysiloxane group (-GKOSI(CHs).0)s-), derivatives of natural or
synthetic polymers, etc. However, recently, newdtires have also been taken into
consideration for enhanced surface and aggregdimmavior of surfactants [4-7].
Surfactants can also have two or three tails atth¢b a polar head and are called as
double or triple-chain surfactants. Surfactantsir@vwwo hydrophilic heads and two
hydrophobic tails linked by a short spacer at arrtbe head groups are referred to as
“gemini” surfactants. Further, surfactants can dlage two head groups (both anionic,
both cationic or one anionic and the other catipjoted by one hydrophobic spacer.
These types of molecules are termed as “bolaamiésgdhor “bolaforms”. Solution
behavior of amphiphilic molecules depends on bbth hydrophobic spacer and the

nature of hydrophilic head group(s).

Hydrophilic head

Hydrophobic tail

@) () © (@ (e) ® @

Figure 1.1.1 Cartoon presentation of (a) cationic, (b) anionfc) nonionic, (d)

zwitterionic, (e) double tailed, (f) gemini, angd (@plaamphiphiles.
2
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1.1.2 Surface activity of amphiphiles

Surface activity is an essential property of an laipiglic molecule, which is measured
by its ability to reduce surface tension of wate2%°C (y = 71.99+0.05 mNmt). It has
been observed that with the addition of surfactantvater a monolayer is formed at
air/water interface leading to a decreasg walue of water. With increasing surfactant
concentration the value continues to decrease until the air/watégriace becomes
saturated with surfactant molecules. With furthmeréase of surfactant concentration the
y value remains unaltered and the surfactant mascstiart to self-assemble in the bulk
water phase to form aggregates like micelles, lessietc. The critical concentration of
surfactant above which micelle formation start®¢our is referred to as critical micelle
concentrationgmc) or in general, critical aggregation concentrafjcac). The efficiency
of a surfactant to redugevalue of water is generally determined byp@alue (negative
logarithm of the concentration (C) required to re®ly by 20 units). Surfactants with
higher hydrophobic tail exhibit greater surfaceivdist and hence have higher pC

values.

The surface activity can also be measured in tefrsarface excess concentration
(Tmay that is, the maximum number of surfactant molesudsorbed per unit area of

air/water interface and can be obtained from Gautsorption equation [8]:
I'max= — (1hRT)(dy/dInC) (1.1)

wheren is the number of molecular species. Higher valu€.,@x means higher surface
activity. The adsorption efficiency of an amphiphinolecule, however, depends on the
effective cross-sectional ared,) of the polar head group. Whek, is small more
amphiphiles can be accommodated in the interfacehwvimeansl' max value will be

higher.A,can be successfully calculated from the Gibbs gudior isotherm:

Ao = 1/(Nal'max) (1.2)
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where N, is Avogadro’s number. Thus, amphiphiles with sm@&ll value and long
hydrophobic tail will have higher surface activiby in other words, will have greater

tendency to self-assemble in water to produceltigi#cked aggregates.

1.1.3 Self-assembly formation by amphiphiles

As already mentioned, molecular self-assembly is #pontaneous and reversible
arrangement of molecules to higher order struatungattern by some local non-covalent
or weak interactions (e.g. hydrophobic, van der M/aa-=, electrostatic, hydrogen-
bonding or metal coordination). Among these, hytigipc effect plays a predominant
role in molecular self-assembly formatioHydrophobic effect is mainly related to
hydrophobic hydration, hydrophobic interactions aggieous cohesiveness [9-1Phe
hydrophobic tail(s) of the surfactant monomer is/Being highly hydrated in aqueous
solution involves increased hydrogen bond inteoasti During aggregation the van der
Waals interaction between the hydrophobic tailsegia considerable decrease in the
hydrophobic hydration. The consequent breakinchefextra hydrogen bonds results in
an unfavorable enthalpy effecki| >0), which is compensated by a large entropy gain
(AS >0) due to increased freedom of the water modsculhis favorable entropy effect
also compensates for two smaller effects: the pytlass for the tails themselves and the
enthalpy increase due to head group repulsioncegpein the case of ionic surfactants.
However, the binding of counter ions also relieveis repulsion by decreasing the
overall surface charge.

1.1.4 Thermodynamics of self-assembly formation

In order to evaluate the spontaneity of self-asdgiidomation study of thermodynamics
of the self-assembly process has become an impaootgactive. Thermodynamics of
self-assembly (micelle/vesicle) formation in wait@rolves mainly three thermodynamic
parameters, enthalpy change of micellizatiadH ), entropy change of micellization
(ASy), free energy change of micellizationG,). There are a number of methods
including surface tension (ST) measurement andhésotal titration calorimetry (ITC) to
determine the thermodynamic parameters. Howeveg, ultimate requirement of

4
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spontaneous self-assembly formation is the deciadsee energyAGn, < 0). According
to the pseudo-phase separation model [13,14],ABg can be calculated from the

following [15]:

AGm = (1 +B) RT In(Xemo) (1.3)

where X.mc IS the mole fraction of the surfactant at ttrec and p is the degree of
counterion association to micelle. The latter can dalculated from the degree of
ionization of counteriong (f = 1 —a), obtained from the conductivity measurement. On

the other hand\S,, can be obtained from the equation:

AGm = AHm— TASH (1.4)

Thus,AGy, is a consequence of the change in enthalpi], and entropyAS;,) of the
system. In most of the thermodynamic calculatignisas been found that for adsorption
and micellization the positive entropy changé&y > 0) is the major contributor to the
negative values of thaG, [2, 3]. TheAH,, of micellization, on the other hand, can be
positive or negative, depending on the nature efaimphiphile and physical parameters
like temperature, concentration and pH of the smhutDuring self-assembly formation
the disturbance in water structure by the amphaghihduces increase in entropy of the
system as a whole. Therefore, the hydrophobicactems which arise from the increase
in entropy of the system induce aggregate formadiioth growth of aggregates to larger

size.
1.2 Self-assembled structures of the amphiphilesin water

Amphiphilic molecules start to self-assemble ineapus solution above a concentration

equal tocmc [1-3]. Extensive research on the structure-prgpesfationship reveals that

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

amphiphile, (ii) the length of the hydrophobic t4ili) geometric and packing constraints

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

solution, (v) nature of counterion (for ionic swfants), (vi) temperature of the solution,
5
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and (vii) the concentration of electrolyte (in tb@se of ionic surfactants) [4]. Kunitake
and co-workers examined over 60 amphiphles to ifyereiationships between aggregate
morphology and structure of amphiphile [16]. Thegagnized that the flexible tail, rigid

segment, and hydrophilic head group were the asseslements for stable self-
assemblies.

?ia’

S
e
-

(;;m

%C_,
-mﬁ-

Figure 1.2.1 Shapes of different types of self-assemblies ireaga solution (a) spherical
micelle (b) disk (c) rod (d) vesicle (e) planaraly#r (f) twisted (or helical) ribbon and (g)
tube.

Micelles are the simplest and most extensivelyistudhicrostructure among the
various aggregates that are formed in aqueous i@wdut Micelles are generally
considered as dynamic aggregate of around 30-2Qghiaiiles to a small spherical
structure with hydrodynamic diameter2l (wherel is the extended length of surfactant
tail). The interior of a micelle is made up of hgghobic tail, while the surface consisted
of the polar head groups. Thus, the microenvirortnoérthe interior rigid hydrophobic

core of micelles differs from the polar hydrophisarface [17]. Although, theoretically
6
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the most proposed structure for micelle is thataosphere, but the more commonly
encountered shapes of micelle are elongated, kiskrbd-like and worm-like structures.
Indeed, depending on the shape and size of theostiactures formed by amphiphilic
molecules they are called as spherical, and rosk; dnd worm-like micelles, planar and
flexible bilayer, tubules, ribbons, monolayer andltitayer vesicles, etc. (sefeigure
1.2.1).

1.2.1 Geometric factorsinfluencing the shape of the aggregates

The types of the aggregates formed in aqueousi@olaan be predicted by calculating
critical packing parameter (CPP) or shape factyr ABcording to Israelachvili, the CPP
of an amphiphile is given by P\ | A,, where Ay’ is the surface area of the head group
when the amphiphilic molecules are packed so amaximize the attractive forces and
minimize the repulsive forcesy'‘is the volume of the hydrophobic tail and critichain
length 1" is the maximum effective length the tail can ameu[18-20]. The model
predicts formation of spherical micelles for P 8,1dylindrical micelles for 1/3 <P < 1/2,
vesicles or flexible bilayer for 1/2 < P < 1. Oretbther hand, in nonaqueous medium,

inverted micelles are formed when P > 1.

Thus, according to Israelachvili usually cone-stidapmphiphilic molecules with
large polar head group (high&s value) tend to form micelles in water. In otherrds
single-tail amphiphiles form spherical micelles. tBa other hand, truncated cone-shaped
amphiphiles with small head group (lowAs value) and /or large hydrocarbon talil
(higher v value) tend to form vesicles [21-23]. Cylindriqallecules, however, form
planar bilayer (lamellar) structures in water. Thigeans amphiphiles with double
hydrocarbon tails and one head form vesicles. BHtusture of the aggregate could be
changed by varying the length of the tail or flégibnker, or both.

1.2.2 Vesicles

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

of bilayer vesicles. Vesicles also called liposonas the most versatile and most useful
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self-assembly. They generally consist of alterrgatayers of lipid or surfactant bilayers
separated by aqueous compartments arranged inxapgately concentric circles [24].
That is vesicles have two distinct domains onehés ttydrophobic membrane and the
other is the interior aqueous cavity.

Vesicles can be of different types. The vesiclempased of alternating circular
layers of lipid or surfactant bilayers and sepatat®yy aqueous layers are called
multilamellar vesicle (MLVs), whereas those coregstof single circular bilayer
assembly are termed as unilamellar vesicles (ULV&e different types of vesicles
which are generally formed by the amphiphiles iuesmys solution are depicted in
Figure 1.2.2. The ULVs may also be of different sizes. ULVsdadmeter in the range of
20-100 nm are generally named as small unilameé#aicles (SUVs). ULVs of diameter
in between 100-1000 nm are named as large unilamedkicles (LUVs), whereas ULVs
of diameter greater than 1000 nm generally calkediant unilamellar vesicles (GUVS).
Thus, the structural difference of the micelles aadicles are prominent. Generally the
surface of micelles is a lipid monolayer, while theface of liposomes is a lipid bilayer
(monolayer) and the inner core of micelles is cosgooof hydrocarbon chains, while the
inner core of vesicles is consisted of aqueous .pbbtelles can only solubilize
hydrophobic molecules while vesicles can encapsulaydrophilic as well as
hydrophobic molecules (drugs). In dilute lipid doda mainly ULVs dominate.
However, at very high concentrations transformafimm ULVs to MLVs or planner
bilayer is observed [25]. MLVs are widely used nugl delivery but the disadvantage of
using MLVs is their heterogeneous size distributidowever, there are various methods
of preparation of vesicles of different kind regattin the literature [26]. Another kind of
vesicular body named as multi vesicular vesicle {ii\has also been found in many
biological systems. It is a multistructural objectivhich a number of smaller vesicles are
entrapped within the aqueous interior of a largesicle. MVV plays important role in

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

Vesicles are also significantly thermodynamicatbbde and their lifetimes can be
from a few days to several months. In most of #&es, it involves some external stimuli
to formulate and stabilize the vesicles [29]. Thame spontaneous and stable vesicle
formation without any external stimuli in aqueowtusion has attracted much attention
recent time. In most of the cases, spontaneousclgesormation was found in
“catanionic” mixtures or in case of double-tailagifactants. The well-known examples
of double-tailed surfactants are phospholipids WHarm liposomes (vesicles) in water
[30]. There are also a number of reports which wlesosesicle formation by synthetic,
double-tailed surfactants [31-33]. In 1977, Kundéa®t al. reported vesicle formation by
tetraalkylammonium salts with two long alkyl resedusimilar to those of phospholipids
[34]. Di-dodecyl dimethylammonium bromide (DDAB)sal forms vesicles which is the
first example of a synthetic bilayer membrane [3Bhattacharya et al. also have
developed vesicle-forming double-tailed cationiafattants [36, 37]. The gemini
surfactants consisting of two hydrophobic and twadrbphilic groups have also been

observed to form vesicles spontaneously [38-41].

Similarly, bolaamphiphiles composed of two polaradhegroups joined by
hydrophobic spacer chain are getting increasedtaiteas building blocks for structures,
such as monolayer membranes and vesicles [42-56hitéke et al. first reported
monolayer membrane formation by bolaamphiphile§.[Bharadwaj et al. have reported

the spontaneous formation of vesicles by cryptaaged bolaamphiphiles [S6[akakura
9
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et al. developed new class of bolaamphiphiles whaimed self-reproducing giant

vesicles [57].

On the other hand, single-tailed surfactants, adipted by Israelichville, tend to
form micelles in water. However, single-tailed sathnts whose conformation has been
restricted by incorporation of rigid segments (ebgphenyl unit, azobenzene unit,
diphenyl azomethine unit, etc.) or by intermoleculateractions, usually form stable
bilayer aggregates [58-72]. For a spontaneousaretsible vesicle formation by single-
tailed surfactants can be induced by tuning of packarameter by some physical
factor(s), such as variation in solution pH, changetemperature and addition of
additives. With the variation of pH and ionic stgém of the solution, head group area of
the amphiphile also varies. Introduction of an &leccharge generally increases the
average curvature and facilitates the formationesficles from lamellar phase. Dey and
coworkers have developed a number of vesicle-fognamino acid based single-tailed
amphiphiles and have extensively studied their eggion behavior in aqueous solution
[73-76].

1.3 Applications of surfactants

Surfactants are widely used in our daily-life inigas ways. We are greatly dependent to
surfactant from the very early morning to the laight. Surfactants are mostly used in
personal care products like detergents, shampamapss body spray, body lotion,
perfume, and also in all kind of cosmeti§®ame of such examples are gathereigure
1.3.1. Now-a-days, extensive fundamental research dacant self-assemblies is going
on for the enhanced role of surfactants in biockami polymer chemistry,
pharmaceuticals, food science, cosmetics and parsare products, mineral processing,
petroleum recovery, textiles, leather, paper, gaiahd coating industries [77-79].
Micellar aggregates are widely employed to solabilhydrophobic drugs and water-
insoluble materials into solvent system [80]. Ore tbther hand, vesicles that are
structurally similar to biomembranes have the higlapacity to encapsulate both polar
and non polar drugs in comparison to other aggesgat amphiphilic molecules. Thus,
vesicles have become the most promising and demgnaihicles for drug and gene
10
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delivery [81]. Vesicles have been observed to lemiost promising model system for
investigating basic biological phenomena, like meank fusion [82], ion channelling

[83], photosynthetic processes [84], and protordigrat formation [85]. They are also
widely used in waste water treatment [86], and ssjman of biomolecules [87, 88]. Some
vesicle-forming amino acid-derived surfactants alsow sufficient antimicrobial activity

towards gram-positive bacteria and some fungi 8, Gemini surfactants are widely
used in enhanced oil recovery, for solublizationhgfirophobic drugs, and in personal
care products [89-91]. Bolaamphiphiles have alsdegpread applications in drug
delivery and gene therapy to design vesicular systdydrogels, and micellar systems.
Hydrogel forming bolaamphiphiles were found as ieasr for vitamin C and vitamin

B12. Monolayer vesicles obtained from bolaamphgshihave been found to be more
efficient over phospholipid based vesicles in saases. Grinsberg &t al has reported

vernonia oil-based bolaamphiphiles capable of fagniesicles that can be enzymatically
disrupted by acetylcholine esterases [34, 39]. @hgpes of vesicles were found to
possess potential of site specific delivery withcajesulation taking place at
enzymatically active anatomical region. Monolayesicles were found be more stable

and cell membrane permeable due to lesser fusienallipid exchange in comparison to

liposomes.
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in daily life

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 detésgecosmetics, pharmaceutical
industries, laboratories and other fields, it beesrimportant to reduce the toxic effects
of the surfactants on humans as well as on ther@mment. That is why, the
biodegradability and biocompatibility of the sutf@ats used in various products have
become very important. Nowadays, the surfactantstrhave properties of not only
detergency and foaming power but also mildness @adegradability. Consequently,
new compounds, analogs of natural products, haea bgnthesized and their physical,
chemical and biological properties have been stuf-102]. Many methods have also
been developed for designing and formulation ofeheurfactants that are biodegradable
and yield the desired effect with the least toyi¢it03]. Rosen [104] and Swisher [105]
have shown that biodegradability of surfactantsniyadepends on the nature of the
hydrophobic group, whereas the hydrophilic grougygla minor role. It has been found
that the linear and single hydrocarbon chain cairgi surfactants are more
biodegradable than the branched and multi-chaifastants. Particularly, amino acid-
derived surfactants are well known to be mild, moitating to human skin and highly

biodegradable and hence are currently used aggdetsr foaming agents and shampoos.

On the other hand, biocompatible amphiphiles heermhost demanding in these
days because the self-assemblies obtained frombitbeompatible amphiphiles are
proved to be the promising candidate for wider @pgibns in biological and
phatmaceutical applications [106]. Therefore, itdmes a challenge to the researchers to
develop biocompatible, mild and less toxic ampHiphnolecules. For this, in the last
few years, many novel amphiphilic molecules beargagbohydrates, amino acids,
alkylglucosides, acylglucosamines, chitosan, lipore acid, peptides and of other small
biomolecules like bile salts, choline, carnitingreids, urea etc. have been developed
[107-121]. These molecules have been found to beobipatible and biodegradable in
nature and hence are suitable for biochemical egdns. To further ensure the
biocompatibility, poly(ethylene glycol) (PEG) molde has been incorporated into the

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

PEG, (HO-[CH-CH,~O-}-CH,~CH,—OH), is the most versatile and the most used
polymer in the emerging field of drug delivery [2230]. PEG is considered to be a
hydrophilic polymer consisting of a repeating wfit-(O—CH—CH,)— and is synthesized
from ethylene oxide in a wide range of moleculaights. Since PEG is highly water
soluble at room temperature, it is considered t@ lbgydrophilic polymer. On the other
hand, poly-(propylene oxide), —[CH(GHCH~O-}—, having a methyl (—CHi
substitution is hydrophobic and is insoluble in evatinterestingly, poly(methylene
oxide), -[CH—~ O-}— having one methylene group (-&Hess is also hydrophobic.
However, PEG also possesses some hydrophobic traracfact, PEG shows excellent
solubility in different organic solvents such asgcetne, methanol, ethanol,
tetrahydrofuran (THF), toluene, chloroform, andestichlorinated solvents etc. [131].
PEG was also found to have good solubility everhydrocarbons liken-pentane n-
hexane,n-octane,n-decane etc [132]. Thus, PEG is a very good contlbbmaof both
hydrophilic and hydrophobic properties. This isisirated by its adsorption at the air-
water interface forming a thin monolayer, whichaiproperty of amphiphilic molecules
that have distinct hydrophilic and hydrophobic osg. Furthermore, the hydrophobic
force was found to be the driving force for thetidit aggregation behavior of the PEG-

conjugated molecules at elevated temperatures.

It is believed that the increase wans-gauch-trans (tgt) conformer of PEG in
water is the main reason of its higher solubilitynater. A number of reports describing
the conformational behavior of PEG in water andaarg solvents can be found in
literature. The preferred conformations around @eC and C-O bond of PEG in
agueous solutions were examined using several itpatm like, X-ray (1964), NMR
(1965) and IR spectroscof¥969) [133-136]. All the techniques suggest thBGPIn
aqueous solution preferentially adopts titeconformation i ans-gauch-trans). In 1969,
Blandamer et al., on the basis of the distancesd®sst oxygen atoms in thegt conformer
of PEG, demonstrated that PEG molecules form hysrdgpnd (H-bond) with the

surrounding water molecules in aqueous solutio®][1Bhis indeed implies good fitting
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of the tgt conformer into the H-bonded networks in the aqgesalution and thus the
high solubility of PEG in water. Results of Ramaea&roscopic and molecular dynamics
(MD) studies also implied that PEG in aqueous smtuforms helical structure because
of thetgt conformation in the EO-C-C-0O-C segmen{437, 138].

1.5.1 Uses of PEG

Potential applications of PEG in modern medicatlweglth care and in our daily life are
summarized in Figure 1.5.1. PEG is an essentidly dansumer product, and an
omnipresent in our everyday life. PEG when attachid hydrophobic units, like oleic
acid or others, acts as nonionic surfactant, wicfound to be surface-active, skin-
conditioning agents, viscosity-increasing agent &teese type of non-ionic surfactants
have wide applications in all kinds of cosmeticsluning toothpaste, cleansing agents,

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

On the other hand, high solubility in both poladaron-polar solvents and less
intrinsic toxicity makes PEG ideal for biologicgb@ications. PEG is very essential in
medicinal field. It is utilized in blood and orgastorage. It mainly minimizes the
aggregation of red blood cells and enhances thedblmompatibility of poly(vinyl
chloride) bags [142-144]. Multi-arm PEG derivativaee widely used in the formation of
hydrogels for controlled release of therapeutios,uise in medical devices, regenerative
medicine, and also in other applications such dsco#ure, wound healing etc [145-
159].

Furthermore, PEG is widely employed in pharmacaugapplications behaving as
an excipient for parenteral, nasal, ocular, andcadpmportance. In laxatives, PEG is
employed as the active principal. When PEG is h#dcwith hydrophobic drugs or
carriers the solubility of the drugs or carriersaalincreases in water. Thus, the
aggregation of the drugs in vivo is hindered resglhigh physical and thermal stability
of the drugs in body system. The PEGylation (theatmt attachment of a PEG
derivative onto molecules) of drug carriers notyoinkcreases its agueous solubility and
makes its renal clearance faster, but also reditsesnzymatic degradation and

elimination and opsonization by the reticular ehedtl system (RES) [160-176]. Davies
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and Abuchowski first reported PEGylation in 19760 dbumin and catalase modification
[177,178]. Indeed, binding of drug conjugates WREG result in prolonged blood
circulation time [179-181]. Thus PEGylation hasighhimpact to drug development and
drug delivery [182-186]. Consequently, PEG derwegiare frequently employed for the
PEGylation of peptides [187-189], proteins [190J1%Imall molecules like mannose,
prodrugs [192], oligo nucleotides [193], cells [],94anoparticles and virus particles
[195-200]. It should be mentioned here that allypwr-based stealth drug-delivery
systems that are available in market up to nowainrREG-containing compounds.

Hydrophilic and
biocompatible

Cosmetics and
daily uses

Inexpensive and _

easily available

Stealth behavior

Prolonged blood
circulation time

Enhanced permeability

Approved by FDA
and retention effect

Targeted drug
delivery

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

1.5.2 PEG chain-containing amphiphiles

Since PEG is hydrophilic in nature, it is traditadiy coupled with hydrophobic moieties
to develop nonionic surfactants. There are a nuraberell-known nonionic surfactants,
such as Tween-20, Triton-X-100, etc., in which P&ts as a polar head group. New

sterically stabilized vesicles were obtained byjegating PEG with cholesterdturther,
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Lee et al. reported the synthesis and thermal ptiegeof Triton X-based surfactants
modified with carboxylic acids [201]. Numerous rego are there describing
development and applications of novel nonionic attents having PEG as head [202-
209]. In 1989, Kabanov et al. first proposed PEGadsydrophilic part of linear block
copolymers for micellization [182]. PEG and polyfirecrylic acid)-containing
amphiphilic block copolymers have been developeatitarir self-assembly behavior has
been reported [204]. The PEG-containing block ceopelr micelles have been used as
drug-delivery carriers by Kwon and Kataoka [183]. raimber of micelle-forming
polymers containing PEG as polar head have beet fosedrug delivery applications.
Thus coupling of poly(lactic acid) with hydrophilREG was performed to enhance the
compatibility of the system with protein drugs [2B®1]. Custers et al. have reported that
modification of nonionic pluronic surfactants, Pp@ly(propylene glycol)-PEG, with
carboxylic acids at the terminal exhibits pH-depamtdphase separation and micellar
behavior for the purpose of the removal of meta and organics from waste water
[205].

1.6 Origin of thework and outline of the thesis

Inspired by the enormous effects of PEG in drugvde}, everyday products, and also in
industrial applications design and developmentropliphilic molecules in which PEG
chain replaces hydrocarbon tail was undertaken. 3dlability of PEG in organic
solvents and its behavior in water at elevated &atpres led this author to consider
PEG chain sufficiently hydrophobic. Thus, low-malir-weight PEG chain could act as
hydrophobic tail when covalently linked to a morelgs ionic head groups, such as
carboxylate (—COQ, sulfonate (-S@ ) etc. Therefore, considering the hydrophobicity
of PEG, it was coupled with more polar moietiesc@uple of recent reports from this
group, one on cationic and the other on anionicrapiples containing PEG tail showed
formation of self-assembled microstructures in wgdd2, 213]. Further, some recent
reports have also demonstrated vesicle formationabyew random copolymers
constituted by PEG chains and ionic monomers [2116]-Z2However, there are no reports

so far on low-molecular-weight amphiphiles with #esionic head group and PEG chain
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either as hydrophobic tail or spacer. Thereforethisa work, a detailed investigation is
undertaken to study aggregation behavior of thiw oéass of molecules in aqueous

solution in order to firmly establish the hydrophias well as hydrophobic nature of the
PEG chain.
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Chart 1.6.1 Chemical structures and abbreviated names of thesized amphiphiles.

Thus in the present work the amphiphilic charaofemolecules bearing PEG as

tail(s) and charged group(s) as head has been egdmConsequently, a series of
17
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biocompatible, PEG-based single-tailed, doublethil double-headed surfactants
including bolaforms have been designed and syr#eésirhe chemical structures and the
abbreviations of the synthesized molecules have beeumulated ifChart 1.6.1. The
aggregation behavior of the amphiphiles was therotighly studied in agqueous solution
by a number of techniques, including surface temsioorescence and 2D NOESH-
NMR spectroscopy, isothermal titration calorimetrgynamic light scattering,

transmission electron microscopy, and atomic fonggoscopy.

1.7 Objectives of thework

The following objectives were set to understandgéké-assembly behavior of this class
of molecules:

(a) To study surface activity of the molecules

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

answer questions, such as

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

(i) what are the shapes and sizes of the aggredateed in aqueous solution?

(iif) how stable the aggregates are with respedhtange of pH, temperature, aging time
and additive concentration?

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

(v) what is the spatial arrangement of the amplegtin the aggregates?

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

(vii) what happens when both hydrocarbon chainRIE® chains are covalently linked to
the same ionic head group?

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

cholesterol affect the self-assembly behavior?

(ixX) what happens when two PEG chains are linketiécssame ionic head group?

(x) what happens when the same ionic head grouipked at both ends of the PEG

chain?

(c) To demonstrate potential application of thesdecules in drug delivery
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Chapter 2

Materials and Methods

2.1 Materials

Poly(ethylene glycol) methyl ether methacrylate BE@Ry,, M, ~ 300 and mPEGo, My

~ 1100), poly(ethylene glycol) diacrylate (M 575), sodium-2-mercapto ethane sulfo-
nate (mesna, 98%), sodium-2,3-dimercaptoproparegté monohydrate (95%), oleoyl
chloride (99%), myristoyl chloride (99%), cholestechloroformate (99%) and choles-
terol (Chol,> 99%) were purchased from Sigma-Aldrich (Bangaldmdja). L-Cysteine
(> 99%) was procured from Lab Chem and used withaihér purification. 1,3-Propane
sultone (98%), 1,8-diazabicycloundec-7-ene (DBU%®8triethylamine (TEA, 98%),
sodium dihydrogen phosphate 99%), disodium monohydrogen phosphate99%),
phosphotungstic acid, sodium bicarbonate (99%)iusoatarbonate (99%), metallic so-
dium, sodium hydroxide (97%) and sodium chloride99%) were purchased from SRL
(Mumbai, India). Solvents such as methanol (MeQeétyahydrofuran (THF), chloroform
(CHCl), dichloromethane (DCM), dichloroethane (DCE),ykthcetate (EA), petroleum
ether (PE) andi-hexane were obtained from Merck (Mumbai, India)l. the solvents
were of analytical grade and were dried and destifiollowing typical procedures before
use. All deuterated solvents, such as GDOLO and CROD were purchased from
Cambridge Isotope Laboratories, Inc (CIL, India)illigore filter paper was obtained
from Merck, India. Milli Q water (18.2 2 cm) was obtained from a Millipore water pu-

rifier (Elix, Bangalore, India).

The fluorescent probes (s&&gure 2.1.1 for structures) pyrene (Py, 99%), N-
phenyl-1-naphthylamine (NPN, 98%), 1,6-diphenyl;3;8exatriene (DPH, 98%), cou-
marine-153 (C153, 98%), calcein (CAL, 99%), methgldlue (MB, 99%), curcuminX
95%) , and riboflavin (98%) were obtained from SsgAdrich (Bangalore, India) and
were purified by repeated recrystallization froragtol water mixtures. The purity of the

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

2.2 Synthesis of amphiphiles

40

2.2.1 Synthesis of L-cysteine conjugated mPEgrCys and mMPEG 100Cys

The single-chain zwitterionic amphiphiles were $gsized by the Michael addition reac-
tion of L-cysteine with poly(ethylene glycol) methgther methacrylate by thieéne
“click” chemistry according to the reported methidg?]. Briefly, mPEGu (2.1 g, 7
mmol) was reacted with L-cysteine (1.275 g, 10.5af)rm methanol at room tempera-
ture for 6 h in the presence of TEA. The producs whtained as white solid after evapo-
ration of the solvent. To remove unreacted materitle solid compound was dissolved
in water and then reprecipitated by adding dry @oet The compound was isolated as
white solid. The details of the chemical identifioas and the representativid-NMR
(Figure 2.2.7) and**C-NMR (Figure 2.2.9 spectra are presented below.
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TEA
HaNI_ 0 _CHs MeOH HOOC
ooZ SH+ /J’jﬁ e O MeOH T /\H\fo/\/}o CH,
' o R.T,6h H2N

n =4, mPEGysCys

n = 23, mMPEG;go-Cys

Scheme 2.2.Bynthetic scheme of mPE£Cys and mPEGesCys.

2.2.1.1 Chemical identification

MW: 421.16 (MPEGyrCys) and 1221.16 (mPEGsCys), State: white solid,
mp 170°C (MPEGr-Cys) and 236C (MPEG10sCys). Yield ~ 80%, f]p %° (1%, HO)
= +20,FTIR (KBr, cm™): The broad band centered at 3411 toorresponds to O-H
stretching for hydrogen-bonded COOH group. Absesfcgouble bond is confirmed by
absence of C-H stretching around 3000 trAbsence of the characteristic band of S-H
stretch around 2550 ¢inconfirms the absence of S-H. Strong peaks neat ti#8" and
1725 cm® show the presence of C=0 stretches of ester argic acid group, re-
spectively. The absorption peak at 674 tindicates the presence of C-S bomd-
NMR (CDClI3, 400 MHz): 6 (ppm) 1.254 (COCBHg, t, 3H), 2.868 (COOHCHH,, d,
2H), 3.043 (¥H,-CH, d, 2H), 3.203 (SC¥HCO, m, 1H), 3.381 (OH3;, s, 3H), 3.558
(CO-OCHCH,, t, 2H), 3.661 (long chain glycolicH, m, 18H for mPEGysCys and
104H for MPEGio¢Cys), 3.729 (OCH CH,CHy, t, 2H), 3.795(NHCHCH,, t, 1H),
4.351 (CO-@H2-CH,, dd, 2H)."*C-NMR (D20, 1% DMSO, 400 MHz): 5 (ppm) 175.1
(COOCH,), 170.2 COO-), 68.7, 67.3, 66.1, 61.5 (eth€H,), 55.7 (QCH3), 51.4(NCH
CH,) 37.7 (SCHCH), 32.2 (£H, CH), 30.3 (£H, CH,NH,), 13.9 CHs). **C-NMR
(CDCl3, 400 MHz): & (ppm) 175.08 COOCH,), 172.3 COOH), 71.8, 70.4, 69.0, 63.7
(etherCHy), 59.7 OCHs), 53.4(NCHCH,) 40.0 (SCHCH), 35.2 (¥£H,CH), 33.4 (£H;
CHyNHy), 16.9 CHs). CHNS Analysis Calcd (%) for GeH3iNOsS; C: 45.58, H: 7.59,
N: 3.32; Found (%): C: 45.74, H: 8.03, N: 3.02.
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Figure 2.2.2°C-NMR spectrum of mPE4g:Cys in CDC}solvent.
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2.2.2 Synthesis of mesna conjugated poly(ethylenk@pl) methyl ether methacrylate
(PEGS1 and PEGS?2)

The compounds PEGSiInd PEGS2 were synthesized by the same procedsceiluksl

above [1, 2]The anionic surfactants were synthesized accorttintpe Scheme 2.2.2



Materials and Methods

Briefly mMPEGoqo (1.06 g, 3.53 mM) and mesna (0.5 g, 3.53 mmol) stesed in metha-
nol in the presence of TEA (1.0 eq) at room temipeeafor 6 h. The compound was ob-
tained as a viscous colorless liquid for PEGS1 ad white solid for PEGS2 after eva-
poration of the solvent and was purified by colu@h,Os) chromatography using 5:1
(v/v) ethyl acetate-petroleum ether mixture. BolBGS1 and PEGS2 moleculesere
found to be hygroscopic. The structures of thelsssized molecules were confirmed by
FT-IR, *H-NMR (Figure 2.2.3, and"*C-NMR (Figure 2.2.4 spectra.

TEA

L, - (e]
MeOH P
NaQO;S (@] CH
s /J\WF \/to/ ST RT NaQ”S\/\S/\HLrO/\/]’O\CHs
(e} 12 h "
Mesna n =4, PEGS1
n = 23, PEGS2

Scheme 2.2.Z5eneral synthetic scheme for PEGS1 and PEGS2.

2.2.2.1 Chemical identification

PEGS1. MW: 464.18, State colorless viscous liquidyield: 80-85%, FTIR
(KBr, cm™) Absence of double bond is confirmed by absence-bif €retching at 3000
cmt and no band at 2565 chconfirms absence of S-H stretching. Peak at 1788 ¢
shows presence of C=0 stretching of ester grouppaa# at 638 ciishows presence of
C-S stretching'H-NMR (CD 30D, 400 MHz): & (ppm) 1.254 (COCHA8j3, t, 3H), 2.885
(SOsNaCHCH,, d, 2H), 2.895 (S8H,-CH, d, 2H), 3.002 (SC#HCO, m, 1H), 3.358
(OCHgj, s, 3H), 3.551 (CO-OCH&H,, t, 2H), 3.663 (long chain glycolick, m, 18H for
PS1 and 104H for PS2), 3.729 ($@ CH,, t, 2H), 4.351 (CO-CH,-CH,, dd, 2H).**C-
NMR (D-O, 400 MHz): § (ppm) 178.5 COOCH), 64.7, 69.5, 70.5, 70.9, 73.6 (ether
CH,), 58.4 (QCH3), 51.4 (£H,CH), 40.2 (SCHCH), 34.8 (£H, CH,COOH), 26.4
(SCH, CH,COOH), 16.4 CHy).

PEGS2. MW: 1264.18, State: Hygroscopic white solidYield: 81%, FTIR
(KBr, cm™): Absence of double bond is confirmed by absence-Hffretching at 3000
cm* and no band at 2565 chconfirms absence of SH stretching. Peak at 1740 cm
shows presence of C=0 stretching of ester grouppan#l at 635 ci shows presence of
C-S stretching.'H-NMR (CD3OD, 400 MHz): 1.254 (COCHGEis t, 3H), 2.885
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(SOsNaCHCH,, d, 2H), 2.895 (SH,-CH, d, 2H), 3.002 (SC¥HCO, m, 1H), 3.358
(OCHg3, s, 3H), 3.551 (CO-OCH€H,, t, 2H), 3.663 (long chain glycolick;, m, 18H for
PS1 and 104H for PS2), 3.729 (@ CH,, t, 2H), 4.351 (CO-O8,-CH,, dd, 2H).*C-
NMR. (D20, 400 MH2): & (ppm) 178.5 COOCH,), 64.7, 69.5, 70.5, 70.9, 73.6 (ether

CH,), 58.4 (QCH5), 51.4 (£H,CH), 40.2 (SCHCH), 34.8 (£H, CH,COOH), 26.4
(SCH, CH,COOH), 16.4 CHa).
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Figure 2.2.3'"H-NMR spectrum of PEGS1 in GDD solvent.
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Figure 2.2.4"3C-NMR spectrum of PEGS1 in GDD solvent.
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2.2.3 Synthesis of di-(mercapto propanoyl poly(ethgne glycol)) propane sulfonate
(DPEGS1 and DPEGS2)

The amphiphiles with double PEG chains of differlemgths (DPEGS1 and DPEGS?2)
were synthesized by the Michael addition reactionf @odium-2,3-
dimercaptopropanesulfonate with poly(ethylene dlycoethyl ether methacrylate by
thiol-ene “click” chemistry according to the refemt method described earlier following
Scheme 2.2.3In brief, sodium-2,3-dimercaptopropanesulfondte) was reacted with
mMPEG (2.2 eq) in methanol at room temperature 2dn In the presence of TEA (2.2 eq).
The solvent was then evaporated and the productobtsned as viscous liquid for
DPEGS1 and as white, hygroscopic solid for DPEG32. unreacted materials were re-
moved by washing the product repeatedly withexane. Then the pure product was air-
dried under vacuum. Chemical identifications weeef@rmed usingH- and *C-NMR

NMR spectra shown iRigure 2.2.5andFigure 2.2.6 respectively.

o) )\W[ V]L 1
MeOH, TEA
SH o : .
H+ - + ~N
s iy YL}O/\/}n CHjg RT 12h Nao3 ov\}
7({ o)

Scheme 2.2.Z%eneral synthetic scheme of the amphiphiles (n BREGS1 and n = 23,
DPEGS?2).

2.2.3.1 Chemical identification of DPEGS1 and DPEGS

MW: 828.30g (DPEGS1) and 2428.3 (DPEGS3)ate: colorless semi solid
(DPEGS1) and white hygroscopic solid (DPEGSZgld: ~ 80%,FTIR (KBr, cm ™):
absence of double bond is confirmed by absence ldfsiretching at 3000 crhand no
band at 2565 cm confirms absence of S-H stretching. Peak at 1138 shows presence
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of C=0 stretching of ester group and peak at 638 shows presence of C-S stretching.
'"H-NMR (D0, 600 MHz): 5 (ppm) 1.254 (COCBHj, t, 3H), 2.885 (SgNaCHCH,, d,
2H), 2.895 (€H,-CH, d, 2H), 3.002 (SC}¥HCO, m, 1H), 3.358 (OHs, s, 3H), 3.551
(CO-OCHCHay, t, 2H), 3.663 (long chain glycolick, m, 36H for DPEGS1 and 208H
for DPEGS2), 3.729 (SfNa CH,, t, 2H), 4.351 (CO-OH,-CH,, dd, 2H).*C-NMR
(D20, 600 MHz): 6 (ppm) 178.5 COOCH,), 64.7, 69.5, 70.5, 70.9, 73.6 (eth&H,),
58.4 (OCH3), 51.4 (£H,CH), 40.2 (SCHCH), 34.8 (£H, CH,COOH), 26.4 (SCHi
CH,COOH), 16.4 CHy).
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Figure 2.2.5'"H-NMR spectrum of DPEGSL1 inJD solvent.
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Figure 2.2.6"*C-NMR spectrum of DPEGSL1 in,D solvent.
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2.2.4 Conjugation of hydrocarbon chain to mPEGye-Cys (CPOLE and CPMYS)

The anionic surfactants were synthesized accorditigeScheme 2.2.4 he starting ma-
terial, MPEGyCys was synthesized according to the procedureribesl earlier. The
single-chain amphiphile mPEg-Cys was then reacted with the acid chloride (ngyis
chloride or oleoyl chloride) in super dry DCM iretlpresence of super dry TEA accord-
ing to the procedure reported in the literatured]3Jn a dry and clean 100 mL round bot-
tom (RB) flask equipped with a magnet, 1eq mBieGys was charged with 2 eq TEA in
20 mL super dry DCM. The mixture was stirred fdn.2ZThen the acid chloride (1 eq) in
DCM was added drop wise to the reaction mixture@cold condition and the reaction
mixture was continued to stir for another more @htfie complete conversion of the acid
chloride to amide. The progress of the reaction fobswed by checking TLC from time
to time. The solvent was evaporated in a rota-enzdpn The residual white mass (semi-
solid) was dissolved in minimum volume of water &nel pH of the aqueous mixture was
adjusted to 3.0. Then the aqueous phase was sawaaicted by CHGlrepeatedly to
obtain the desired product. Mgg@as then added to the organic part and was kept fo
12 h. The solid MgS@Qwas then filtered off and the organic part was eor@ated in ro-
ta-evaporator. The product thus procured was fdaarite pure enough and the yield was
also very good (~90 %). The compound was identifigdFT-IR, *H-NMR (Figure
2.2.7, ®*C-NMR (Figure 2.2.8 spectra.

The compound thus obtained in the first step wasalved in THF. An aqueous
solution of NaCO;s (1.2 eq.) was then added drop wise dissolved itilldd water for a
period of 15 min with continuous stirring at rooemtperature. The mixture immediately
turned turbid, but became clear during the coufseaxtion. After stirring for 12 h, THF
was evaporated, leaving a colorless slurry in tBeflRsk. The mass was freeze-dried to
remove the water and the product was then wash#d @HCk to remove unreacted
NaCQO;. The desired pure product was obtained with ~ §@6.
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Scheme 2.2.4eneral 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 (CPMYSAtate: Colorless viscous
liquid, Yield: ~85%.FTIR: (KBr cm™) 3501 cm' (broad, carboxylic acid O-H stretch),
3337 cm® (strong, N-H stretch), 1734 ¢m(ester C=0 stretch), 1728 (carboxylic acid
C=0 stretch), 1653 cth(amide C=0 stretch), 1519 c¢h{N-H bend), 1256, 1218, 1076,
and 1038 (C-O stretches). No band at 2565 confirms absence of S-H stretching and
the absorption peak at 772 tnindicates the presence of C-S bohd-NMR (CDCls,
600 MH2): & (ppm) 1.254 (COCBHg, t, 3H), 2.868 (COOHCHH,, d, 2H), 3.043
(SCH,-CH, d, 2H), 3.203 (SC{HCO, m, 1H), 3.381 (OHgs, s, 3H), 3.558 (CO-
OCH,CHjy, t, 2H), 3.661 (long chain glycoli€H,, m, 18H), 3.729 (OCKHCH,CH, t,
2H), 3.795(NHCHCHj, t, 1H), 4.351 (CO-CH2-CH,, dd, 2H), 0.886 ( CKHCHg, t,
3H), 1.243 (long chain alkyCH2, m, 20H), 2.024¢H,-CHCH-CH,, m, 4H), 1.656
(NHCOCH,-CH,, m, 2H), 2.301 (NHCGHa, t, 2H), 6.530 NHCO, d, 1H) and for the
acid form CPOLE an extra peak at 5.3561CCH, s, 2H).*C-NMR (CDCl;, 600
MHz): & (ppm) 177.1 COOCH,), 174.3 COOH), 172.2 CONH) 68.7, 67.3, 66.1, 61.5
(ether CH,), 55.7 (QCH3), 51.4 (NCH CHy) 37.7 (SCHCH), 32.2 (£H.CH), 30.3
(SCH,CH2NHy), 29 CH,CH,CH,CH,), 13.9 CH3), and forCPOLE an extra peak at
129.2 CHCH). HRMS: Calculated foICPOLE acid form is [M+H] : 662.4300; Found:
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662.4326 and Calculated faEPMYS acid form is [M+H] : 608.3800; Found:
608.3918.

MW: 685.43 g (CPOLE) and 632.38 g (CPMYSjate: Colorless hygroscopic
solid, Yield: ~80%. 'H-NMR (DO, 600 MH2): & (ppm) 1.254 (COCBH3, t, 3H),
2.868 (COOHCHKH,, d, 2H), 3.043 (8H»-CH, d, 2H), 3.203 (SC}¥HCO, m, 1H),
3.381 (ACHg, s, 3H), 3.558 (CO-OCHEH,, t, 2H), 3.661 (long chain glycoliCH,, m,
18H), 3.729 (OCKH CH,CH,, t, 2H), 3.795(NHCHCH,, t, 1H), 4.351 (CO-GH,-CH,,
dd, 2H), 0.886 ( CHCHs3, t, 3H), 1.243 (long chain alkyTH;, m, 20H), 2.024CH-
CHCH-CH;, m, 4H), 1.656 (NHCOCKCH;, m, 2H), 2.301 (NHCGH,, t, 2H), 6.530
(NHCO, d, 1H) and foEPOLE an extra peak at 5.356CCH, s, 2H)."*C-NMR (D-0,
600 MH2): 8 (ppm) 177.1 COOCH,), 171.3 COQ), 168.2 CONH) 68.7, 67.3, 66.1,
61.5 (ethelCH,), 55.7 (QCHs), 51.4 (NCH CH,) 37.7 (SCHCH), 32.2 (£H,CH), 30.3
(SCH2CH2NHy), 29 CH.CH,CH,CHy), 13.9 CH3), and forCPOLE an extra peak at
129.2 CHCH).
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Figure 2.2.7*H-NMR spectrum of CPMY'S (acid form) in CDGiolvent.
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Figure 2.2.8"C-NMR spectrum of CPMYS (acid form) in CDGlolvent.

2.2.5 Conjugation of Chol to mPEGyrCys (CPCF3 and CPCF11)

In a 100-mL (single-neck) RB flask fitted with a gmeetic stirrer, mPEgsCys (1.0 eq)
was dissolved in super dry THF containing 1 eq sdpe TEA. But it remained insoluble
in THF even after 1 h of stirring. Then some amaainsuper dry MeOH was added to
the RB to dissolve the whole mixture. The reactimnture was stirred at R.T. for further
30 min. The solution was cooled tdO in an icebath. To this cold solution, cholesteryl
chloroformate (0.9 eq.) dissolved in dry THF wasleldrop wise with continuous stir-
ring over a period of 2 h. The pH of the reactioxtare was maintained at 8-9 by the
addition of TEA at regular intervals. After stirgrior 20 h, the solvent was evaporated in
a rotavapor, and the residual milky white slurrysviinsferred into a 50-mL beaker by
use of a minimum volume (~ 10 mL) of distilled wat&he resulting aqueous milky
white dispersion was acidified with aqueous dilt#€l (0.5 M) to pH ~ 2. The com-
pound was then extracted with small portion of CH@m acidified aqueous solution.
All the CHCE fractions were collected and then the solvent waperated out. The
product was dried in desiccators overnight undduced pressure to get colorless semi
solid. The product (acid form) was characterized FiyIR, *H-NMR, and **C-NMR
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spectra. ThéH-NMR and **C-NMR spectra have been presentedrigure 2.2.9 and
Figure 2.2.1Q respectively.

The sodium salt of the acid was prepared by drgge \addition of aqueous NaH-
COs (1.2 eq.) solution to a solution of the acid (1)eq THF over a period of 15 min
with continuous stirring at room temperature. Thgtare immediately turned turbid, but
became clear during the course of the reactiorerAMtirring for 12 h, THF was evapo-
rated, leaving colorless slurry in the RB flaskeTiass was freeze-dried to remove the
water and the product was then dissolved in GH€lremove unreacted NaHGO'he
desired pure product was thus obtained with ~ 8@y

oy 0 0 o
dry THF, ON S)—
_MeOH o H
o HOOC o)
WN\g 0/\/}0 CHs TTEA,RT 0
20 h N
CPCF3A C}
THF/H,0 o)
NaHCO; N
RT, 12 h (}
— 4+ o)
Q-ONa &
O'N\VS
Y\/\<(\£9© "o
o)
\
o)
6
CPCF3
Q
/
o
HaC

Scheme 2.2.%5eneral synthetic scheme for CPCF3 and CPCF11 olekec

2.2.5.1 Chemical identification of CPCF3 and CPCF11

MW: 811.8 (CPCF3A) and 1633.8 (CPCF11A&}ate: colorless viscous semi-
solid, Yield: 80-85%,FTIR (KBr, cm ™): 3501 (broad, carboxylic acid O-H stretch),
3423 (strong, N-H stretch), 2945 (sp2 C-H stret@901 and 2862 (sp3 C-H stretch),
1728 (carboxylic acid C=0 stretch), 1695 (NH(C=O%i@etch), 1519 (N-H bend), 1256,
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1218, 1076, and 1038 (C-O stretché$):NMR (CDCI3, 400 MHz): & (ppm) 5.377
(olefinic H cholestanyl, d, 1H), 5.170 #NCOO, d, 1H), 4.516 (cholestanyHD(CO), s,
1H), 4.388 (CHCHCOOH, t, 1H), 2.312 (cholestanyH3, d, 2H), 1.014 (cholestanyl
CHg, s, 3H), 0.916 (cholestanyH3, d, 3H), 0.869 (cholestanyl CHKG),, d, 6H), 0.680
(cholestanyl €3, s, 3H), 1.254 (COCEH3, t, 3H), 2.868 (COOHCHH,, d, 2H), 3.043
(SCH2-CH, d, 2H), 3.203 (SC¥HCO, m, 1H), 3.381 (OH3, s, 3H), 3.558 (CO-
OCH,CHy, t, 2H), 3.661 (long chain glycoli€H,, m, 18H for CPCF3 and 108H for
CPCF11), 3.729 (OCHCH,CH,, t, 2H), 3.795(NHCHCH,, t, 1H), 4.351 (CO-QH,-
CH,, dd, 2H); *C-NMR (CDCI3, 400 MHz): & (ppm) 174.78 COOCH2), 171.95
(COOH), 155.49 (NKLOO), 139.51 (€ =CH), 122.52 (-CEH), 49.90 CH), 68.7, 67.3,
66.1, 61.5 (ethe€Hy,), 55.7 (QCH3), 51.4 (NCH CH,) 37.7 (SCHCH), 32.2 (£H,CH),
30.3 (££H,CH:NHy), 29 (CH,CH,CH,CHy), 13.9 CHy).

MW: 833.8 (CPCF3) and 1655.8 (CPCF13jate: white sticky solid,Yield: 80-
85%. 'H-NMR and *C-NMR are as same like the acid form o0 comes at
173.23.
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Figure 2.2.9'H-NMR spectrum of CPCF3 (acid form) in CRCI
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Figure 2.2.10"*C-NMR spectrum of CPCF3 (acid form) in CRCI

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

The zwitterionic bolaamphiphile PEGDPC was synthesiby the Michael addition reac-
tion of L-cysteine with poly(ethylene glycol) digtate according to the methogported
earlier by our group followingcheme2.2.6 Briefly, poly(ethylene glycol) diacrylate (1
eg.) was reacted with L-cysteine (2.2 eq.) in mathat room temperature for 6 h in
presence of TEA. The product was obtained as vduliel after evaporation of the sol-
vent. To remove unreacted materials, the solid @amg was dissolved in water and
then reprecipitated by adding dry acetone. Thusctimapound was separated as white
plate-like solid. The chemical structure of the pomnd was determined by FTIRH-
NMR, and**C-NMR spectroscopy. Representatitt¢-NMR (Figure 2.2.13, and**C-
NMR (Figure 2.2.19 spectra of PEGDPC are presented below.
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Scheme 2.2.6ynthetic scheme for PEGDPC molecule.

2.2.6.1 Chemical identification of PEGDPC

MW: 817.32,State: white solid (small plate-like structurajpp 210°C, Yield ~
80%, FTIR (KBr, cm™): The broad band centered at 3456 wwrresponds to O-H
stretching for hydrogen-bonded COOH group. Absesfcgouble bond is confirmed by
absence of C-H stretching around 3000 trAbsence of the characteristic band of S-H
stretch around 2550 ¢mconfirms the absence of S-H. Strong peaks nea? t##" and
1727 cm* show the presence of C=0 stretches of ester armdic acid group, re-
spectively. The absorption peak at 674 tindicates the presence of C-S bomd-
NMR (D20, 600 MHz): 3 (ppm) 2.689 (SCHCH,CO, d, 2H), 2.803 (SE,-CH,CO, d,
2H), 3.068 (SEI,CH, dd, 2H), 3.647 (long chain glycolicH3, m), 3.717 (CO-OCH
CHy, t, 2H), 3.860 (SCHCH, d, 1H), 4.235 (CO-0B,-CH,, dd, 2H)."*C-NMR (D0,
1% DMSO, 600 MHz): 8 (ppm)174.25 COOCH;), 172.63 COO), 69.55, 68.40, 64.05
(ether CH,), 61.06 (CO-OCKCH,), 60.32 (CO-@H,CH,), 52.67 (SCHCH), 33.87
(SCHCHy), 32.06 (£H.CH), 26.29 (€H, CH,COO).
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Figure 2.2.12"*C-NMR spectrum of PEGDPC in,D solvent.

2.2.7 Synthesis of poly(ethylene glycol)-di-mercapethyl<{N,N-diethyl, (propyl sul-
fonate)} (PEGDMS)

A mixure of2-(diethylamino) ethanethiol hydrochloride (2 eqiid@dBU (5 eq) dissolved
in dry methanol and the mixture was stirred for@3@utes. Then poly(ethylene glycol)

diacrylate (1eq) was added and the mixture waedtat room temperature for further 24
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h under nitrogen atmosphere. After completion efrémction the solvent was evaporated
in a rotavapour. The residue was dissolved in EAvaashed with pH = 10.0 buffer solu-
tion successively. The organic layer was dried withydrous MgS@and after removal
of MgSQ, evaporated to dryness. The compound thus obtairreddigsolved again in
DCE. The 1, 3-propane sultone (2 eq) was then addddreaction mixture was stirred
for 20 h at 40 °C under nitrogen atmosphere. Negtdolvent was evaporated and the
residue was washed with PE and was stored in vadasiocator. The chemical structure
of the resulting compound was identified ¥{+ and**C-NMR spectra as shown Fig-

ure 2.2.13andFigure 2.2.14 respectively.

i

DBU, MeOH
r.t, 24 hr

0 "
j,\,/\/ S\/\g<0\/>100)‘\/\5/\/ N7

E\ 40 °C, 20 hr
=0, DCE

OSS/\/N\/\S /\>fjrA\/ j: O%f

PEGDMS

Scheme 2.2.3ynthetic scheme of PEGDMS.

2.2.7.1 Chemical identification of PEGDMS

PEGDMS (step 1). MW: 783.32,State: liquid, Yield: 81%,FTIR (KBr, cm ™):
Absence of double bond is confirmed by absence-bf sEretching at 3000 cthand no
band at 2565 cm confirms absence of SH stretching. Peak at 1740 shows presence
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of C=0 stretching of ester group and 635 tshow presence of CS stretchifig-NMR
(CDCl3, 600 MHz): & (ppm) 1.20 (NCHCHs3, t, 3H), 2.050(N&l,CHs, m, 2H), 2.301
(NCH.CH,S, t, 2H), 2.532 (SCKH,CO, d, 2H), 2.677 (NB.CH.S, t, 2H), 2.869
(SCH,CH,CO, d, 2H), 3.462 (COOCHEH-0, t, 2H), 3.651 (long chain glycolicHz,
m, 12H), 4.445 (COOB,CH,0, t, 2H). **C-NMR (CDCl 3, 600 MHz): § (ppm) 171.257
(COOCH,), 70.414, 70.556, 70.643, 70.679 (etbet,), 61.77 (CO@H,CH,0), 47.090
(NCH.CHj3), 46.941 (NCH,CH,S), 32.215 (C@H2CH,S), 29.084 (8H,CH,CO),
27.157 (NCHCH,S), 11.8 (NCHCHy).

PEGDMS (step 2).MW: 1027.6,State: Viscous liquid,Yield 52%, *H-NMR
(CD30D, 600 MHz): 3 (ppm) 1.367 (NCHCHg, t, 12H), 2.02 (NCHCH,CH,S0;, m,
4H), 2.68 (£H,CH,CO, d, 4H), 2.721 (NCFCH,S, t, 4H), 2.82 (SCHCH,CO, t, 4H),
2.926 (NCH,CH,CH,SG;, t, 4H), 2.960 (XCH,CHs, m, 8H), 3.408 (NChCH,CH,SGC;,

t, 4H), 3.502 (COOCKCH,0, t, 4H), ), 3.572 (BH,CH,S, t, 4H), 3.662 (long chain
glycolic CHa, m, 16H ), 4.448 (COOH,CH,0, t, 4H).**C-NMR (CD30D, 100 MHz):

d (ppm)172.65 COOCH,), 72.27, 70.16, 69.31, 68.76 (etlt@,), 60.83 (NCH,CH,S),
59.16 (NCH,CH,CH,SG;), 56.79 (NCH.CH3), 47.17 (NCHCH,CH,SQO;), 34.29
(SCHCH,CO), 27.49 (NCHCH,S), 25.01 (EH,CH,CO), 17.9 (NCHCH,CH,SG;), 7.8
(NCH,CHs).
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Figure 2.2.13'H-NMR spectrum of PEGDMS in GIOD solvent.
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Figure 2.2.143C-NMR spectrum of PEGDMS in GDD solvent.

2.3 Methods

2.3.1 General instrumentation

The elemental analysis was carried out with a Rdgkner 2400 Series || CHNS/O ana-
lyzer. Melting point was determined by an Instikblkata) melting point apparatus us-
ing open capillaries. The measurements of optictations were performed with a JAS-
CO (Model P-1020) digital polarimeter. THE-NMR and**C-NMR spectra were rec-
orded on an AVANCE DAX-400 (Bruker, Sweden) 400 Matad 600 MHz NMR spec-
trometer using TMS (tetramethyl silane) or acetdaifs internal standard. Two dimen-
sional (2D NOESY)H-NMR spectra were recorded on a Bruker (600 MHE)RNspec-
trometer in DO solvent. The Fourier transform infrared (FTIRespa were recorded
with a Perkin-Elmer (model 883 IR) spectrometerr Bolid samples, KBr pellet was
used as solvent. In case of aqueous solutionnddier of solution of the compound was
placed between zinc selenide plates. The backgrepadtrum of the pure solvent was
subtracted from the raw data using the instrumesdtivare to obtain solvent-corrected
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FTIR spectrum. UV-vis absorption spectra were réedron a Shimadzu (Model UV-
2450) UV-vis spectrophotometer using a quartz wélh a path length of 1 cm. Solvent
correction was done for all measurements. A digithilmeter (Model pH 5652, EC India
Ltd, Kolkata) was used for pH measurements usigtass electrode. All measurements

were done at room temperature (°29 unless otherwise mentioned.

2.3.2 Surface tension (ST) measurements

Surface tensiony(mNn) was measured through an automated Surface Teetiom
(model 3S, GBX, France) using the Du Nudy ring detaent method. A platinum-
iridium ring was carefully cleaned with 50% (v/vhanol-HCI mixture and finally with
distilled water. The ring was burnt in oxidizingihe prior to use for ST measurements.
The instrument was calibrated and checked by mewmstine ST of distilled water. A
stock solution of surfactant was made either irfdsugolution or in double distilled wa-
ter. An aliquot of this solution was transferredtie teflon beaker containing a known
volume of buffer solution or (water) and placedhaita thermostating vessel holder con-
trolled at 25°C by a water circulating bath. The solution wastlyestirred and allowed
to equilibrate for 5 minutes by setting the timguipped with the machine. Thenvalue
was measured by the instrument and recorded thrawgiitware (Balance 3S). For each

measurement, at least three readings were takethamdeary value was recorded.

2.3.3 Steady-state fluorescence measurements

The fluorescence spectra of NPN and DPH probes megrded on a Perkin EImer LS-
55 luminescence spectrometer equipped with a teatypercontrolled cell holder. A
SPEX Fluorolog-3 (FL3-11, USA) spectrophotometeswaed to measure fluorescence
emission spectra of Py. For fluorescence measursnsemfactant solutions of required
concentrations were prepared in pH 7.0 buffer aedevequilibrated for about 30 min
prior to measurement. The final probe concentratiynand DPH) were kept apM. Py
solutions were excited at 335 nm, and emissiontsp&ere recorded in the wavelength
range of 350-500 nm using excitation and emisslanavgdths of 3 and 1 nm, respec-
tively. For fluorescence titration using NPN probesaturated solution of NPN in pH 7.0

buffer was used. NPN solutions were excited at 1340 and the emission spectra were
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measured using excitation slit width of 2.5 nm anassion slit width of 2.5-10 nm, de-
pending on the sample concentration. The temperastithe cuvette holder was con-
trolled by a Thermo Neslab RTE-7 circulating batl. spectra of Py and NPN were

blank subtracted and were corrected for lamp intgmariation during measurement.
2.3.4 Steady-state fluorescence anisotropy measurents

Steady-state fluorescence anisotropyof DPH was measured by the Perkin Elmer LS-
55luminescence spectrometer equipped with a pal&iz accessory that uses the L-
format instrumental configuration. A Thermo NesRIbBE-7 circulating bath was used for

temperature control of the magnetically stirredetter holder. The anisotropy was calcu-
lated employing the equation: [5]

r= (l\/\/— GVH) / (l\/\/+ ZGVH) (21)

wherelyy andlyy are the fluorescence intensities when the emigsaberizer is oriented
parallel and perpendicular, respectively to theitakon polarizer, and G (F/lyn) is
the instrumental grating factor. The software sigopby the manufacturer automatically
determined the G factor amdIn all measurements, thevalue was recorded over an in-
tegration time of 10 s and an average of five mgsliwas accepted as thealue. A
stock solution of 1 mM DPH was prepared in supgrmdethanol. The final concentration
of DPH was maintained at}iM by addition of an aliquot of the stock solutidfariable
temperature anisotropy measurements were performéoe temperature range 25-75
°C. The sample was excited at 350 nm and the emiasiensity was followed at 450 nm
using excitation and emission slit width of 2.5 and 2.510.0 nm, respectively. A 430
nm emission cut-off filter was placed between thession monochromator and the de-
tector to reduce the effect of scattered and staalyation. The fluorescence measure-

ments started 30 min after sample preparation.
2.3.5 Time-resolved fluorescence measurements

The fluorescence lifetimes] of DPH probe was measured by an Optical Buildtarks

Corporation Easylife instrument that uses a 380diode laser. The time-resolved decay
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curves were analyzed either by single exponentidi-exponential iterative fitting pro-
gram provided by the manufacturer. Best fitting yakged by the? value (0.81.2) and

by the randomness of the residual plot.

The rigidity (or fluidity) of the microenvironments self-assemblies is indicated
by the microviscosity(,) around the probe molecule. The fluorescencartiest of DPH
probe ¢) in the surfactant solution provides useful infatimn about, [6,7]. Thus,;m

was calculated from the Debye-Stokes-Einsteinicald¥]:
Nm = KT 7r/Vh (2.2)

wherev, is the hydrodynamic volume (313)45] of the DPH molecule antk is its ro-

tational correlation time. The value was calculated from Perrin’s equation [7]:
=1 (ro/r =1)* (2.3)

wherer, (= 0.362)[8] is the steady-state fluorescence anisotrop@ifl in a highly vis-

cous solvent ang is the measured fluorescence lifetime of DPH rfiegtant solution.
2.3.6 Dynamic light scattering measurements

The dynamic light scattering (DLS) measuremens werformed using a Zetasizer Na-
no ZS (Malvem Instrument Lab, Malvern, U. K.) oplicystem equipped with a He-Ne
laser operated at 4 mW &t = 633 nm, and a digital correlator. The scatterimgnsity
was measured at a I°{Back scattering) angle to the incident beam. $tafa solutions
were prepared in desired buffer solution. The smutvas filtered through a Millipore
Millex syringe filter (0.22um) directly into the scattering cell. Prior to eatleasure-
ment, the scattering cell was rinsed several timigls the filtered solution. The DLS
measurements started 5-10 minutes after the sasopléons were placed in the DLS
optical system to allow the sample to equilibrate¢he bath temperature. For all light
scattering measurements, the temperature w&€ 2%5he average decay rafé) of the
electric field autocorrelation function(g), was estimated using the cumulants method
[9]. The apparent diffusion coefficient {§) of the aggregates was obtained from the re-

lation, I = Damq2 (g being magnitude of the scattering vector given dy=
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[4 msin@/2)]/A, wheren andA are the refractive index of the solvent and thgelength
of the laser light, respectively). The correspogdiydrodynamic diametedy), of the
particles was calculated using Stokes-Einsteirticglghip:

KT
3rmd,,

(2.4)

app

wherekg is the Boltzmann constant, T is the absolute teatpee, and; is the viscosity
of the solvent.

2.3.7 Transmission electron microscopy (TEM)

High resolution transmission electron micrographRTEM) of the specimens were
taken on HRTEM (JEOL-JEM 2100, Japan) operatirgp@tkV. For sample preparation,
4 uL of surfactant solution was dropped on to a 408hmEarbon-coated copper grid and
allowed to stand for 1 min. The excess solution gaefully blotted off with a tissue pa-
per and the specimen was air-dried. Further, teeisgens were kept in vacuum desicca-
tors until before measurement. Each measurementreyesated at least three times to

check the reproducibility of the results.

For cryo-TEM measurements, specimen preparationdeas in a controlled en-
vironment vitrification system (CEVS). The specirmemere prepared in a chamber at
100% relative humidity (Cryoplunge 3) in order ek surfactant concentration fixed. A
5 uL of the sample solution was applied via the side pf the Vitrobot" directly onto
the carbon-coated side of the formvar carbon-cop&tbrated polymer film TEM grid
held by tweezers inside the chamber by using attpip&@he excess solution was then
blotted with a filter paper wrapped on a metal toghin the drop into a film the thick-
ness of which was less than 300 nm. The grid was fhunged into liquid ethane at its
freezing point (-=170°C) cooled by liquid nitrogésmtil imaging, the vitrified specimens
were kept under liquid nitrogen and the temperatuas maintained at —170°C. Cryo-
specimens were imaged in JEM-2100F transmissiartrele microscope (JEOL, Japan),
operated at 200 kV, using a Gatan 655 (Gatan, &éas, CA, USA) cooling holder and
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transfer station. Specimens were equilibrated énntircroscope below —170°C. To nullify
the electron beam radiation damage the specimeres imeestigated under low-dose in-
tensity. The images were recorded at a nominal ufaeis to enhance phase-contrast
and were acquired digitally by CCD cameras (GaRleasanton, 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 ftbA Digital Instruments
(USA) in tapping mode under ambient conditions. thar sample preparation, one drop
of surfactant solution was placed on a freshly weéamica surface. The specimen was

then dried overnight in air.

2.3.9 Gauss view analysis

To get the energy-minimized monomeric structureshef amphiphile in solution state
(water) the theoretical study was performed. AB ttalculations were done using the
Gaussian 09 software package [10]. The geometrieie wptimized with the spin-

unrestricted formalism using B3LYP functional andBG* basis set. The polarized con-

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

2.3.10 Isothermal titration calorimetry (ITC)

A microcalorimeter of Microcal T (made in U.S.A) was used for thermometric mea-
surements. In a microsyringe of capacity |40 concentrated stock surfactant solution
was taken and added in multiple stages to pH 7ffébkept in the calorimeter cell of
capacity 20QuL under constant stirring conditions, and the sispwhermograms of the
heats of dilution of the surfactant solution wesearded. The stirring speed was fixed at
400 rpm and Milli-Q water was taken in the refeeerell. Each run was duplicated to
check reproducibility. Enthalpy calculations werrfprmed with the help of ITC soft-
ware provided by the manufacturer. All measuremeni® carried out at Z&.

The standard Gibbs free energy chang8°) value was calculated from the

measureamc value using the following relation: [11, 12]
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AG’m = (1 +5) RT In(acmd (2.5)

where f stands for the degree of counterion binding of shgactant molecule and is
usually taken as 0.8 for anionic surfactants a@df@. zwitterionic surfactants [13], and
acme IS the activity of the surfactant solution abic, which is numerically equal to the
value ofcmc as the solution is very dilute. The standard gntrchange AS°,) was eva-
luated by the Gibbs equation: [13]

ASOm = (AHOm - AGom) / T (2.6)

The spontaneity of vesicle formation is suggestgthk very large negative and positive
values ofAG’,andAS’, respectively.
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Chapter 3

Vesicle Forming Amphiphileswith PEG Tail

3.1 Spontaneous Vesicle Formation by Amphiphiles with PEG as Tail
and L-Cysteine as Head"

3.1.1 Scope of the study

PEG has been recognized as one of the most impqadymers in drug delivery as it is
biocompatible, flexible in nature, water solubledahows anomalous behavior in water
[1-15]. It is well known that PEGs of low moleculaeight (M,<1500) are hydrophilic
[16]. The replacement of a —GHby oxygen (—O-) along the hydrocarbon,—{H
chain increases its polarity, thereby favoringinteraction with water. Thus, in general,
PEGs are coupled to hydrophobic molecules to devetmionic surfactants. There are
many nonionic surfactants, for example, Tween-2@pii-X-100, etc. in which the PEG
acts as the polar head group are well known [174{2dyvever, there are only a couple of
report on the surface activity and self-assemblgymédion of low-molecular-weight
amphiphiles consisting of PEG as tail and an igrmup as head [25-26]. But till date
there is no report on zwitterionic amphiphile WREG as hydrophobic tail. Zwitterionic
amphiphiles are attractive candidates for deliverghicles of pharmaceutical
formulations and also for industrial applicationsireg to their ability to form different
assemblies at different pH. Additionally, they shobetter wettability, good

biocompatibility, and excellent synergism with atlarfactants [27-29].

Therefore, in this work, two zwitterionic moleculesPEGox-Cys and mPEGor
Cys (sedrigure 3.1.1 for structures) bearing mPEG tail of differentichiengths and L-
cysteine as the polar head group were synthesidegse zwitterionic amphiphiles with
mPEG tail have advantage in that they have pH-8eadhead group. Again, as both
MPEG and L-cysteine are biocompatible and ecodhgrnheir self-assembled structures
in aqueous medium can have potential applicationslrug delivery. Moreoverthe
synthetic procedure is also very easy. The objeativthis work is to investigate if this

new class of molecules is surface active and etéhébiy micellization in water. Thus, a

YLangmuir 2014, 30, 13516-13524
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number of methods including surface tension, flasoeace and NMR spectroscopy,
isothermal titration calorimetry (ITC), dynamic figscattering (DLS) and transmission
electron microscopy (TEM) were employed to studgfasie activity and self-assembly

properties of these molecules in water at room t&Fatpre.

' @)
-O0C o
\\\\\\
N M chy
+HoN

n =4, mPEGy;Cys
n =23, mPE(floo'CyS

Figure 3.1.1 Molecular structures of mPEgr-Cys and mPEGsCys.
3.1.2 Surface activity

To determine the surface activity the surface tamgi mN mi%) of phosphate buffer (pH
7.0) containing different concentrations f\Cof MPEGyrCys (or mPEGo0Cys)
molecules was measured. As shown by the plotswarsus logg (Figure 3.1.2), they
value of water decreases gradually with the in@eas G, suggesting spontaneous
adsorption of the molecules at the air/water imtegf This means that both mPE&Cys
and mPEG orCys molecules are amphiphilic in nature. The swfactivity of the
amphiphiles was found to be quite similar to tfaPBG (Mw ~ 300), which exhibitgnin
value (52 mN rT) at about 0.4 w% (~13 mM) [30, 31]. However, theface activity as
measured by pf& (= —logGyo, where Gpis the molar concentration of the surfactant
required to reduce of water by 20 units) value, of mPE§zCys (2.28) and mPEo
Cys (2.36) is much less in comparison to conveatisnrfactants with hydrocarbon tail
[32-34]. This can be attributed to the hydrophiieture of the mPEG chaimn fact, the
mPEG-containing zwitterionic molecules behave likieg chain fatty alcohols in water
and have amphiphilic character. The surface behaifithe fatty alcohols in water has
been discussed elaborately by Posner et al [35].
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Interestingly, unlike conventional surfactants, @€ plots of the molecules do
not show any break followed by a plateau in theegtigated concentration range. This
can be attributed to ionization state of the mdesun phosphate buffer at pH 7.0. In
aqueous medium, depending on the pH, both mpEG/s and mPEG.-Cys are
expected to be present in the zwitterionic, catiarianionic form. The pKvalues of the
cation-zwitterion and zwitterion-anion equilibriabtained from fluorescence probe
studies discussed below are respectively 3.9 éhtb® mMPEGy-Cys and 5.1 and 9.1 for
MPEG10-Cys. The pl values thus obtained are ~6.6 for GRBECyYs and ~7.1 for
MPEG100Cys. This means that in pH 7.0 buffer, the molesuéxist mainly in the
zwitterionic form.Since the mPEG chain is considered to be polapdterity difference
between the mPEG tail and zwitterionic amino a@ddgroup is small compared to that

of hydrocarbon chain-containing surfactants.
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Figure 3.1.2 Plots of surface tension (nN m %) versus log Gin pH 7.0 at 28C: (o)
mPEQoo-C)/S, (A) mPEGlloo-C}/S.

3.1.3 Self-assembly behavior

Steady-state fluorescence measurements were pedousing different extrinsic probe
molecules, such as NPN, C153, Py, and DPH (i) vestigate self-assembly formation,

(i) to determinecmc value of the amphiphile, and (iii) to estimate rofolarity and
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microviscosity of the aggregates [3Ghese probes are non-polar molecules and they
preferentially get solubilized in the hydrophobiccrndomains of surfactant aggregates.
The fluorescence spectra of these probes are isentitthe microenvironment around
them and thus can indicate microstructure formatord provide insight into the

surfactant self-assemblies in water.

4044 mPEG  -Cys (R =0.998) (a) 14 mPEG  -Cys(R=0.988) (b)
mPEG, -Cys (R=0.997)

300

o

1 ssfo mPHG,-Cys(R=0994)

0.01 0.1 1 10 100

Figure 3.1.3 Plots of (a) spectral shifak) and (b) relative fluorescence intensity Jlf
NPN as a function of gn pH 7.0 at 25C; inset of figure (b) shows variation of livith
Cs of MPEG—Cys.

NPN has been extensively used as an efficientéka@nce probe as it exhibits a large-
spectral shift along with a huge intensity enharmetmupon incorporation into the
hydrophobic microdomains of surfactant aggregasd$. [In the presence of mPEgs
Cys (or mPEG00-Cys) amphiphile the emission maximuia.4) of NPN exhibits a blue
shift of ~30-35 nm and a huge increase of emisgitensity relative to that in pH 7.0
buffer. The large blue shift of the emission maxiofaNPN suggest its encapsulation
within nonpolar environment of the aggregates fatrbg the amphiphiles in aqueous
buffered solution. In addition, the enhancementhaf fluorescence intensity indicates
that the microenvironment of NPN probe is visconsnature. The variation of the
spectral shiftAL [AX = Amaxwater)~ Amax(surfactanf) Of NPN probe with €has been shown in
Figure 3.1.3(a). The corresponding plots of relative fluoresceimtensity, I/ (where }

and | are the fluorescence intensitied at460 nm in pure buffer and in the presence of
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amphiphile, respectively) versug Bave been depicted Figure 3.1.3(b). The sigmoid
plot corresponding to a two-state transition chealiggests existence of equilibrium
between surfactant monomers and aggregates.cifbevalues Table 3.1.1) obtained
from the onset of rise of the curves (indicatedabypws) are 1.0 mM and 0.2 mM for
MPEGorCys and mPEGorCys, respectively. It can be mentioned here thiat td the
longer mPEG chain themc value of mMPEGosCys is less than that of mPEdeCys
[26]. Thus the behavior is very similar to thosesoffactants with hydrocarbon (HC) tail.
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Figure 3.1.4 Plots of variation of change in enthalpXH) versus G at 25°C: (o)
MPEGorCys and é) MPEG 00 Cys; inset: thermogram of the respective titration

3.1.4 Thermodynamics of self-assembly formation

The self-organization of surfactants in solution daa important and well-studied
thermodynamically favorable physicochemical phenoome[38]. Although there are a
number of methods to determioec, the thermometric titration method has a distorcti

as it can estimate botimc and energetics of surfactant self-organizatiomfeostepwise

addition mode, which provides an excellent prodessvaluate all the thermodynamic
parameters in a single run. Generally, thermodynapdarameters are calculated to
conjecture the mechanism of self-assembly formatibn the present study, the

thermodynamic parameters were determined by ITC Hoth mPEGy-Cys and
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MPEG100Cys at 25°C using different stock concentrations. Howeverasueements
using lower surfactant stock concentration (5 mMMNPEGy-Cys and 2 mM of
MPEG105Cys) failed to give reproducible results. The thegrams obtained by using
higher surfactant stock concentration (30 mM of IBRfzCys and 5 mM of mPE{s
Cys) are presented as insetsFofure 3.1.4. The plots show a sigmoid increase of
enthalpy with the increase of.(T’he thermodynamic parameters obtained from tbts pl
are included infrable 3.1.1. Thecmc values of MPE&Cys (~1.1 mM) and mPE&@o
Cys (~0.2 mM) were obtained from the inflectionrgoof the respective plot. Thanc
values thus obtained are close to the correspondahge obtained by fluorometric
titration. Thecmc values thus obtained correspond to the respertwtterionic form of
the amphiphiles.

Table 3.1.1 Critical micelle concentrationcific), standard Gibbs free energy change
(AG®,), standard enthalpy changaH’,) and standard entropy changsS{,) of the
aggregate formation in aqueous buffered solutiod (H0) by mPEGyCys and
mPEG_loo-C)/S at 25°C.

cme AG, . AHC, . Alsom . TAS"ml
Surfactant (mM) (kImol”) (kJmol") (K- mol) (kJmol)
Fluorescence ITC
(NPN)
PEGoeC -0 113 16.81 042 57.82 17.23
m S _16. _ .
@001 oo (0.1)
0.2 0.15 220
MPEGi100Cys -21.81 80.57 24.01
(x0.03) (x0.03) (+ 0.15)

The AH%, value was obtained by subtracting the initial algi from the final
enthalpy indicated by the vertical line in eachufig Basically, enthalpy level between
nonmicellar and micellar regions gives a measuth®fnthalpy change of micellization
[39]. For both the amphiphiles, the self-assembbymfation is observed to be

endothermic, which is emphasized by the posithi’,, values. The spontaneity of
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aggregate formation is expressed from the veryelarggative values ofG°, and the
very large positive values afS°,. Thus TAS’, value for both the amphiphiles is found to
be much larger than that of the correspondikid,, value, which clearly suggests that the
spontaneous aggregate formation is an entropy+ugvecess. The essence of entropy-
driven process is the hydrophobic interaction [40]. The release of water molecules
around the mPEG tails during aggregation contributethe entropy rise favoring the
process. This means that the aggregation proces®eth mMPEGy-Cys and mPEGor
Cys are similar to most hydrocarbon surfactants.otiner words, the mPEG chain
behaves like hydrocarbon tail and imparts amphipbharacter to the molecules.

3.1.5 Nuclear Over hauser effect spectroscopy (NOESY)

For further evidence of interaction of mMPEG chaam&l to know the mutual spatial
arrangement of surfactant molecules in the aggeegatate, two-dimensional (2D)
NOESY 'H-NMR measurement was carried out using mggGys amphiphile as a
representative example. Such experiments have $leann to give excellent insights
into the nature of interactions in the self-assgnpybcess in a number of aggregated
systems [42-45]Therefore, 2D NOESY spectrum mPEgCys in micellar stateRigure
3.1.5) was measured taking,O as reference solvent. In case of aggregated (&ateVi

in D,O), in addition to diagonal interactions number abss interactions can be
observed. The interactions betweern—di, h < e, f and g— e, f protons imply the
intermolecular interactions of the head groups wfastant monomersk{gure 3.1.5).
Further the interactions among-ac, b, h and B- h, a, i, d protons suggest the strong
interactions among the PEG chains of the monomBnst these cross-peaks might
originate from intramolecular interactions can lmambiguously ruled out as these key
cross-peaks are absent in the 2D NOESY spectrutrsfraovn) of the non-micellar state
of MPEGysCys (0.5 mM in DO). Thus, the intermolecular origin of these key BNO
contacts is undisputable. These cross peaks sitirefgpatial proximity of the surfactant
in the self-assembled aggregates. All the abowrantions can well be interpreted if the

monomers self-organize themselves to form bilagsicles.
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Figure3.1.5 2D NOESY*H-NMR spectrum of mPE&Cys (5 mM) in DO solvent.

3.1.6 Micropolarity and microviscosity

The fluorescent probe C153 has been employed ty stucropolarity of surfactant
aggregates and solvation dynamics in microhetemmen systems [46]. Thus the
microenvironment formed by the mPEG chains of tplaiphiles was investigated by
use of C153 probe. C153 is relatively more polacamparison to NPN and therefore is
solubilized in relatively polar environments of treggregates. Consequently, the
variation of AL with the increase in s small compared to that obtained with NPN
probe. The fluorescence emission spectra of C158sumed in pH 7.0 buffer in the
absence and in the presence of different concemsabf the amphiphiles have been
depicted in Eigure 3.1.6(a)). The large increase in intensity as well as thexsal shift

indicates aggregate formation by both amphiphileater.
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In addition to providing information regarding aggate formation, the spectral
shift of C153 can also correlate the microenvirontred the self-assembly with solvents
of different polarity [47]. Micropolarity of the Heassemblies can thus be evaluated by
the emission frequencyd,) of C153. Micropolarity is expressed in terms ofvent

polarity scale#€*) [45]. The relationship between, andx* is given by equation 3.1.

Dem= 21.217 — 3.508" 3.0

The n* values thus obtained are 0.74 for mRg£Cys and 0.62 for mPEGsCys,
which suggest that the polarities of the microemwmnents of C153 probe are comparable
to those of propionaldehyde*(= 0.71) and acetoner{ = 0.62), respectively [47].
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Figure 3.1.6 Representative fluorescence emission spectra) @1a3 in the presence of
20 mM mPEGyrCys and 5 mM mPEfGorCys, and (b) Py in pH 7.0 buffer and in the
presence of 5 mM mPEg-Cys and 2 mM mPEGy-Cys showing ] and k bands.

The microenvironment of the self-assemblies was migestigated by use of Py
probe, particularly to evaluate the micropolarity the aggregates. The solvent
dependence of vibronic band intensities in Py #8oence has captured great attention in
the literature. The intensities of the various @iic bands were found to depend strongly
on the solvent polarity [48]. More specifically,etlmatio (k/13) of the intensities of the
first (I3, 372 nm) to the third ] 384 nm) vibronic bands in the fluorescence spettof

Py is very sensitive to solvent polarity change][B®erefore, the4ll; ratio is referred to
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as micropolarity index. The polarity ratios forfdifent organic solvents are reported by
Kalyansundaram et al [48]. The fluorescence speftRy measured in pH 7.0 buffers in
the absence and presence of mRGys or mPEG ,rCys are presented iRigure
3.1.6(b). The I/13 value was found to be 1.54 for mPE&gECys and 1.46 for mPEG¢
Cys amphiphile. The measured4 values mPE&sCys and mPEGoCys correspond
to the polarity of N-Methyl formamide (I3 = 1.56) and acetone i{l; = 1.46),
respectively [48]This indicates that the microenvironments of thgragates formed by
the amphiphiles are more polar compared to thadrg-chain hydrocarbon surfactants
[33, 34]. However, the micropolarity index of thelfsassemblies as obtained from the
probe studies (C153 and Py) shows a good degregreement with each other. The
results also suggest that the microenvironmenthefaggregates are constituted by the
MPEG chains, which is consistent with the resdlBlbNMR measurements.
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Figure 3.1.7 Plots of fluorescence anisotropy ©f DPH probe versus &t 25°C: (o)
MPEG3y-Cys, and &) for mPEG100Cys.

The steady-state fluorescence anisotrapynfeasurement was carried out with
the help of DPH probe to further investigate thecwsity of the microenvironments of
the aggregates constituted by the mPEG chains. iBRHvell-known membrane fluidity
probe and its value has been used as an index of membranetyigifliliposomes
(vesicles) [50, 51]The r values in aqueous solutions of mPE&Cys (5 mM) and
MPEG100Cys (2 mM) were observed to be 0.168 and 0.1&hewively. Such high
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values imply tight packing of mPEG chains housimg DPH probe, which is indicative
of bilayer formation [52]. The concentration depence ofr of DPH was also studied
and the results are summarizedrigure 3.1.7. As observedr value increases with the
increase of concentration of the amphiphiles rearhplateau above a particular

concentration, indicating formation of more rigigcnoenvironments.

The rigidity of the microenvironments of the sedisamblies was also quantified
by measuring microviscosity{) value. Then, value was obtained from the Debye-
Stokes-Einstein relation usingand fluorescence lifetimes] data of DPH probeT(@ble
3.1.2). It is reported that the value of DPH in nonpolar and viscous solventssigally
greater than 4 ns [53]. Therefore, time resolvedréscence measurements using DPH
probe were carried out in solutions containing mpGys (15 mM) or mPEGCys
(5 mM). The experimental time-resolved intensitgfpes fit well to biexponential decay
function with x* values in fairly accepted range (0.8 — 1.2). lplserved that the
values of DPH in the presence the amphiphiles srater than the value in pure buffer,
indicating rigid microenvironment around DPH molkssu This is also suggested by the
nm values which are larger than those of micelle-fagrhydrocarbon surfactants, such as
SDS, DTAB, and CTAB [51]The largenn, value for both amphiphiles is indicative of
the existence of microenvironments constituted ity packed PEG chains. This is
also consistent with the 10 to 20-fold increasdlunrescence intensity of NPN probe
upon incorporation into the less polar microenvinemts. This is a strong proof of
formation of stable and well-packed bilayer aggtegaby the amphiphiles at
concentrations abowanc.

Table 3.1.2 Fluorescence anisotropy)( fluorescence lifetimer), ¥* and rotational
correlation time 4z) of DPH, and microviscosity;f) of aggregates at 2&.

Cs r 5 Tf R Hm
Surfactant X
(mM) (x0.001) (x0.1ns) (ns) (mPas)
MPEGos-Cys 15 0.173  0.910 54 4.95 65

MPEG105Cys 5 0.205 0.830 4.6 5.60 79
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3.1.7 Size and shape of the aggr egates

The mean hydrodynamic diametég)(and size distribution of the self-assemblies fedm
by MPEGor-Cys and mPEGo-Cys in pH 7.0 at 25C were measured by the DLS
technique. The size distribution histograms (in @ume) for both the amphiphiles
measured at two different concentrations are ptedem Figure 3.1.8. A bimodal
distribution is observed with both amphiphilesféit, aggregates of two different sizes
with meand, value of ~50 nm and ~250 nm coexist in dilute agsesolutions of both
the amphphiles. The histograms also show that teanmh, increases slightly with £
indicating formation of larger aggregates.
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Figure 3.1.8 Size distribution histograms of (a) mPE&Cys (2 mM and 20 mM) and
(b) MPEG100Cys (1 mM and 10 mM) in phosphate buffer of pH &t @5°C.

The large bilayer aggregates formed by the ampleiplare most likely vesicles.
To confirm the shape of the aggregates HRTEM imagae taken. Representative TEM
images of the solutions of both amphiphiles at pBilduffer have been shown Figure
3.1.9(a, d). The micrographs clearly reveal the formation wia§ unilameller vesicles
(SUVs) with diameters in the range of 50-300 nmwideer, large unilamellar vesicles

(LUVs) were also found to form in concentrated solu of the amphiphiles. The
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existence of LUVs at higher concentrations as aisicated by the DLS datdigure
3.1.8) can be attributed to the fusion of the SUVs. ésel insight into the size and shape
of the microstructures show that the vesicles hdigstorted spherical shape. Thus, the

TEM microstructures are consistent with the findifiggm DLS and fluorescence studies.

Figure 3.1.9 HRTEM images of 20 mM mPE{-Cys solutions at pH (a) 7.0 (b) 3.0 and
(c) 12.0, and 5 mM mPEG@xCys solutions at pH (d) 7.0 (e) 3.0 and (f) 12.0.

As conventional TEM measurements involve dryinghaf samples, the vesicular
images are often criticized as artifacts. Therefaneorder to show the existence of
aqueous core within the large aggregates revegi¢debTEM images, encapsulation of a
water-soluble dye, such as methylene blue (MB) aismpted. The encapsulation of
MB into the aqueous core of vesicles was perforrf@bwing a method reported
elsewhere [54, 55For this, 67 mg of mMPE£g-Cys (to make 80 mM stock solution) with
100pL of 2 mM MB in methanol was mixed and dried slowtya round bottomed flask
by use of a rotavapor to make a thin film. For ctatgpevaporation of the solvent, the
flask was kept overnight in desiccators. The fillmswhen rehydrated overnight with a

small amount of buffer. The rehydrated suspensiaa vortexed for 30 min followed by
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dilution with pH 7.0 buffer to attain 0.1 mM MB.{ax = 665 nm). A 2 mL volume of the
resulting solution was then loaded onto a columecked with a pre-equilibrated
Sephadex G-75 (25 cm height and 1.2 cm diameted) eduted with pH 7.0 buffer.
Vesicular suspension eluted right after the voitune. The filtration was carried out
until free MB was gel-filtrated. The eluent wasleoted in 2 mL fraction each. The
absorbance for all the fractions was measured@né6and the data were plotted against
the elution volume. The peak with low absorbanclatelution volumes correspond to
the vesicle-entrapped dye molecule. It has beendfdibat there is a small initial portion
containing vesicles entrapping approximately 2.7at%he total dye followed by a large
peak which was due to the unentrapped dye as shgwhne chromatogram depicted in
Figure 3.1.10. The encapsulation of MB is thus confirmed by tharelteristic size
exclusion chromatogram which in turn confirms existe of aqueous core within the
large aggregates formed by the mRBE&ys and mPEGoCys amphiphiles in pH 7
buffer.
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Figure 3.1.10 Gel filtration profile of the separation of the M#htrapped (small peaks)
vesicle of MPEGyCys from the corresponding free dye.

The results ofi-potential measurementd gble 3.1.3) show that the surface
charge of the vesicles is almost zero. This caadseciated with the fact that the head

group of the amphiphiles is zwitterionic in pH 7h0ffer. As the vesicles are charge
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neutral at pH 7.0, they have a tendency to intevatlt each other leading to fusion
thereby increasing the size of the vesicles, eaffgdn concentrated solution. This is
supported the fact the vesicles become somewlggrlapon aging as confirmed by the
change in turbidity of the surfactant solutionslssussed below.

Table 3.1.3 The {-potential values of mMPEG-Cys and mPEGr-Cys amphiphiles at
different concentrations.

Surfactant c(mM) {-potential (mV)
5 -0.03
mPEQoo-Cys
20 -1.86
-0.08
mPECiloo-Cys
10 -1.11

3.1.8 Stability of the vesicles

It is well-known that the spontaneously formed aatdént self-assemblies are usually
reversible organization of molecules to a highedeoed structure and their physical
stability can be altered by external stimuli. Thesicle stability was therefore
investigated under various physical conditionsjuding time, temperature, pH and salt,
emphasizing the stability of spontaneously formeesicles and their ability of

encapsulation and release of drugs.

Thermal stability. Temperature is an important factor of self-asserfiriyation
and it also affects the size and shape of aggred@ate59]. As mentioned above, DPH is
a membrane fluidity probe. Thus steady-state flsmgace anisotropy)(of DPH probe
was used to study the phase transition of bilaymbrane. The effect of temperature on
r value of DPH was studied using 15 mM mRg&ys and 5 mM mPEGorCys in pH
7.0. The plots of variation of as a function of temperature are shownFigure
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3.1.11(a). As seen from the plots,value decreases with the increase of temperatute,

it still lies in the vesicular range, even at %5. This suggests that the PEG chains
become more fluid at elevated temperatures. Thdsiésto weakening of the hydrophobic
interactions caused by the thermal motion among RE&ns. In other words, phase
transition from a highly ordered gel-like bilaydate to a slightly less ordered liquid-
crystalline state occurs upon increase of tempe¥althus the temperature corresponding
to the inflection point of the curves was takenthe melting or phase transition
temperatureT,, of the bilayer membrane. The high melting tempeest, 43°C and 52

°C for mPEGoe-Cys and mPEGoCys, respectively, clearly suggest that the vesiare
quite stable at physiological temperature (&). The existence of ULVs at higher
temperatures (78C) is evidenced by the size distribution histogrand TEM picture
(Figure 3.1.11(b)) of 15 mM mPEGysCys solution. Since th&,, value of the vesicles
formed by for mPEGsCys is ~43°C, they can be used in temperature-triggered
systemic delivery of drugs.
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Figure 3.1.11 Plots showing (a) variation of fluorescence angoyr () of DPH with
temperature; (b) size distribution histogram of r@Rg-Cys (15 mM) in pH 7.0 at 7%
(inset: TEM micrographs of 15 mM mPE4gzCys solution at 75C).
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Figure 3.1.12 Plots showing variation of fluorescence anisotr@pyf DPH with pH.

pH effect. The pH-sensitive vesicles have shown potentigpoitance in
controlled drug release, as the pH around any dadagsue differs from that of normal
tissue. The variation of solution pH can show adpreinant change in the bilayer
structure and hence can affect the stability ofokes formed by amphiphilic molecules
with ionizable head group [60-62]. Since the amphgs under study are zwitterionic at
neutral pH, the stability of the vesicles was stddby varying pH of the medium. The
pH-stability measurement was carried out by moimtpther value of DPH probe. The
pH of the solution containing fixed concentratioh MPEGy-Cys (20 mM ) and
MPEG 10¢Cys (5 mM) was varied from 2 to 12 at Z5. Each solution was incubated for
30 min prior to the measurement. The plotEiigure 3.1.12 show the variation af value
of DPH with the change in pH of the aqueous sotutib is observed that thevalue
decreases with the decrease in solution pH andvéBeeles show maximum stability
between pH 6.5 to 8. The bilayer membrane of vémi@ggregates becomes less rigid at
lower as well as higher pH as a result of weakebirfpe packing of the mPEG chains as
consequence of electrostatic repulsion betweemana cationic head groups produced
due to ionization of the amphiphiles in water. Hoer in both lower and higher pH, the
r value lies in the vesicular range, suggestingtente of cationic and anionic vesicles,

respectively. The apparent pKalues for the proton transfer equilibria wereneated
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from the pH variation profiles afand were found to be ~3.9 and ~9.3 for mRsGYys,
and ~5.1 and ~9.1 for mPEfgrCys. Thus the pl values calculated from the retbgec
pK, values are ~6.6 and ~7.1 for mPE&Cys and mPEGorCys, respectively. This

clearly indicates that at pH 7.0 both the surfastaemain in the zwitterionic form as
shown inFigure 3.1.1.
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Figure 3.1.13 Hydrodynamic size distributions in aqueous sohgiof (A) 20 mM
MPEGoe-Cys and (B) 5 mM mPEfGyCys at different pH at 2%C.

The size distributionsgHgure 3.1.13) histograms of the vesicles in the acidic and
basic pH solution of the amphiphiles were also messin order to examine if there is
any structural change of the vesicles. The ndgaralue of the vesicles formed in acidic
(pH 3) and basic (pH 12) pH are observed to belem#lan that of the corresponding
zwitterionic vesiclesKigure 3.1.8) at neutral pH. However, they are much larger than
that of normal micelles which have dalue usually in the range of 3 to 5 nm [63]. The
existence of ULVs in acidic as well as in basic isHurther confirmed by the respective
TEM image depicted ifigure 3.1.9.

Aging effect. Vesicle stability with respect to time was also niored by
measuring turbidity ) of the vesicle solutions of the amphiphiles. Thebidity of a

colloidal solution is mainly caused by the scatigrof light by the vesicular aggregates
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and the scattering intensity depends on the sizk pampulation of vesicles. For this
turbidity of 6 mM MPEGyCys and 2.5 mM mPE&¢Cys in pH 7.0 buffer was
monitored at 450 nm over a period of 30 days. Tlbespn Figure 3.1.14(a) shows only

a slight increase in turbidity for both the vesistdutions in the initial aging interval and
thereafter remains constant at the equilibrium ealt30%) for about 30 days. The
formation and growth of the vesicles cause theainibcrease of the turbidity while the
subsequent constant turbidity indicates high ewatustability with aging time. This is
also supported by the size distribution profi{sgure 3.1.14(b)). Thus for both the
systems, the vesicles solutions are found to by fstable and hence have greater shelf-
life. It is important to note that the vesicle d@uas of both amphiphiles at pH 3.0 and
12.0 do not exhibit any change of turbidity on ag@ for a month. This is expected as the
vesicles in these solutions are ionic in charattey repel each other thus preventing any

inter-vesicle interaction that enlarges the vesicle
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Figure 3.1.14 Plots of (a)turbidity, T (= 100 — %T) versus aging time, and @ize
distribution histograms of the surfactant solutiagpH 7.0 and 258C after 20 days of
sample preparation.

3.1.9 Dye encapsulation and release kinetics

The Cal {max = 465 nm) dye was encapsulated within the innereaqgs pool of the

vesicles formed by 80 mM mPEgCys at pH 7.0 in the same way as described above
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for MB dye. The Cal concentration taken was 2. The free unentrapped Cal was
separated from the entrapped Cal by using the g@affdtration column chromatography

as described for MB. The encapsulation was confirimgthe characteristic fluorescence
spectrum of the dye (not shown)
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Figure 3.1.15 (a) fluorescence spectra of vesicle-entrapped i€80imM MPEGysCys
at pH 7.4 and 3.0, (b) plot of % release of Cad &snction of time (min) from vesicles of
MPEGoe-Cys at pH 3.0 and 37C (inset: Cal release profile at pH 7.4), and (ot
showing variation of % release of DPH with time ifjrat 37°C in pH 3.0 and pH 7.4.

The pH-triggered release of the Cal from the inagueous compartment was
performed at pH 3.0 by monitoring its steady-sfaterescence intensity at 514 nm at
different time intervals. The % release of the dmgs calculated from the relative

fluorescence intensity (K, where | andd 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 Bufer), respectively, using

equation:
% Release = (ll5) x 100% (3.2)

It can be observed that when an aliquot of dilu@ Bolution was added (to attain pH
3.0) to the vesicular solutions containing Cal, therescence intensity of the dye
decreased immediately by a large ext&ngyre 3.1.15(a)). This can be attributed to the
burst release (~55%) of the dye molecules dueddatge change in permeability of the
bilayer membrane as a result of change of ioninabehavior of the amphiphile in acidic
pH. Another factor which also plays an importarieng the acid hydrolysis of the ester
linkage which causes the release of dye molecufedidvupting the vesicle membrane.
Consequently, after the rapid initial decrease flnerescence intensity of the dye
decreased slowly with time. The fluorescence spegtre therefore recorded at different
time intervals following the burst release. Frora tepresentative release profiledure
3.1.15(b)) for mPEGye-Cys amphiphile it is obvious that following bursiease a slow
release occurs reaching plateau at about 62%. [bherslease can be attributed to the
disruption of the vesicle membrane due to acidlyzed hydrolysis of the ester linkages.
The release of the model drug Cal at pH 7.4 was @sried out as a control study. The
release profile is included Figure 3.1.15(b). It can be observed that there is almost zero

percent release of the dye within the experimeirtad period of 2 h.

Similar experiment using hydrophobic dye DPH wasoatarried out in both
surfactant solutions. The release profiles are shiovFigure 3.1.15(c). In this case also
a burst release (35%) followed by a slow releaget@u50%) was observed. Also the
control experiment at pH 7.4 did not show any rededuring the period of experiment.
The results of these experiments show that theassiémbled vesicular structures of
MPEGorCys and mPEGer-Cys amphiphiles can be used as efficient sustaiek@dse
delivery systems in pharmaceutical applicationschAematic of encapsulation of Cal and
DPH in the vesicles at pH 7.4 and release of thesdjt lower pH has been shown in
Figure3.1.16.
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Figure 3.1.16 Schematic representation of encapsulation of droecales (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 zwitteimamphiphiles with mPEG tail of
different chain lengths were developed and charaetd The surface activity and
aggregation behavior of the amphiphiles were thginbuexamined in pH 7.0 buffer at
25 °C. The amphiphiles were found to be weakly surfactive. The results of surface
tension, fluorescence, DLS and TEM measurementgestighat the amphiphiles have
strong tendency to self-organize spontaneouslymm fstable ULVs in dilute as well as
in concentrated solutions. Unlike amino acid-balsgdrocarbon surfactants, a relatively
polar but rigid bilayer membrane is observed tomfoby the mPEG chains. The
thermodynamics of vesicle formation was observeddovery similar to conventional
hydrocarbon surfactants. The large positive vahfesS’, indicate that the driving force
behind the spontaneous vesicle formation is hydybjghinteraction. The vesicles were
observed to be stable in the temperature range5@-dver a long period of time. The
amphiphiles exhibit vesicle formation in acidicwasll as in basic pH. The vesicles were
found to be capable of encapsulating hydrophilieval as hydrophobic dyes. However,
the vesicles are sensitive to temperature and @ige and therefore can find potential

application as efficient sustained drug deliverfiigkes in pharmaceutical industry.
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3.2 Sdf-assembly Study of Mesna Based Single PEG-Tailed Anionic
Amphiphiles?

3.2.1 Scope of the study

In the preceding section, two zwitterionic amphighibearing PEG tail were developed
[64]. Herein, the zwitterionic cysteine head grafpghe amphiphiles has been replaced
by mesna (sodium-2-mercapto ethane sulfonate) ttoduce the anionic head group.
Mesna has been used here as it possesses lotslafital applications. Mesna is a
synthetic sulfur compound that produces mucolygiglisrupting the disulfide bonds of
the mucous polypeptide chains [65, 66]s also used in a variety of disorders, sucl as
mucolytic agent for pulmonary disorders and asadegtive agent against the toxicity of
some chemotherapeutic agents. It can also be usddgdear surgeries, such as
cholesteatoma or atelectatic ears, to make thedtiss of tissue layers simpler [67]. As
mesna is polar in nature, it prevents its passagefthe vascular bed into cells. This
results in efficient renal clearance and avoids ahyerse impact on the cytotoxic effects
of ifosfamide. As the small molecule has widesprapglications in cancer therapy and
also in other medicinal field, mesna was chosethasead group to develop the target
amphiphilic molecules.

However, for designing an effective drug deliveghicle, the major issue is that
the system must be biocompatible as well as bitehai Considering the chemical and
biological uses of PEG in surfactant chemistry,gddelivery systems, it was covalently
linked to mesna to synthesize two novel molecd<3S1 and PEGS2 (sEmure 3.2.1
for structures). The PEGS1 and PEGS2 moleculesistoos mPEG tail of different
lengths and mesna as the anionic head group. Tfo oigective is to examine if there
is any micellization by PEGS1 and PEGS2 in wateroatn temperature. The surface
activity and aggregation behavior of these molecwere investigated in phosphate
buffer (20 mM, pH 7.0) at 2%C. The surface activity of the amphiphiles wasdatned

by measuring surface tension in water. The selyabdy formation was studied by

?J. Colloid Interf. Sci. 2015, 451, 53-62.
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fluorescent probe techniques. The thermodynamitkeotelf-assembly process was also
studied by ITC through measurements of A&, AH, andAS’, of micellization. DLS
was used to determine the mean hydrodynamic diameit the aggregates. The

morphology of the aggregates was investigated byotFEM.
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Figure 3.2.1 Chemical structures of the amphiphiles.
3.2.2 Surface activity

The plots of variation of surface tension with demcentration (¢ of the amphiphiles at
room temperature are depicted fingure 3.2.2. As observed the value decreases
gradually with the increase of concentration, sggg spontaneous adsorption of the
amphiphiles at the air/water interface. The,p®@alue that measures the adsorption
efficiency of PS1 (2.28) and PS2 (2.36) is mucls les comparison to conventional
hydrocarbon chain surfactants [33, 3dbwever, the pg values are found to be less
closely equal to the corresponding zwitterionic aippile MPEGyr-Cys and mPEGos
Cys [64]. That is both PEGS1 and PEGS2 amphiplaitesveakly surface active which

can be attributed to the overall polar nature efrtivlecules.

The features of both plots are similar and no sditum point was found in the ST
plot even at the highest concentration (30 mM) eygd. However, a small dip in the ST
plot (indicated by the downward arrow) at a muctvdo concentration (~2.0 mM for
PEGS1 and ~1.0 mM for PEGS?2) is observed with Bothamphiphiles. The ST plot in
the low concentration region has been separatewistas an inset of the corresponding

figure. The concentration corresponding to theidifhe ST plot can be taken as timc
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of the amphihile. Thus these amphiphiles seem bavelike long-chain fatty alcohols in
which the polarity difference between the hydrooarishain and —OH is quite small. At
low concentrations the favorable H-bonding intdmacbetween the PEG chain and water
molecules causes the PEG tall to lie flat at thiwvater interface, resulting in a small
decrease of value. Gradual increase of monomer concentrabares the PEG chains to

become straight in the interface making more roonother molecules and thus reduces

they value.
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Figure 3.2.2 Plots of variation of surface tensiop fiNm™) as a function of logCin
phosphate buffer 20 mM, pH 7.0 at 25: (n) PEGS1, and €) PEGS2; insety versus
logG; plot in the lower concentration range of the amphes.

3.2.3 Critical micelle concentration (cmc)

To determineemc of the amphiphiles, fluorescence titration usirg\NNprobe was carried
out at room temperature. As in the cases of mBEGys and mMPEGCys a large
spectral blue shift of the emission maximurr.{) along with a huge rise of fluorescence
intensity in presence of amphiphiles above a diiticoncentration was observed,
indicating formation of aggregates with hydrophobare. Thespectral shifts A\) are
plotted as a function of &as shown irFigure 3.2.3(a). Thecmc was determined from
the onset of rise of the curve as indicated byatinew. Thecmc thus obtained are 2.0 and
0.9 mM for PEGS1 and PEGS2, respectively, and lasely similar to those obtained
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from ST plots. The lower value amc of PEGS2 must be due to its longer PEG chain.
The higher value oA\ for PEGS1 can be attributed to the more rigid ogavironment

formation by the PEGS1 molecules after reacleing

50 50
o PEGS1 (R=0.986 30
4 (a)~ """ S 404 (b) » PEGS2 R =090,
3 L 40 (R=0.990
20 z 25
! 30,
=16 | 0 202
;512 ‘ -zo§§2° '15§
Q 4] <10 10
110
4
m PEGS2 (R = 0.997) 0 L5
0+ I O PEGS1 (R=0.9940
' ' | o1 1 10 0
0.1 1 10 .
C_ (mM) C, (mM)

Figure 3.2.3 (a) Plots showing variation ofA (= Awater - Asurfactan) Of NPN in phosphate
buffer (20 mM, pH 7.0) with the change in& 25°C (inset: representative fluorescence
emission spectra of NPN in pH 7.0 buffer containthgnd 25 mM PEGS2 and 50 mM
PEGS1); (b) variation o\ of NPN probe with Cin salt-free water at 2%: (o) PEGS1
and @) PEGS2.

The self-assembly formation in salt-free pure watems also studied by
fluorescence measurements using NPN probe. Thesityaise along with spectral shift
confirmed self-assembly formation in water. Tdnee values as obtained from the plots in
Figure 3.2.3(b) are 3.0 and 1.9 mM for PEGS1 and PEGS2, respéctiféde cmc
values, however, are greater than the correspondahge in phosphate buffefl éble
3.2.2). This is due to higher ionic strength of the kuffolution that reduces ionic

repulsion between head groups decreasingrtitevalue of the anionic amphiphiles.

3.2.4 Thermodynamics of self-assembly formation

The aggregation behavior of the amphiphiles comgisulfonate head group was further
studied by ITC method at Z& to evaluate the energy of micellization. Tdmac values
and the respective heat of dilution were evalu&teah Figure 3.2.4 and are collected in
Table 3.2.1. The positiveAH’,, values for both PEGS1 and PEGS2 emphasized that th
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aggregate formation whether it is micelle or vesitd endothermic in nature. The highly
negativeAG’,, values, however, imply spontaneity of the aggredatmation process.
The data in Table 3.2.1 suggest that the aggrégatetion is less favored in the case of
PEGS1 which can be attributed to relatively moriaupand short PEG chain. Tha%’,
value calculated from the respecti®€’y, value is observed to be much higher than that
of corresponding\H°, value which means aggregate formation by both @shghas is
an entropy-driven process. In fact, dehydratiodoWéd by hydrophobic interaction
among HC chains is the sole criterian of entropyeir processes, such as micelle
formation [38]. Thus, as in the case of HC-contagniconventional surfactants, the
hydrophobic interaction among PEG chains in theeflac interior drives the process of
micellization. In other words, the thermodynamiesibnd aggregate formation are similar

for both PEG chain-containing amphiphiles and HGtaming surfactants.
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Figure 3.2.4 Calorimetric traces (heat flow against time) forG¥ (a) and PEGS2 (c),
and variation of enthalpy change with for PEGS1 (b) and PEGS2 (d) in phosphate
buffer (20 mM, pH 7.0) at 2%C.
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Table 3.2.1 Critical micelle concentrationcinc), standard Gibbs free energy change
(AG®y), standard enthalpy changaH’,) and standard entropy chang&S{,) of the
micelle formation in phosphate buffer (20 mM, pl)7of PEGS1 and PEGS?2 at 4&.

cme AG’m AH®n, AS’m TAS
Surfactant L L — L
(mM) (kJ mol™) (kJmol) @K™ mol) (kJmol)
2.6 0.27
PEGS1 -14.66 50.09 14.93
(x0.1) (+0.06)
1.0 0.43
PEGS2 -16.99 58.50 17.43
(+0.2) (x0.09)

3.252D NOESY 'H-NMR analysis

The 2D NOESY'H-NMR spectra were measured at both micellar andmizellar state
of the PEGS1 amphiphile, as a representative exanmpD was used as the reference
solvent to search for the key cross-interactionsragnthe amphiphilic molecules. This
analysis actually predicts the arrangement of thphaphilc molecules in the aggregates
as described in the previous section. In non-nacedtate (0.8 mM PEGSL1 in,D)
mainly diagonal interactions which means only iatéions among adjacent H atoms in
the PEG chain were observed (not shown here). @rother hand, in addition to the
diagonal peaks a number of cross peaks were olus&ntke the micellar aggregates of
PEGS1 (8 mM in BO). InFigure 3.2.5 the intense cross peaks-di, h« e, fand g—

e, f protons suggest intermolecular interactionswben the head groups of the
amphiphile. Again, the close proximity among-ac, b, h and b- h, a, i, d protons
features the strong intermolecular interactionsregrtbe PEG tails of the monomers. The
origin of the intermolecular interactions must be hydrophobic interaction, which is the
driving force of aggregate formation. However, thgatial arrangement of PEGS1
molecules in the aggregated state matching theugirspace interactions suggests

bilayer formation after reachingnc.
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Figure 3.2.5 2D NOESY*'H-NMR spectrum of 8 mM PEGSL1 in the aggregatedstat

3.2.6 Micropolarity and microviscosity of the self-assemblies

The Py probe was used to determine the micropplaritthe self-assemblies. The
fluorescence emission spectra of Py measured in/7@Hbuffers in the absence and
presence of different concentrations of PEGS1 dBaG3$2 were measured. The plots
showing variation ofjl/Isratio with G are depicted ifrigure 3.2.6(a). The /I3 ratio has
a value of 1.83 in pH 7.0 buffer in the absencehef surfactant. But the ratio falls off
with increasing concentration of the added amphephnd the limiting valuesT@ble
3.2.2) are less than that in water, indicating formatmiaggregates with less polar
microenvironments [57, 58%imilar values of /13 ratio were also obtained from studies
in pure water. However, like mPE§Cys and mPEGo-Cys amphiphiles, the; Vi3

ratio is higher compared to those of conventiondlestants [42, 43].
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Figure 3.2.6 Plots of (a) variation of micropolarity index/(k) with the change of £at
25 °C, and (b) plots of value of DPH probe versuss & 25°C: (o) PEGS1 andx
PEGS2.

Table 3.2.2 Self-assembly properties of PEGS1 and PEGS2 inpbfade buffer (20 mM,
pH 7.0) at 25C; the values within the parentheses correspopdiie water at 25C.

Surfactant pCZO cmc (mM) r Hm (mPa S) 1|/|3

20+0.1 0.174 +0.03 46.0 + 3.0 1.61 +£0.02

PEGS1  2.28
(3.0£0.1) (0.162+0.09  (45.0+5.0)  (1.63 +0.05)

0.86 +0.11 0.112 +0.0% 220+1.8 1.56 + 0.03

PEGS?2 2.36
(1.9+0.1) (0.110+0.1%) (30.0+3.0) (1.61+0.06)

@measured in 40 mM of PEGSmeasured in 20 mM of PEGS?2.

Ther value of DPH probe which is used as an index afronigidity of micelles
was measured in the presence of different condensof both PEGS1 and PEGS2.
Figure 3.2.6(b) shows the plots of variation ofwith Cs. Ther value of DPH probe in

the self-assemblies of PEGS2 is similar to thossenked with micellar aggregates of
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conventional anionic surfactants £ 0.05). However, interestingly, tlmevalue for self-
assemblies of PEGS1 is relatively higher, sugggstiore rigid microenvironment. This
may be an indication of the formation of bilayegeszgates by PEGS1 and small micellar
aggregates by PEGS2. The increase @fith increasing concentration of PEGS1 and
PEGS2 can be attributed to the growth of bilayet mcellar aggregates, respectively.

As discussed earlier, thg, value quantifies the rigidity of the microenviroans
of the self-assemblies and can be used as an d¢hgtireof of the nature of aggregate
type. Thusyn, values Table 3.2.2) were calculated usingandz values of DPH probe.
For comparison purposes the values @&ndn, obtained from measurements in pure
water are also included ihable 3.2.2. As observed, thgy, values of the aggregates in
water are similar to those in buffer medium. Rekly larger value ofyy, in the case of
PEGS1 (46 mPa s) indicates formation of larger egape. On the other hand, lower
value ofn, in case of PEGS2 (22 mPa s) indicates formatiorsméll micelle-like
aggregates in buffered solution. A similar obseorats also made for aggregates in pure
water. It is reported that as the molecular weajlthe PEG chain increases (i.e., with the
increase in number of ethylene glycol units), hsliof PEG chain increases. Thus
PEGS1 having shorter PEG chain spontaneously famget tightly-packed bilayer
aggregates in water as well as in buffered solutiinereas the repulsive interaction
among the longer and more helical PEG chain catiee$PEGS2 monomers to form
loosely-packed smaller aggregates like micellese Tésults thus support the mutual
spatial arrangement of amphiphilic molecules in #ygregated state as described in
section 3.2.5.

3.2.7 Size and shape of the aggregates

The size distribution of the aggregates formed B%B1 and PEGS2 in aqueous buffered
solution was measured by DLS technique. The hiatagrinFigure 3.2.7 represent the
volume distribution graphs of the aggregates forrhbgdthe amphiphiles at different
concentrations. A monomodal size distribution can dbserved for PEGS1 at low
concentration, but the concentrated solution exhinimodal distributions witd, around

40-80 nm and 250-700 nm, suggesting coexistenaggfegates of different sizes. On
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the other hand, a narrow monomodal distributiorhwit of around 3-10 nm is observed
with PEGS2, suggesting formation of micellar aggteg in pH 7.0 buffer. The DLS

results demonstrate different aggregation behaniamater as well as in aqueous buffered
solution despite having identical head group. Tlksults are consistent with the
conclusions made from fluorescence anisotropy etudnd 2D NOESY NMR analysis.

The existence of different types of aggregateauiifiebed solution of PEGS1 and PEGS2
amphiphiles was further confirmed by the TEM meaments as discussed below.
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Figure 3.2.7 Size distribution histograms of the aggregatesgueaus buffered solution
(20 mM, pH 7.0) of PEGS1 and PEGS?2 at differenteaotrations at 25C.

Surface charge of the aggregates formed by PEG81P&GS2 at different
concentrations was estimated Gpotential measurements. Theotential values of the
aggregates of PEGS1 and PEGS2 amphiphiles are irsfieable 3.2.3. As expected, the
negative charge density is high for both types ggragates formed by PEGS1 and
PEGS2. Because of intermolecular repulsive intevastamong the large sulfonate head
groups, the aggregates of PEGS1 are expectedduffogently stable. This is manifested
by the results of aging effect discussed below.
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Table 3.2.3 The(-potential values of the self-assembled structafd3EGS1 and PEGS2
in 20 mM phosphate buffer (pH 7.0) at different cemtrations.

Surfactant S(mM) {-Potential (mV)
10 -31.1
PEGS1
20 -29.8
5 -20.0
PEGS2
10 -15.2

Figure 3.2.8 HRTEM micrographs of the solutions of (a) 10 mM FEG (b) 20 mM
PEGS], (c) 5 mM PEGS2, and (d) 10 mM PEGS2.

The HRTEM images of the aqueous solutions of thphaphiles were
measured to visualize the shape and size of theostiactures. The micrographHsigure
3.2.8(a, b)) of both dilute and concentrated solutions of PE@Syeal the existence of
ULVs that enclose an aqueous cavity. On the otl@rdhonly small (10 — 15 nm)
micellar aggregates are observed in both dilute @mtentrated solutions of PEGS2
(Figure 3.2.8(c, d)). The diameter of the micelles of PEGS2 is coasistvith its long
PEG chain. Although TEM images obtained by conwerai method are often criticized
as the method involves drying of the specimen,itieges shown ifrigure 3.2.8 were
reproducible. It is clear from the images thatiinté solution of PEGS1, both small (25

— 60 nm) and large vesicles (100 — 200 nm) coexikiwever, in concentrated solution
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of PEGS1, the population of large vesicles (> 269 mcreases, which may be due to
fusion of the small vesicles with the larger onése size of the aggregates of PEGS1 and
PEGS2 as seen in the TEM images are, however, eanthtn that obtained by DLS
measurements. This is expected because the forma#rodch involved drying of the
sample. Considering the experimental results obréacence, 2D NOESY, DLS, and
TEM aggregate formation by the amphiphiles can li@ve by the schematid={gure
3.2.9), which also features the spatial alignment of theplaphilc molecules in the

aggregate.

SégNa

Figure 3.2.9 Schematic representation of the formation of l@itayesicles by PEGS1
molecules and micelles by PEGS2 molecules; spatisdngements of (a) PEGS1
molecules in the bilayer state and (b) PEGS2 mddscin the micellar state showing
matched through-space interactions as revealeldeb® NOESY cross-peaks.

3.2.8 Stability of the aggregates

Thermal stability. The effect of temperature on the stability of #ugregates
formed by PEGS1 and PEGS2 amphiphiles was studyedsk of DPH probe. The
fluorescence anisotropy)(of DPH in the presence of both amphiphiles wasitoced in
the temperature range of 25 to 75°C. The plots irFigure 3.2.10(a) show the variation
of r in PEGS1 (40 mM) and PEGS2 (20 mM) solutions wattmperature. The magnitude
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of r is higher at low temperature, but it decreasehl thi¢ increase of temperature. This is
because the viscosity of the microenvironment$efaggregates decreases with the rise
in temperature due to weakening of the hydrophotteraction and other physical forces
among PEG chains that are responsible for fornmtiegaggregates. In the case of vesicles
of PEGS1, this causes phase transition of the dnlenembrane from more rigid gel state
to a more fluid liquid-crystalline state. In thase of PEGS2 amphiphile, the decrease of
r suggests disruption of the micelles. However, \ksicle structures of PEGS1 still
remain at 75°C which is indicated by the highervalue (0.155). The existence of
vesicles at 75C was confirmed by the size distribution histograsrwell as by the TEM
image as shown ikigure 3.2.10(b, c). The temperature corresponding to the inflection
point of the sigmoidal curves iRigure 3.2.10(a) can be taken as the phase transition
temperature, T, The higher value of J (44 °C) is consistent with the stronger
interactions among PEG chains in the vesicle bilafEGS1. On the other hand, in the
case of PEGS2, the interaction among PEG chaimg lveeak the micelles get disrupted
as a result of increase of temperature abov¥C4T hus the vesicles of PEGS1 are quite
stable at the physiological temperature (&) and therefore can be used for drug

delivery purposes.
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Figure 3.2.10 (a) Plots showing variation ofof DPH probe in 40 mM PEGSL1 and in 20
mM PEGS2 solutions with temperatuC); representative TEM micrograph (b), and
size distribution histogram (c) of 40 mM PEGS1usioh at 75°C.
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Figure 3.2.11 (a) Variation ofr of DPH probe in 40 mM PEGS1 with the concentration
of NaCl (A), L-lysine hydrochloridex{) and choline chloride (o); (b) size distribution
histograms of 40 mM PEGSL1 solution in the preseidb0 mM L-lysine hydrochloride
(A) and 200 mM choline chloride (B).

Effect of additives. The effect of salt concentration on the aggregatehavior
of PEGS1 and PEGS2 was also examined. It is compnuabderved that the increase of
counterion concentration or even an increase ot isinength of ionic surfactant solution
induces transition of bilayer vesicles to form gpted micelles and rod-like micelles
tubular structure or from small vesicles to giamsicles [68-70]. In order to examine this,
ther value of DPH probe in 40 mM PEGS1 and 20 mM PE@&&2 monitored with the
variation of the concentration of three types dfssancluding NaCl, choline chloride,
and L-lysine hydrochloride having different catioBsit the additives were found to have
no significant effect on the value of DPH in solution of PEGSZFifure 3.2.11(a)),
suggesting either micellar structures remain ungbdnor undergo transition to form
larger micelles. Addition of salt causes a redurctid electrostatic repulsion among the
anionic head-groups which results in a growth gjragates. But, as there was no change
of microviscosity, the possibility of formation tdrge rod-like aggregates can be ruled
out.
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Figure 3.2.12 (a) Variation of¢-potential with the increase in concentration df/tine
hydrochloride and choline chloride; (b) plots aftidity (t = 100 — % T) versus aging
time.

As with PEGS2, addition of NaCl to the solutionREGS1 did not also show any
significant change in thevalue of DPH. Interestingly, addition of organalts, such as
choline chloride and L-lysine hydrochloride was @fved to have a significant effect on
the stability of the vesicles of PEGS1. The pldts of DPH as a function of [L-lysine]
or [choline chloride] have been shown f#hgure 3.2.11(a). For both L-lysine
hydrochloride and choline chloride, the plot shasharp decrease ofvith the increase
of additive concentration, suggesting transformmaid bilayer structure to some other
morphology. The transformation of the vesicles toak vesicles in the presence of
choline chloride is shown by the corresponding sisdribution histogram irFigure
3.2.11(b). However, upon addition of L-lysine hydrochloritte the solution of PEGS1
transformed vesicles into small micelles havidg of ~4 nm. The increased salt
concentration, however, reduces the surface ctaggsity of the aggregates as indicated
by the reduction ofl-potential Figure 3.2.12(a)). The different effects of L-lysine
hydrochloride and choline chloride on the vesicsltanctures of PEGS1 can be attributed

to the difference in charge of the organic countmmns. Thus relatively weaker
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electrostatic interaction of singly charged choleidoride with the —S© head group
causes patrtial disruption of the vesicles, leadinthe formation of smaller vesicles. On
the other hand, relatively strong interaction o tationic L-lysine with the —SOhead
group results in a complete destruction of PEGStlessto small micellar aggregates.
This is demonstrated by the size distribution lysams inFigure 3.2.11(b).

Aging effect. The turbidity €) of the solutions of the amphiphile was measuted a
different time intervals in order to investigateeBHife of the aggregates. The turbidity of
10 mM PEGS1 and 5 mM PEGS2 in pH 7.0 (20 mM) buffas monitored at 450 nm at
different time intervals over 30 days. The expentakresults are presented kingure
3.2.12(b). The plot reveals that the turbidity initially ieases only slightly with time,
and reaches almost to a steady value. The init@kase in turbidity could be attributed
to the formation and growth of vesicles (PEGS1ljnarelles (PEGS2) upon aging, while

the subsequent plateau refers to the storageflifeeaaggregates.

3.2.9 Summary

In conclusion, two novel amphiphiles consistingP&G as tail and mesna as head were
designed and synthesized. The surface activityir@nduing self-assembly properties of
the amphiphiles in buffer (pH 7.0) were investigat&nlike conventional surfactants
with hydrocarbon tailthese amphiphiles were found to have weak surfateitg.
However, thecmc of these amphiphiles was relatively low. On thesibaof the
experimental results of fluorescence, DLS and TEbasurements PEGS1 with shorter
PEG chain have strong tendency to self-organizaetapeously to form stable ULVs in
dilute as well as in concentrated solutions, whersanall micellar aggregates were
observed to form in both dilute and concentratddtsms of PEGS2 bearing longer PEG
chain. This difference in aggregation behavior ltd PEG based amphiphiles having
same head group can be attributed to the differencenformation of the PEG chains.
The longer PEG chain has higher helicity which oasthere the microstructure of the
aggregates. The thermodynamics of self-assembigaton, however, was observed to

be quite similar to conventional surfactants. Térgé positive values &S’y indicated
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that the driving force behind the spontaneous agdee formation is hydrophobic

interaction. The vesicles as well as the micellesnéd by the PEGS1 and PEGS2
surfactants were also observed to be sufficierttiple at the physiological temperature
for a longer period of time which suggests thatytibkan have potential use in drug
delivery applications. The addition of choline alde caused transformation of the large
vesicles of PEGS1 into smaller vesicles. Intergbin the vesicular aggregates
transformed into small micellar aggregates upontiidof relatively low concentration

of L-lysine hydrochloride salt.
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3.3 Vesicle Formation by Anionic Amphiphileswith Double PEG Tails

3.3.1 Scope of the study

There are numerous reports on double-tailed ampégphearing hydrophobic tails, such
as alkyl chain, aromatic moiety, pyrolle, sterotd.471-85]. There are also reports on
bilayer membrane formation by nonionic double-thilsurfactants which contain
polyglyceryl as head group [86]. In the precediegt®ns, however, spontaneous and
stable vesicle formation by unconventional, singd&G-tailed amphiphiles with
zwitterionic or anionic head group has been dematest [64, 87]. This led to the present
investigation to study self-assembly behavior afilile PEG-tailed amphiphiles keeping
the PEG chain lengths and head group (sulfonatepsdhus in this work, two novel
double PEG-tailed molecules, sodium di-(mercaptopnoyl poly(ethylene glycol))-
propane sulfonate having PEG chains of length~M300 (DPEGS1) and M~1100
(DPEGSZ2) were developed and characterized. Thedunttion of a second PEG chain is
expected to increase polarity of the molecule. &fwee, it will be really very interesting
to see whether such molecules undergo self-orgamizen aqueous solution or not. The
solution behavior of the newly developed amphighiteas thoroughly investigated in
aqueous buffer (pH 7.0) at 2&. The self-assembly behavior in aqueous solutias w
studied by steady-state fluorescence probe tecbsiqlihe size and shape of the
aggregate form were measured by DLS, TEM and AFMisueements. 2BH-NMR
spectra of the aqueous solutions of the surfactavese measured to study the
interactions between PEG chains. The stability h&f &ggregates with the change of

temperature and concentration of additives wasiaissstigated.
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n=4,DPEGS]
n= 23, DPEGS2

Figure 3.3.1 Chemical structures of the amphiphiles sodium dérgapto propanoyl
poly(ethylene glycol)) propane sulfonate (n = 4 H¥S1 and n = 23, DPEGS2).

3.3.2 Self-assembly behavior

To demonstrate self-assembly formation the ste&ate-gluorescence spectra of NPN
probe was measured in agueous solutions contadliifegent concentrations of DPEGS1
and DPEGS2 molecules. Surprisingly, the fluoreseespectrum of NPN in the presence
of both DPEGS1 and DPEGS2 exhibits a large blué& shih a concomitant rise of
intensity Eigure 3.3.2(a)), indicating formation of microdomains of polarityuch less
than that of bulk water [46]. In other words, thieghave like conventional HC tail
surfactants in water at room temperature. This shtve amphiphilic nature of both
DPEGS1 and DPEGS2 molecules.
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Figure 3.3.2 Plots of (a)representative fluorescence emission spectra of MAM 7.0
buffer containing different concentrations of DPEX38nd b) plots of spectral shifkX)
of NPN as a function of & pH 7.0 buffer at 25C: DPEGS1 &) and DPEGS2y).
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The plots of variation of spectral shif\d [= Amaxwater) = Amax(surfactanf) @S @
function of concentration (Cof DPEGS1 and DPEGS2 are showrFigure 3.3.2(b). It
is observed that theé)l value increases with sCuntil a limiting value is reached
corresponding to the plateau region. Thev@lue corresponding to the inflection point
(indicated by arrows) was taken as thac value of the amphiphile. Theac values thus
obtained from the onset rise of the curves areectdt inTable 3.3.1.

Table 3.3.1 The self-association properties of DPEGS1 and D®E@ phosphate buffer
(20 mM, pH 7.0) and fluorescence properties of Offébe in solutions of DPEGS1 and
DPEGS?2 at 25C.

AM
Surfactant cac (mM) 1/15 (nm) r (r?s) nm (MPa s)
(NPN)

DPEGS1 0.15+0.02 1.65+0.08 40 0.165 5.06 48.1+5.0

DPEGS? 0074003 L7000 a0 ik 479 392+34

*a and b corresponds to 5 mM DPEGS1 and 5 mM DEEGS
3.3.3 Microenvironment study

To examine the micropolarity of the microenvirontseformed by the double-tailed
amphiphiles steady-state fluorescence spectra u$ipgin presence of different
concentrations of DPEGS1 or DPEGS2 were measuredhencorresponding value of
the polarity parameter; I/ I3 was determined. For both amphiphiles, th&; Iratio
continues to fall with the increase of concentratidhe lowest /13 value was noted for
DPEGS1 and DPEGS2 and is included Tiable 3.3.1. The I/I3 values of both
amphiphiles observed to be higher and are grehser those of corresponding single-
chain amphiphiles PEGS1 and PEGS2. This shows that polarity of the
microenvironment Py probe is very polar like alcsh@0, 41]. This means either the
probe molecules are solubilized near the aggregatiace or the PEG chains are so
tightly packed that the Py molecules cannot petestrdio the core, or the degree of water

penetration into the micelle core is large. In cast, the large blue shift of the emission
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spectrum of NPN suggests nonpolar environment ardli@ probe molecules. In order

to address this, the steady-state fluorescenceérapgdPH probe were measured.

The rise emission intensity (not shown) indicatetulsilization of the probe
molecules within the hydrophobic microdomains fodnigy the amphiphilic molecules.
The r value of DPH probe is also known to change whenagswulated into the
hydrophobic microdomains formed by surfactant agates [59-62]. Thus thevalue of
DPH probe was measured in the presence of DPEG8ID&EGS2 amphiphiles at
different concentrations above theimc values and the data are presented-igure
3.3.3. Ther value is observed to increase nonlinearly in tlo@centration range
employed. The value corresponding to 10 mM DPEGS1 or DPEGS2meéed and the
data are listed iTfable 3.3.1. Ther values are much higher than that of SDS micelles (
= 0.045), but are comparable to many vesicle-pmslome-forming amphiphiles [42, 43].
This suggests that the DPH molecules are solubilizeithin very rigid
microenvironments and the self-assembled microstres formed by the amphiphilic

molecules are most likely bilayer type aggregates.
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Figure 3.3.3 Plots of fluorescence anisotropy 6f DPH as a function of &t 25°C.

The above experimental findings were further emithy the measurements of
fluorescence lifetimez{) the DPH probe which enabled estimatiornygfof the bilayer
aggregates. The values obtained from the analysis of fluorescantensity decays of

DPH probe are listed iffable 3.3.1. The 5, values calculated usingandz; values of
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DPH are also included in the table. The higher esluwf s, indicate rigid
microenvironments around the probe molecules arghesi formation of vesicular
structures. It can also be concluded that the éilayembrane is constituted by the PEG

chains of the amphiphiles. This is also suggesyetthd results of NMR measurements.
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Figure 3.3.4 2D NOESY*H-NMR spectrum of 2 mM DPEGS1 in,D solvent.

3.3.4 Alignment of PEG chainsin the aggr egates

In order to determine the spatial interactions agntitre amphiphilic molecules in the
aggregated state, 2D NOESM-NMR experiment was performed at g €cmc value.
The representative 2D NOESY spectrum of 2 mM DPEG& been shown iRigure
3.3.4, together with the molecular chain labeling. Idigidn to the diagonal peaks there
are also some key cross peaks. The key cross-peaksl the proximity of some
essential proton pairs. The interactions amorg §f <~ e, h; i (d, ], b, c, a, h, e, f); a
— (b, c i j,d, e f,h)yand b> (a, c, i, |, d, e, f, h) protons imply the interecular
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interactions among the PEG chains. Thus, all tB&seross-peak patterns evidence that
the surfactant molecules are arranged in at leastdayers with the PEG as inner layer.

The key intermolecular NOE contacts are indicatdith wircles. The existence of these

primary interactions leads to the conclusion thatdulfonate groups form the corona and
PEG chains constitute the bilayer membrane of ggremates which is consistent with

the results of fluorescence probe studies.
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Figure 3.3.5 Size distribution histograms of DPEGS1 and DPEG$2different
concentrations in pH 7.0 at 26.

3.3.5 Size and shape of the aggregates

The meand, of the aggregates formed at different concentnativere determined by

DLS measurements in pH 7.0 at Z& The histograms iRigure 3.3.5 represent the size

distribution (expressed in percentage volume) [@effor the amphiphiles at different
concentrations. A bimodal distribution, one at a@40-100 nm and the other around
300-600 nm for DPEGS1 implies formation of largegr@gates. But in the case of

DPEGS2 a monomodal size distribution wikhranging between 100 nm and 400 nm is
observed.
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To further visualize the actual morphology of tlygregates TEM images of the
surfactant solutions were taken. The representaliz® images of the unstained
specimens prepared from dilute as well as condedtisurfactant solutions are shown in
Figure 3.3.6(a, b). The micrographs reveal formation of vesiclesdpin the range of
150-200 nm in case of DPEGS1. However relativelalin sized vesicles at;, in the
range of 60-120 nm can be observed for DPEGS2raterrations above theenc value.

It should be noted that the size of the vesicleslightly smaller than that obtained by
DLS measurements. This must be due to the dryinghef samples required for
conventional HRTEM technique which often criticizasl artifacts. However, the vesicle
formation was confirmed by the corresponding crfM images shown irFigure
3.3.6(c, d) also exhibit ULVs having diameters in the rangd @ to 300 nm.

Figure 3.3.6 HRTEM images of the solutions (pH 7) of (a) 2 MM BES1 and (b) 2
mM DPEGS2; cryo-TEM images of the solutions (pH(@)2 mM DPEGS1 and (d) 2
mM DPEGS2.

That the vesicle membrane is constituted by the EE&ns is evidenced by the
surface charge of the aggregates which is meadwyethhe (-potential value. The-

potential values were measured at different comagans of the amphiphiles in pH 7.0
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buffer at 25°C and the data are collected Trable 3.3.2. A significant negative-
potential value of the vesicles confirms that tbBonate groups make the outer surface
of the vesicles negative. In other words, the mP&@ins constitute the bilayer

membrane of the vesicles.

Table 3.3.2 The(-potential values of the vesicles of DPEGS1 and G8E amphiphiles
at different concentrations.

Surfactant c(mM) {-potential (mV)
0.2 -6.93
DPEGS1
2 -16.00
0.1 -6.28
DPEGS2
2 -7.61

The shape of the aggregates can also be obsertieel AFM images as shown in
Figure 3.3.7. In both images, well-defined spherical structuras be detected and tte
ranges from 50-250 nm for DPEGS1 and 80-150 nnmDIBEGS?2 agree well with the
results obtained using cryo-TEM. The height profitotained using AFM s
representative of the thickness of two closely lsddcmembranes tilted together after
drying and collapse of the vesicles. Thus, halthaf thickness can be considered as the
membrane thickness of the vesicle and the height®ihm 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 mdkeis found to be ~ 1.9 nm, which
is about half of the membrane thickness confirminilgyer vesicle formation by the
DPEGS1 molecules. The same explanation is alsacappe for DPEGS2 amphiphile.
For DPEGS2, however, the height obtained is eqoal~t1.7 nm. The energy
minimization of DPEGS2 molecule using MM2 softwase Chem Draw reveals the
length of the PEG chains is ~ 8.5 nm. ThereforeMAdrata clearly suggest that the

bilayer thickness of the vesicle membranes is 5 2617 nm, which is close to twice the
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fully-extended length (~8.5 nm) of PEG chain. Cdesing all the above results a
schematic representatiofrigure 3.3.8) showing vesicle formation including bilayer

structure can be proposed.
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Figure 3.3.7 AFM height images with scale-bar of (a) 2 mM DPEGS8M (b) 2 mM
DPEGS2 in pH 7.0 on freshly cleaved mica.
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Figure 3.3.8 Schematic representation of bilayer vesicle fororatby the DPEGS1
molecules.
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3.3.6 Stability of the vesicles

Effect of temperature. Determination of physical stability of the vesklat
higher temperatures is necessary for their prdcipglications and therefore, the effect
of temperature on their stability was studied. Ascdssed earlier, thevalue of DPH
when solubilized within aggregates is sensitivaeimperature change. Therefore the
value of DPH in the presence of DPEGSlor DPEGS2hgrhppe was measured in the
temperature range of 2& to 75°C. The plots irFigure 3.3.9(a) show the variation af
in solution (5 mM) of DPEGS1 or DPEGS2 with tempeara. The magnitude af is
higher at lower temperature, but it decreases wiéincrease in temperature. This is
because the viscosity of the microenvironment desae with the rise in temperature due
to weakening of the hydrophobic interaction anceotthysical forces among PEG chains
that are responsible for forming the aggregateshéncase of vesicles of DPEGS1, this
causes phase transition of the bilayer membrame fnore rigid gel state to a more fluid
liquid-crystalline state. Thus the temperature egponding to the inflection point of the
sigmoidal curves can be taken as the phase tram$émperature, ;] The higher value
of T, (52 °C for DPEGS1 and 50C for DPEGS?2) is consistent with the stronger
interactions among PEG chains in the vesicle bilajteis important to note that no
turbidity appeared even at 7%, suggesting very good vesicles stablity at the
physiological temperature (3) which makes them good candidates for use in drug

delivery applications.
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Figure 3.3.9 (a) Variation ofr value of DPH in the presence of DPEGS1 (5 mM) and
DPEGS2 (5 mM) with temperatur®Q), and(b) plots oft versus aging time at 2&.
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Effect of aging. In order to investigate the shelf-life of the véssc the turbidity
(1) of the solutions (1 mM) of DPEGS1 and DPEGS2Ht70 (20 mM) was monitored
at 25°C at different time intervals during 60 days. Tlkeerimental results are presented
in Figure 3.3.9(b). The plots reveal that the turbidity initially ir@ses only slightly with
time, and reaches almost a steady value after ¥€. dde initial increase in turbidity is
due to the formation and growth of the vesicles|evtne subsequent plateau refers to the
storage life of the aggregates. Thus the bilaysicles obtained from both the double
PEG-tailed surfactants exhibit excellent stabibity physiological temperature (3T)
over months.
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Figure 3.3.10 (a) Variation ofr in 5 mM DPEGS1 with concentration of NaCl) @nd L-
lysine hydrochloride X); (b) size distribution histograms of solutions of (A) 5 mM
DPEGS1 containing 200 mM NacCl, (B) 5 mM DPEGS2 aomhg 200 mM NacCl, (C) 5
mM DPEGS1 containing 100 mM L-lysine hydrochloridend (D) 5 mM DPEGS2
containing 100 mM L-lysine hydrochloride.

Effect of additives. As the surfactants are anionic in nature therehtnlae

significant effect of salt concentration on the @ggtion behavior of the surfactants. As

discussed earlier, the addition of counter ion Uguaduces transition of bilayer vesicle

to other structures [88-92]. To investigate théuiafce of salt concentration on aggregate

morphology, ther value of DPH probe was measured in solution of GBE in the
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presence of varying concentration of NaCl. The plotariation ofr with [NaCl] can be
found inFigure 3.3.10 (a). The plot shows a slight increaserofalue with the rise of
NaCl concentration, suggesting transformation ofVdlto MLVs, tubules or rod-like
aggregates. The DLS measurements with solutiossnoM DPEGS1 and DPEGS1 both
containing 200 mM NaCl were performed and the datapresented iRigure 3.3.10(b).

It is observed that the meah value is higher than the value obtained in theeabs of
salt, indicating growth of aggregates. Since nmiSant increase of solution viscosity
was observed, this can be associated with theftnanation of ULVs to large MLVs or
tubules or disk-like aggregates. Indeed the TEMrogiaph of the 5 mM surfactant
solution containing 200 mM NaCl shows formationulas aggregated={gure 3.3.11(a))

in the case of DPEGS1 and large disk-like miceiteshe case of DPEGSZFigure
3.3.11(c)). The tube-like aggregates have length of ~700anchinner diameter of ~80-
100 nm. This can be linked to the tight packinghef 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 meIQN (b) 5
mM DPEGSL1 containing 100 mM L-lysine hydrochlorige) 5 mM DPEGS2 containing
200 mM NaCl, and (d) 5 mM DPEGS2 containing 100 tHl§sine hydrochloride; inset
(a): one section analysis; inset (c): one secti@lyais.
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Surprisingly, addition of L-lysine hydrochloride sabserved to have significant
effect on the stability of the vesicles formed logibthe surfactants. The plotiobf DPH
in 5 mM DPEGS1 as a function of [L-lysine hydroaidie] is presented irFigure
3.3.10(a) which shows a sharp decrease ofwith the increase of [L-lysine
hydrochloride], indicating transformation of bilaygructure to some other morphology.
The size distribution histograms of 5 mM DPEGS1 BREGS2 in presence of 100 mM
L-lysine hydrochloride show aggregates of melkal0 nm Eigure 3.3.10(b)). The
corresponding TEM image#igure 3.3.11(b, d)) also exhibit very small micelles—like
aggregates for both the amphiphiles. The transfiomeof bilayer vesicles to small
micelles with the increase of L-lysine hydrochlericbncentration can be attributed to the
strong electrostatic attraction among the negativdlarged —S@ head group of the
surfactant molecules and large, positively chargdgsine cations. Strong electrostatic
interaction of the L-lysine cation with the —$Chead group results in a complete
destruction of vesicles forming small micellar aggates. This kind of behavior has also
been observed with single-tailed amphiphiles havdoffonate head. The vesicle-to-
micelle transition is consistent with the decreasmembrane rigidityr(value) at higher
concentrations of L-lysine hydrochloride. The réswf this experiment suggest that L-
lysine can be used to induce release of drug mi@sancapsulated by the vesicles of
DPEGS1 and DPEGS2 amphiphiles.

3.3.7 Summary

In summary, two novel double PEG-tailed surfactawith sulfonate head group were
developed and characterized. The solution behafithe amphiphiles was investigated
in pH 7.0 at 25C. The interesting result is that despite having pelar PEG chains both

DPEGS1 and DPEGS2 were found to have strong tegdenself-assemble in agueous
buffered solution above a very low critical concation. The results of fluorescence,
DLS, TEM and AFM measurements showed spontaneaosatmn of bilayer vesicles in

dilute as well as in concentrated solutions of b double-tailed surfactants without
the requirement of any external stimuli. This is first report on vesicle formation by

double PEG-tailed amphiphiles the polar PEG chainshich behave like hydrocarbon
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tails of conventional double-tail surfactants. pipaars that the driving force behind the
vesicle formation is the hydrophobic interactioncaug the PEG chains. The alignment of
the amphiphilic molecules in bilayer vesicles his® deen shown by 2D NOESY NMR
analysis. The vesicles were found to be stabledy bemperature (37C) over months.
However, in the presence of NaCl the vesicles oh laonphiphiles are transformed into
either tubules or disk-like aggregates. On the rottend, in the presence of L-lysine
hydrochloride salt the vesicles produce small nleselThe vesicle-to-micelle transition
can find application in L-lysine cation-triggereckligery of drug molecules in the

pharmaceutical industry.
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Chapter 4

pH-Responsive Self-Assembly Formation

4.1 Vesicle-to-Micelle Trangtion in Aqueous solutions of Hydrocarbon
and PEG Chain-Containing Amphiphiles

4.1.1 Scope of the study

As PEG is hydrophilic in nature, it is generallyupted with hydrophobic moiety for
developing amphiphilic molecules [1-4]. Thus a nembf amphiphilic molecules have
been developed by coupling PEG chain with hydrophabits, such as proteif§-7],
cholesterol8, 9] etc. However, there are also some reports on hihdtopity of PEG
chain, where the PEG chain has been shown to lettiie hydrocarbon (HC) tail of
conventional surfactants [10-13]. In previous ckaptesicle formation by amphiphiles
having PEG as hydrophobic tail has been exploredetail. Therefore, it was thought
that when both hydrocarbon and PEG chains are eothgllinked to a polar carboxylate
(-COQO) group, the resulting amphiphilic molecule migrehave like a double-tail
surfactant. In order to examine this, two amphiphmolecules, CPOLE and CPMYS
(seeChart 4.1.1) were designed and synthesized. Both amphiphdespdsed of PEG
and HC chains of different lengths which are contljelinked to L-cysteine amino acid.
These types of amphiphiles may act either likenglsichain or double-chain surfactant
depending upon (i) how the PEG chain behaves andl{at molecular conformation is
adopted in aqueous medium. Therefore, aggregagbauior of these amphiphiles was
investigated thoroughly in pH 7.0 buffer at 5. Theoretical calculations were also
performed to obtain the stable molecular conforomif the amphiphiles in agueous
solution. Surface activity ancnc of the amphiphiles were analyzed by ST method. The
self-assembly behavior, and micropolarity and migcosity of the aggregates were
measured through fluorescence probe technique. WaS used to determine medn
value of the aggregates. The morphology of the egages was confirmed by use of
TEM. The thermodynamics of self-assembly process stadied by ITC. The stability of

the aggregates with respect to surfactant condeniréC,), solution pH, temperature,

! Langmuir 2017, 33, 543-552.
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and ageing time was studied. The effect of chalektan the physical stability of the self-
assembled structures formed by these amphiphilesaisa investigated.
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Figure4.1.1 (a) Chemical structures of CPOLE and CPMYS, and (bygnminimized
structure of CPOLE and CPMYS in solution phase éwatgrey: C, white: H, red: O,
blue: N, yellow: S.

4.1.2 Interfacial properties

Surface activity of CPOLE and CPMYS was studiedSJy measurements in pH 7.0
buffer at 25°C. Figure 4.1.2 shows the plots of versus logG which exhibits two
breakpoints, suggesting change of morphology ofafpgregates with the increase of
surfactant concentration abowenc. The surface activity of the amphiphiles can be
compared by the minimum surface tensiganj and pGo values. For both CPOLE and
CPMYS, theymin value is ca. 30 mN mand is similar to those of conventional HC chain
surfactants. Also, the pgvalues of CPOLE (5.25) and CPMYS (4.84) are highan
conventional anionic surfactants, suggesting higheface activity. Further, themc
values obtained from the corresponding breakpairgsvery low and are similar to those
of neutral surfactants [14This means that, the HC chain acts as the tailRiEE@ chain

acts as a head group of the amphiphile.
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_ log C,

Figure 4.1.2 Plots showing variation of surface tensighds a function of log £

4.1.3 Fluor escence probe studies

As the fluorescence emission spectra of NPN areiteem to solvent polarity and
viscosity change [15], it was employed as a prabstudy the self-assembly behavior of
CPOLE and CPMYS in aqueous buffer. The represemtagpectra recorded in the
presence of varying concentrations of CPMYS arevshm Figure 4.1.3(a). It can be
observed that the fluorescence emission spectruNPdf not only shifts toward shorter
wavelength relative to that in water, but also bkhan intensity rise with the increase of
Cs. The plots of spectral shifaf) of the emission maximum relative to wat&k [= Adwater

— Asurfactarp @S @ function of Care shown irFigure 4.1.3(b). The large blue shift of the
fluorescence spectrum suggests that the NPN melecle solubilized within some
hydrocarbon-like environment. The feature of thetplof CPOLE and CPMYS shows
two distinct inflections in the sigmoid curve, indting existence of two overlapping
equilibrium processes in the concentration rangeleyed. This is consistent with the
existence of two breakpoints in the ST plots andgests existence of two types of
aggregates in buffered solution of the surfactabisve a critical concentration. Similar
observations have also been reported for many kgdoon chain surfactants [16,17].The

concentrations corresponding to the inflection iwere taken as thenc values and
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are included inrable 4.1.1. 1t is observed that themc values obtained by fluorescence

titration are closer to the respective value oletdihy ST measurements.
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Figure 4.1.3 (a) Representative fluorescence emission spetthPdl in pH 7.0 buffer
and different concentrations of CPMYS (b) specttaft (AA) of NPN as a function of £
in pH 7.0 at 25C: (w) CPOLE, andt) CPMYS.

Table 4.1.1 Self-assembly properties of CPOLE and CPMYS stafds in agueous
solutions of pH 7.0 and 3.0 at 25.

cme (uM)
pH Surfactant 11/13 Nm dn (nm)
ST Fluorescence
10 +10 10 + 10
CPOLE 1.02+0.02 223+3.0 5.5
100 + 30 110 + 15
7.0
37 +10 28 + 10
CPMYS 1.02+0.08 258+50 105
150 + 50 160 + 30
CPOLE B 4+2 1.05+0.61 452+4 3¢
3.0
CPMYS 8+2 1.06+0.01 563+% 40

fCPOLE] = 2 mM;[CPMYS] = 2 mM.
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4.1.4 Thermodynamics of self-assembly formation

To conjecture the mechanism of self-assembly faomahe ITC method was employed
to determine all the thermodynamic parameters &gsacwith the process. In the present
study, the thermodynamic parameters were deterntigd@C at 25°C using 0.5 mM or

3 mM stock solution of CPOLE, and 1 mM or 4 mM $teolution of CPMYS. The ITC
thermograms of the amphiphiles obtained by use @fet and higher stock
concentrations are depicted Kigure 4.1.4. The plots show a sigmoid increase of
enthalpy with the increase of.CThe feature ITC titration curves also suggesstexice

of two aggregation processes for both CPOLE and ¥®NM the concentration range
employed. Themc values of the amphiphiles obtained from the iniftat point of the
respective plot are close to the correspondingevahbiained by ST measurements and
fluorimetric titrations.

The thermodynamic parameters obtained from the ecdise plots are
summarized il able 4.1.2. The spontaneity of aggregate formation is suggeby the
very large negative and positive values\&, andAS’, respectively [18, 19 he very
large negative values afG°, also indicate that the transition between two sypé
aggregates at high surfactant concentrations istapeous, but less favored in
comparison to the aggregate formation in diluteutsmh. Further, the &S’ value of
both the surfactants is found to be much largen that of theAH®,, value, which means
spontaneous aggregate formation is an entropystry®cess. This means that the
driving force for aggregation is hydrophobic intgran [20]. The release of water
molecules around the hydrocarbon tails contribtethe large entropy rise facilitating
the self-assembly process. This suggests that tjgeeg@ation process of the two
surfactant systems is similar to most hydrocarklmhsurfactants. The thermodynamic
parameters of the surfactants demonstrate thatgigeegate formation is much more
feasible and spontaneous compared to not only omiovel ionic surfactants with
hydrocarbon tail, but also to those with only PE@G-{12-13]. This must be due to the
reduction of ionic repulsion among —COQ@roups 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 n@d®OLE, (b) 3 mM
CPOLE, (c) 1 mM CPMYS, and (d) 4 mM CPMYS.
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Table 4.1.2 Critical micelle concentratiorcinc), standard Gibbs energy changes{),
standard enthalpy chang&AH°,) and standard entropy changaS{,) of micelle
formation in aqueous buffered solution (pH 7.0)XAROLE, and CPMYS at 2&.

AS AS,

Ccmcy Ccme, AH1 AH> AG, 1 1
Surfactant JK7 (K
(uM) (uM)  (kd/mol)  (kJI/mol) (kJ/mol) (kJ/mol mol)  mol)
20 160 -1.13 +0.42
-48.25 +158  +132
CPOLE 4 10) (+40) (£0.10) (+0.06)
37 200 -0.61 +1.78
CPMYS —-44.74 +149 +131
(£20) (x40) (£0.09) (x0.07)
0.18
9 = CPOLE
0.16 o CPMYS
< 0.14-
§ 0.121
So010] ©
=1 J
<008  mog, ] i
0.06- " = .
o 1 2 3 4 5

Figure 4.1.5 Plots of fluorescence anisotropy 6f DPH versus surfactant concentration

(Cy) at 25°C: (w) CPOLE, () CPMYS.

4.1.5 Microenvironment of the aggr egates

The micropolarity of the self-assemblies both amplés was estimated by use of Py as

the fluorescent probe. The/lg values Table 4.1.1) of Py probe in the presence of

135



pH-Responsive Self-assembly Formation

CPOLE (2 mM) and CPMYS (2 mM) amphiphiles are veayw compared to that in
water (1.82). This means that Py is solubilizechimithe hydrophobic micro domains of
self-assemblies consisted of only HC tails [21,. 22]e /I values, within the limit of
experimental error, are almost equal for CPOLE @mMYS. This is because Py is
solubilized deep into the hydrocarbon region of dlggregates. It is interesting to note
that the {/15 values of CPOLE and CPMYS are much less than tbbsenventional HC
tail surfactants. This means that the HC tailshefgurfactant molecules in the aggregates

are tightly packed and as a result, the degreeatémpenetration is very low.

Thus the value of which is an index of microviscosity (or microflifig) was
measured using DPH probe [23, 24]. The plot&igure 4.1.5 show the variation of
with the change of Cof CPOLE and CPMYS. As observed thealue is very high at
low concentrations, but decreases upon increasés.oThe higher value of in low
concentration is indicative of ordered environmardund the DPH probe and suggests
the existence of bilayer vesicles in dilute solatad the amphiphilesdowever, smaller
value at high €values suggests existence of loosely-packed ss#rablies, such as
micelles [25].The decrease of steady-statealue of DPH probe clearly indicates that the
vesicles with rigid bilayer membrane are transfameto small micelles with the

increase in concentration of the amphiphile.

Table 4.1.3 Fluorescence anisotropg)( lifetime (), and rotational correlation timeg)
of DPH, and microviscosityyf,) of the surfactant self-assemblies at pH 7.0 atQ%t
different concentrations; the quantities within ghesis presents correspondigfg
values.

Tt R Nm
Surfactant c(mM) r (x0.001)

(x0.1ns) (ns) (mPas)
0.08 0.162 3.9 (1.14) 3.17 49.6

CPOLE
0.067 5.8 (1.09) 1.48 22.3
0.05 0.175 3.67 (1.1) 3.43 55.8

CPMYS
1 0.073 6.7 (1.07) 1.69 25.8
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In order to quantify the rigidity of the microeneitments of the aggregates,
microviscosity §m) was also determined using correspondingnd 7z values Table
4.1.3). Theyyrvalues of concentrated (2 mM) CPOLE and CPMYS2$82nPa s and
25.8 mPa g, that are similar to those of micellar aggregatésSDS and DTAB
surfactants [26]However, at low surfactant concentrations, for egi@nin 0.08 mM
CPOLE (49.6 mPa§ and 0.1 mM CPMYS (55.8 mPa'sthe , values of the self-
assemblies are relatively higher, which is indi@tiof formation of closed bilayer

vesicles as also suggested by the TEM pictureb@srsbelow.
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Figure 4.1.6 Size distribution histograms of CPOLE in solutiarfspH 7.0 with G =
0.05 and 2.0 mM, and of CPMYS with, €0.08 and 2.0 mM at Z%&.

4.1.6 Hydrodynamic size and mor phology of aggr egates

To investigate the structural transition in solofoof CPOLE and CPMYS, DLS
measurements were carried out and the ndgamlue of the aggregates was measured at
different concentrations. The size distributiontdygams of the aggregates are shown in
Figure 4.1.6. In dilute solution, a monomodal distribution widrge meard, value of ~

60 nm for CPOLE and ~ 250 nm for CPMYS is obsengmgesting existence of large

aggregates. On the other hand, the monomodal sstebdtion with a much smaller
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mean d, value of ~ 5 nm for CPOLE and ~ 10 nm for CPMYS riroderately
concentrated solutions clearly indicates existeocsmall micelles. This means both
CPOLE and CPMYS produce larger aggregates at loageentrations, which transform

into a much smaller micelle-like aggregates upangase of concentration.

Figure 4.1.7 HRTEM micrographs of (A) 0.05 mM CPOLE, (B) 3 mMPOLE (inset:

enlarged image), (C) 0.08 mM CPMYS, (D) 3 mM CPMHisset: enlarged image) in
pH 7.0 buffer.

In order to determine morphology of the aggregai@dyl measurements were
carried out using both dilute and concentratedtewia of CPOLE and CPMYS. The
unstained HRTEM micrographs of the specimens amvshin Figure 4.1.7. Large
closed spherical vesicles can be observed in didgteous solutions of both amphiphiles.
However, at higher concentrations, only small niécéke microstructures are found
with both CPOLE and CPMYS. It should be noted tiugh the sample preparation
involved drying, the results were reproducible.haligh because of low resolution, it is
difficult to comment on the exact number of lamelfahe vesicles, they appear to have a

thin boundary corresponding to ULVs. The deformatiobserved in the vesicular
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structure could be due to fusion of smaller vesidacilitated by the exchange of
amphiphiles between two interacting vesicles. Agsullt, the vesicles are polydisperse
(which is normal with spontaneously formed vesiciessize withd, value in the range

of 50 to 200 nm. However, the results are congistgth those of DLS measurements.
The existence of small aggregates (micrographs @ @nin concentrated surfactant

solutions is also consistent with the results oSOheasurements.

The (-potential value which is a measure of surface gdvaand determines the
stability of colloid particles was measured in s of CPOLE and CPMYS at different
concentrations and pH. The data are accumulate@iabie 4.1.4. Relatively low (-
potential values are expected for the carboxylatéastants, as the salts hydrolyze in
dilute solution to produce corresponding acid fofegilitating formation of acid-soap
dimer. Consequently, in dilute solution, the strmigptermolecular attraction induces the
amphiphilic molecules to pack tightly thereby prothg large vesicular aggregates. On
the other hand, highérpotential value in concentrated solution meansigrerepulsion
among head groups and hence formation of smalgeggtes. The very lod+potential
values for the aggregates of both surfactants aBjHsuggest formation of uncharged

micelles due to conversion of soap to acid forrthefamphiphile as discussed below.

Table 4.1.4 (-potential (mV) values of CPOLE and CPMYS surfattaolutions of
different concentrations at pH 7.0 and 3.0.

Surfactant Cs(mM) C-Vg.lgﬁri\i)t P C-vglggi\f;l)t i
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-micelletransition

From the above discussion it can be concludedth®aftirstcmc (cmc;) corresponds to
vesicle formation and therefore it can be refetceds critical vesicle concentratiocvg).
On the other hand, the secoauc (cmcy) is actually the critical concentration for the
vesicle-to-micelle phase transition. Several merdmas of vesicle-to-micelle transition,
including monomer diffusion and fusion of vesiclesve been suggested [27, 28]. The
vesicles have a dynamic structure between monoarisvesicles. Actually in dilute
solutions of the amphiphiles in pH 7.0, hydrolysisthe salt form of the surfactant
produces its acid form. When their concentratiores equal they interact through H-
bonding and thus produce acid-soap dimers. Sineeelictrostatic repulsion between
head groups is eliminated, the acid-soap dimers$-osghnize to produce large
aggregates, such as bilayer vesicles. Such behafvtbe amphiphiles is quite similar to
that of medium and long chain fatty acid salts 89-However, at higher concentrations,
due to the decrease of degree of hydrolysis theoggtate form predominates, resulting
in an increase of electrostatic repulsion among hapifles and thereby triggering

reorganization of bilayer vesicles to form smahegpcal micelles.

According to the results of fluorescence probe issidhe HC chain of the
amphiphiles constitute the bilayer membrane ofclesiat low concentrations and the
core of micelles at higher concentrations. The iaparrangement of the surfactant
molecules in the aggregated state was furtherridefrom the 2D NOESYH-NMR
spectra Figure 4.1.8) of CPOLE as a representative example. As the values of the
amphiphiles are very low, it was difficult to reddNOESY spectra in the vesicular state
of the surfactant. Therefore, NOESY spectrum wasrded in DO at the micellar state
of CPOLE at G= 2 mM. From the NOESY analysis it is clear thizre are mainly
diagonal interactions along with some key crossradtions, which imply that the only
interactions between adjacent H atoms in the PE&ncand hydrocarbon chain were
observed. In other words, only intra- and interraolar interactions among PEG chains
and HC chains were observed for CPOLE in their eggped state. Thus the spatial
interactions of the H atoms indicate micelle-likggeegate formation by CPOLE at

higher concentrations.
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Figure4.1.8 The 2D NOESY*H-NMR spectrum of 2mM CPOLE in O solvent.

4.1.8 Effect of pH on aggregate mor phology

The surfactants CPOLE and CPMYS being sodium gaitgarboxylic acids, it is
expected that change of pH will have an effect loa &4ggregation behavior of the
amphiphiles [33-38]. This is because the pH-indupemtonation of the —COOgroup
affects the hydrophilic interaction between thechgeoups of the ionic amphiphile and
hence will have a defining effect avc value as well as on the shape and size of the
aggregates formed by the surfactant moleculescificeralues (4uM for CPLOLE and 8

uM for CPMYS) of the surfactants were therefore mead at pH 3.0 using NPN as a

fluorescent probe. The fluorescence titration csiraee shown irFigure 4.1.9(a). It is
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interesting to note that the plots exhibit only an#lection point. Thecmc values
obtained from the concentration corresponding t itfflection point are found to be
much less than thevc value obtained at neutral pH. This is expectechbse at pH 3.0
the —COO group being protonated, the surfactant moleculst®xnainly in the neutral
form. Thus as a result of elimination of chargputsion among head groups, ttrec
value decreased for both surfactaritalfle 4.1.1). As can be seen from the fluorescence
titration curves the fluorescence spectrum of N®RNighly blue shifted relative to that in
water, suggesting that the micelles have hydrocslie micellar core. The effect of the
pH on the microenvironment is also indicated by lilllg ratio of Py probe. The data in
Table 4.1.1 show that the micelles in pH 3.0 have micropojalike hydrocarbon

solvents.
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Figure 4.1.9 Plots of (a) spectral shift AA) of NPN as a function of surfactant
concentration (¢ in pH 3.0, and (b) variation of anisotropy ©f DPH with in 2 mM
CPOLE and 2 mM CPMYS at 2%&.

The rigidity of the microenvironment was monitoriey fluorescence anisotropy
of DPH probe. The variation af as a function of pH has been depictedFigure
4.1.9(b). The sigmoidal plots clearly indicate existence aftwo-state equilibrium
between the —COQ and —COOH forms of the amphiphilic molecules. g values
thus obtained from the inflection points of thetplare ~5.5 and ~4.5 for CPOLE and
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CPMYS, respectively. This suggests that at pH 3.0, bothammphiphilic molecules are
present mostly in the neutral carboxylic acid forfthis means a reduction of the
electrostatic repulsion between head groups andehanighter packing of the monomers
in the aggregates at pH 3, as indicated by the highey, value [Table 4.1.1) of the

micelles.
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Figure 4.1.10 Size distribution histograms of (a) 2 mM CPOLE, gbhfi2 mM CPMYS
at different pHs.

The tight packing of the charge neutral surfactaohomers in the aggregates as
discussed above will result in a growth of micel&#dow pH. Therefore, the meal
value of the micelles was measured for both CPOE@PMYS molecules at different
pH. The size distribution histograms have been showFigure 4.1.10. It is observed
that the meaul, value increased relative to that in neutral pHsBuggests formation of
larger micelles in acidic pH, which is confirmed ttie HRTEM images of the surfactant
solutions at pH 3.0. Indeed, both micrographs (&) &) inFigure 4.1.11(a) exhibit
large disk-like micelles for CPOLE and CPMY S moliesu
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Figure 4.1.11 (a) HRTEM images of (A) 2 mM CPOLE and (B) 2 mM CW¥B! at pH
3.0; (b)plots of turbidity ¢) as a function of temperatur®Cj of the surfactant solutions
(0.5 mM) at pH 3.0:%) CPOLE, anddf) CPMYS (inset: turbidity plots at pH 7.0).

4.1.9 Effect of temperatureon vesicle stability

As PEG chain-containing neutral surfactants andymets are known to undergo
dehydration at higher temperatures and fall outsolution showing appearance of
turbidity [39], the temperature variation of turiydof the solutions of CPOLE and
CPMYS amphiphiles was measured in the temperaturger of 20 to 86C at different
concentrations. However, the surfactant solutidne-7.0 did not exhibit any significant
turbidity in the concentration rage (0.05 to 2 md¥l)died as evident from the plots in the
inset of Figure 4.1.11(b). This means that the aggregates of CPOLE and CPKEIES
stable at the physiological pH (7.4) and tempeeat(87 °C). In contrast, surfactant
solutions (0.05 mM) of both surfactants at pH 3@ibkit clouding of the solution. The
temperature dependence of turbidity=(100 — %T) has been shownHkigure 4.1.11(b).
As can be seen CPMYS exhibits ~50% turbidity upevation of temperature to 8&.

The cloud point (J) appears to be ~4&. The T value, however, is found to be less at
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higher concentrations of CPMYi8olecule. On the other hand, for CPOLE, the tutpidi
of 0.05 mM solution was found to be less (< 20 %great the highest achievable
temperature (85C) in water and the ¢Tvalue is observed to be ~ 86. This suggests
that nonionic CPMYS (at pH 3.0) may have potendipplication in the field of drug

delivery for hydrophobic therapeutic agents.
4.1.10 Shelf-life of the aggr egates

It should be noted that the PEG chain covalentigcaied to the surfactant head group
contains a hydrolysable ester linkage. The hydmslg§ the surfactant could destabilize
the vesicles or micelles at room temperature eveewatral pH. Therefore, it is important
to determine the shelf-life of the vesicles/miceflermed by these amphiphiles in neutral
pH at room temperature. In order to determine thbility of colloidal formulation, the
turbidity of the solutions of CPOLE and CPMYS wasasured at different time
intervals. Turbidity, generally, arises from thatering of light by the aggregates, and
depends on their sizes and populations. The taybadi0.05 mM and 0.5 mM CPOLE,
and 0.08 mM and 0.5 mM CPMYS solutions in pH 7.@fdouwas monitored at 450 nm
at different time intervals during 30 days. Theults are summarized ifrigure
4.1.12(b). It is important to note that in the concentratrange employed, the turbidity
remains almost constant<st0 % throughout the aging period, showing goodasfelife

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 assalt®f fusion with each other due to
exchange of amphiphilic molecules. Therefore, ideorto enhance the stability of
vesicles in dilute solution, Chol was added toghbgactant solution. It is a well-known
and major component of biological membrane lipidkiclw controls the fluidity,
diffusional mobility and permeabilitgf membrane [40, 41]. Usually, there is an upper
limit to Chol incorporation within the aggregatédoae which Chol seems to precipitate
as crystals of pure Chol either in the monohydoatan the anhydrous form. Indeed, the

solubility of Chol in the vesicle bilayer was foumad be only ~ 2 mol% in 0.08 mM
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solution of CPOLE and CPMYS. In the presence of@B6l, ther value of DPH probe
was observed to increase from 0.162 to 0.263 fdDIEand from 0.175 to 0.282 for

CPMYS (igure 4.1.12(a)), indicating increase of bilayer rigidity and henphysical
stability of the vesicles.
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Figure4.1.12 Plots of (a)variation ofr value of DPH in 0.08 mM CPMYS with the
variation of Chol (mol %), and (b) change in tuitydvith the variation of time.

4.1.12 Encapsulation of curcumin

The results of solubility of Chol in the vesicldwgmns of CPOLE and CPMYS led to the
conclusion that hydrophobic compounds can be datedi within the non-polar
microenvironments of their vesicles. Therefore, gsbkibility of curcumin was measured
in micellar solutions of both surfactants. Surprigy, encapsulation efficiency was found
to be ~ 80 % for CPMYS, and ~ 50 % for CPOLE. A®sult of incorporation into the
surfactant micelles, the rate of hydrolytic degtamaof curcumin was observed to be
drastically suppressed. The degradation rate aucnin was monitored by recording the
UV-Vis spectra after certain intervals. It is rejgor that, after 1 h interval, 80% of
curcumin is degraded in an aqueous buffer solutfopH 7.4 [42]. In the present work,
the extent of curcumin degradation inside the rfesalvas determined by monitoring the
time dependent absorption spectra, as showrFigure 4.1.13(a). Inside CPMYS
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Absorbance

micelles, the degradation rate is observed to 86 &0d for CPOLE micelles it is 12%
after 1 day of incubation. The fluorescence emissioectra were also taken at different
time intervals Figure 4.1.13(b)). The large blue shift (45 nm) of the spectrunmglavith

a huge amount of intensity enhancement upon enlejmsuinto the micelles even after
1 day reveals high curcumin encapsulation efficyeand very low degradation rate of
the curcumin in the CPOLE and CPMYS micelles. Tisans the surfactant micelles
could act as a good stabilizer for curcumin. A plale explanation for higher stability of
curcumin inside CPOLE and CPMYS micelles is thditgitio form hydrogen bonds with
the enol form of the-diketone linker of curcumin with the amide andéster linkages.
Similar degradation rates are also reported focwmin on binding with hydrophobic
cavities present in cyclodextrins and proteins [€8an et al. recently established that the
stability of curcumin increased drastically uporcasulation into polymeric micelles
[44]. Moreover, it was also demonstrated that tifieiency of intravenous application of
curcumin-loaded micelles is higher than that o&éfeeircumin. Thus it can be concluded
that the CPOLE and CPMY'S micelles can be poteptgdbd carriers of curcumin.
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Figure 4.1.13 (a) Absorption and (b) emission spectra of curcumibuffer (pH 7.0) and
1 mM CPMYS micelles at different time intervalseafencapsulation.
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4.1.13 Summary

In summary, two anionic surfactants CPOLE and CPMX&taining both PEG and
hydrocarbon chain have been developed, and chaetteBoth surfactants exhibit very
good surface activity in pH 7.0 buffer at 26. The surfactants were observed to self-
organize spontaneously to form unilamellar vesiqletVs) in very dilute solution.
However, the vesicles are transformed into micelf@sn increase in concentration of the
amphiphile. Thecmc values for vesicle and micelle formation are ety low. The
thermodynamic data suggest that both vesicles acelles are formed spontaneously in
solution above a relatively loemc value. The large positive valuesAf’, indicate that
the driving force behind the spontaneous vesick#ft@ formation is hydrophobic
interaction. The micropolarity of both vesicles amételles were observed to be much
less compared to bulk water, suggesting that tiseckeebilayer and the micelle core are
constituted by the hydrocarbon chains of the CP@h& CPMYS molecules. This means
the PEG chains are directed either toward aqueots af the bilayer vesicles or to
toward bulk water. At a pH below their pKalue, both amphiphiles form large disk-like
micelles above a very low critical concentratiamg¢ ~ 5 uM). The vesicles as well as
micelles were observed to be stable in the temperatnge 20-78C at pH 7.0 over a
long period of time. However, at pH 3.0, micellé<C&#MY'S surfactants exhibit clouding
at a temperature of about 48 as a result of temperature-induced dehydratiothef
PEG chains. The ULVs formed in dilute solutiongG#fOLE and CPMYS become more
stable upon addition of cholesterol as additivesgite having ester linkage in the
molecular structure of the surfactants, the ULVsboth surfactants were found to be
stable at pH 7.0 for more than 30 days. Thus, th#dformed 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
Amphiphilesat Room Temperature

4.2.1 Scope of the study

In the preceding section, spontaneous and stalsiel@dormation followed by vesicle-
to-micelle transition by a couple of amphiphilewing different amount of hydrophobe
has been demonstrated [49he excellent surface properties, versatile seéawbly
behavior and drug solubilization capacity of boyitocarbon and PEG chain-containing
amphiphiles (CPOLE and CPMYS) led to this studynteestigate the surface properties
and self-assembly behavior of two structurally samiamphiphiles bearing Chol as
hydrophobe. The self-assembled nanostructures peddioy the amphiphiles containing
Chol were expected to increase the solubilizat@pacity of drug molecules and shelf-
life of the aggregates. Also, Chol is a fundamestalctural and functional component of
animal cell membrane, whereby it controls membifuidity and permeability [46-48].
It also works as a precursor for the biosynthedesteyoid hormones, bile acids, and
vitamin D [49]. Moreover, it involves many membraredated bioprocesses, such as
intracellular transport, signal transduction, aedl trafficking within the cell membrane
[50-52]. Thus it was thought that incorporationGifol in the amphiphile structure might
be helpful making more biocompatible and more rigidg delivery system. PEG was
taken as the hydrophile because of its good watérb#ity, biocompatibility, and
reduced uptake by the RES [49-51], which resuét prolonged blood circulation time in
comparison to non-PEG derivatives. The versatildiegtions of PEG and PEGylation

towards various fields of research have already lokscussed in the Chapter 1 [53-58].

There are also numerous reports on PEG-Chol cotgsigBue to relatively good
biocompatibility with the host, as well as low toity profiles [59], PEG-Chol conjugates
are used to obtain PEGylated drug delivery syst@BS), such as micelles [60],
liposomes [61], nanoparticles [62], hydrogels af¢hen combined with the oral or
injectable administration of PEG-Chol based thenéip@agents, PEGylated DDS are now
used to treat many infectious diseases, centrabnsrsystem diseases, augmentation of

cancer chemotherapies, enhance imaging efficiameywb, and to optimize numerous in
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vivo gene therapy applications [63]. Furthermon@dbgradable PEG-Chol conjugates

can effectively prolong circulation half-life tintd liposomes or vesicles [64].

Therefore, in this work, two carboxylate surfacta(@PCF3 and CPCF11) were
developed by conjugating both Chol and PEG chaitt Wwicysteine amino acid. The
chemical structures of CPCF3 and CPCF11 are depiotBigure 4.2.1. The structures
of molecules differ only in their PEG chain lengtithe aim of this work is to (i)
physicochemically characterize the pH-sensitive oaggregates using different
experimental conditions and (ii) compare the reshétween themselves as well as with
those of CPOLE and CPMY'S surfactants.
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Figure 4.2.1 Molecular structure of CPCF3 and CPCF11.

4.2.2 Surface activity

As CPCF3 and CPCFl1lmolecules are consisted of logdhophobic and hydrophilic
groups, they are expected to reduce surface ter(g)oonf water. Therefore, surface
tension of pH 7 buffer was measured in the presehabfferent concentrations (Cof
the amphiphiles at room temperature. The data aesepted inFigure 4.2.2. The

reduction ofy value of water with increasingsGuggests that the amphiphiles are surface
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active. The pg values of the molecules were observed to be 44&PCF3 and 4.67

for CPCF11 which suggest that they are highly serfactive. However, the surface
activities of CPCF3 and CPCF11 are less than thb€#POLE and CPMYS surfactants
which can be attributed to the bent structure ef@mol unit preventing tight packing of
the molecules at the air/water interface. Since thealue decreased over a large
concentration range and there was no sharp bredkeirsurface tension plot, it was
difficult to determinecmc from these plots. Therefore, fluorescence probkrigue was

used to determinemc of the surfactants as described below.
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Figure 4.2.2 Plots showing variation of surface tensigm{N mi ) of water with log G
of CPCF3 and CPCF11 in pH 7.0 buffer at°25

4.2.3 Sdf-assembly formation

In order to study the self-association behaviortloé surfactants, the steady-state
fluorescence titration experiments were performsith@gt NPN as probe molecule. As a
representative example, the fluorescence spectftdP® measured in the presence of
different concentrations of CPCF3 surfactant ag@aled inFigure 4.2.3 (a). A ~ 70 nm

blue shift of theAmax along with a 35 to 40-fold intensity rise of NPNidrescence

spectrum can be observed in presence of CPCFXI&antaThe variation of spectral shift
(A}) with Cs has been shown iRigure 4.2.3(b). The cmc value as obtained from the
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concentration of the onset of rise of the plot i4 MM and 0.9uM for CPCF3 and
CPCF11, respectively. Thenc values are much less than those of CPOLE and CPMYS
surfactants. This is due to the greater hydropligbaf the Chol unit in comparison to
HC chains.
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Figure 4.2.3 (a) Fluorescence spectra of NPN in pH 7.0 buffelifeérent concentrations
(Cs) of CPCF3, and (b) variation of spectral shifL of NPN as a function of &nh pH
7.0 at 25°C: () CPCF3 and{) CPCF11.

4.2.4 Thermodynamics of self-assembly formation

The ITC measurements were performed in pH 7.0 8C2f&king a stock solution of 0.1
mM CPCF3 and 0.2 mM CPCF11. The corresponding tbgrams and the respective
plot of enthalpy change with the variation of lave been presentedhingure 4.2.4 and

the relevant data are listed irable 4.2.1. The cmc values of CPCF3 (~aM) and
CPCF11 (~4M) were obtained from the inflection point of trespective plot. It should
be noted that for both surfactants, thec value obtained from ITC titration is almost ten
times higher than the corresponding value obtaibgdluorometric titration Table
4.2.2). The relatively smaller value @imc obtained by fluorescence measurements can
be associated with the fact that fluorescence bairgghly sensitive technique could

small change in intensity due to formation smatiragates, such as dimer, trimer, etc. at
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a very low surfactant concentration. The energyngbainvolved in this concentration

region is so small that it could not be detectedTify measurements.
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Figure4.2.4 ITC profiles of (a) 0.1 mM CPCF3 (b) 0.2 mM CPCFdutions in pH 7.0
buffer at 25°C.

Table 4.2.1 Critical aggregation concentratioenic), standard Gibbs energnG°y),
standard enthalpyAH’,) and standard entropy$’,) changes of aggregate formation in
aqueous buffered solution (pH 7.0) by CPCF3 andEIRGt 25°C.

cme AG’n, AH%, AS’m TAS
Surfactant L L L L L
(uM) (kJ mol) (kdJmol) (JK - mol) (kJ mol)
2.2 -4.49
CPCF3 -56.73 175 52.24
(x0.02) (x0.2)
4.8 -4.17
CPCF11 -21.81 80.57 24.01
(£ 0.03) (x0.13)
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The AH®, value was obtained by subtracting the initial aigi from the
final enthalpy as indicated by the vertical arrow @ach plot ofFigure 4.2.4. The
spontaneity of aggregate formation is shown bywg large negative values afz%,
and also by the very large positive values\8f,,, (Table 4.2.1). Thus TAS’,, values for
both the surfactants are found to be much largan that of theAH,, values, suggesting
that the spontaneous aggregate formation is aom@ntiriven process and hence favored
by the hydrophobic interactions among the Cholsunit

4.2.5 Micropolarity and microviscosity

The microenvironment of the aggregates formed bystirfactants was studied using Py
and DPH as fluorescent probes. Th#slvalues of 1 mM CPCF3 and 1 mM CPCF11
were found to be very low (sd@able 4.2.2) relative to that in pH 7.0 buffer (1.82), which
implies that Py is solubilized within the hydroploinicrodomain of the self-assemblies
composed of hydrophobic cholesterol units. Thesailt® are consistent with those
obtained from the fluorescence titration using Njthlbe and thus confirm the accuracy
of the methods. The very low micropolarity of thelfsassembled structures might be

very useful for solubilization of highly hydrophalilrugs.
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Figure 4.2.5 (a) Representative fluorescence emission spettd®l in pH 7.0 buffer
and in the presence of 0.1 mM and 0.5 mM CPCF3(bBphdoncentration (§ variation
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Further, the steady-state fluorescence anisotréPe1 probe was measured in
the presence of different concentrations of thdastants. The partitioning of DPH
molecules into the microenvironments of the aggesges shown by the enhancement of
fluorescence intensity in the presence of surfastéfigure 4.2.5(a)). The variation of
with Cs is shown by the plots ifrigure 4.2.5(b). The higherr values Table 4.2.2)
suggest that the microdomains formed by the swfastare very rigid. Indeed thg-
values obtained from the correspondin@gndt; values Table 4.2.2) suggest that the
microenvironments of the aggregates formed by BKRIEF3 and CPCF11 are very rigid.
The highly ordered microenvironment of the aggregadf both surfactants clearly
indicates existence of bilayer vesicles in solution

Table 4.2.2 Critical micelle concentration cfnc), fluorescence anisotropyr)(
fluorescence lifetime tg), microviscosity §n) and I/Is of Py in aqueous buffered
solution (pH 7.0) by CPCF3 and CPCF11 af@5

Surfactant cmc (M) r (r?s) nm (MPa s) Vi
CPCF3 04+03 %%223 857 540+20  0.93+.04
CPCF11 09+0.2 %20923' 7.458 485+ 30 1.00 + .03

*a and b designates 1.0 mM of respective surfacamcentration.

4.2.6 Hydrodynamic diameter and mor phology of the aggr egates

DLS was used to measure size distributions of gggegates in aqueous buffer (pH 7.0).

The size distribution profile@=igure 4.2.6) thus obtained are narrow and monomodal in
nature for both the surfactants. As can be seereggtes having sizes in the range of ~
20-40 nm are formed by both the surfactants alaer concentrations. However, larger

aggregates al,in the range of 100-200 nm is found in concentratediactant solutions.

For CPCF3small size aggregates with medn~ 25 nm is observed in dilute solution,
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whereas in concentrated surfactant solution the isizreased to ~150 nm. CPCF11 also
self-assembled to give aggregates with avedage30 nm in dilute solutions and 200 nm
in concentrated solutions. The presence of largeeg@gtes indicates formation vesicles
in concentrated solutions of both surfactants.
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Figure 4.2.6 Concentration dependesize distribution profiles of the aggregates formed
by (a) CPCF3 and (b) CPCF11 in pH 7.0 buffer at@5

The existence of large size aggregates can alsedée in the HRTEM images
(Figure 4.2.7) of surfactant solutions of different concentratiolnterestingly, very small
unilamellar vesicles (SUVs) can be found to formditute surfactant solutions. Also
clusters of SUVs having size ~20 nm are found tonfan pH 7.0 buffer for both the
surfactants. However, the size of the SUVs increésesome extent with the increase of
surfactant concentration. Consequently, vesiclediameter ~100 nm can be found in
concentrated surfactant solutions (1.0 mM). Thewginoof vesicle in concentrated
surfactant solutions can be ascribed to strongrmmakecular H-bonding interactions

among the carbamate groups which facilitates fgicking of the aggregates.
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Figure 4.2.7 Unstained HRTEM micrographs in pH 700 CPCF3 solutions of (a) 0.01
mM (b) 0.1 mM (c) 1.0 mM and CPCF11 solutions of @01 mM (e) 0.1 mM and (f)
1.0 mM.

Figure 4.2.8 AFM height image with scale-bar, 3D sectional gsial of CPCF3 solution
(2.0 mM, pH 7.0), and on mica.
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As a representative example, the aggregates iautiactant solutions of CPCF3
were further characterized by AFM in the dehydrastate.Figure 4.2.8 shows the
tapping-mode AFM image of 1.0 mM CPCF3 in pH 7.0feauwhich reveals spherical
aggregates with diameters of ~200 nm. This is indgagreement with the results
obtained by DLS and TEM measurements. The sectiatysis profile of a selected
aggregate is also shownHingure 4.2.8. The collapsed aggregate height was observed to
be ~ 20 nm. This means the average wall thicknesiseohollow sphere is about 10 nm
which is equal to the thickness of the bilayer ¢bmed by the Chol units. This means
formation of only ULVs by the surfactants.

In order to rule out any artifacts in the HRTEM akieM images and to show the
existence of aqueous core within the vesicular eggjes, an experiment involving
entrapment oal, a hydrophilic fluorescent dye, was performed. €hgapment of the
dye, in the aqueous core of the vesicles was goatirby the quenching of fluorescence
intensity of the probeHigure 4.2.9) in comparison to the fluorescence of absorbance
matched solution of the probe in the absence dhstant. The fluorescence quenching is
due to the confinement of the probe molecules withe aqueous core of small volume.
However, fluorescent microscopic images could reowisualized because of small size

(<300 nm) the vesicles.
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Figure 4.2.9 Plots of fluorescence spectra of fr€al and Cal-entrapped vesicles of
CPCF3 and CPCF11 surfactants (0.1 mM) in pH 7.@buf
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The surface charge of the vesicles formed by thiactiants was determined By
potential measurements. The relevant data preseniiable 4.2.3 show that the vesicles
are negatively charged. As expected, the monomeisgbnegatively charged when
assembled to produce vesicles the total surfacgeha also negative. However, at lower
pH (pH 3.0) the surface charge of the surfactaat®ime almost zero, and the surfactants

become nonionic in nature. Consequently, in agticthe SUVs become uncharged.

Table 4.2.3 The (-potential values of differently concentrated CPC&3d CPCF11
solutions at different pHs.

{ —potential at pH { —potential at pH

Surfactant Cs(mM) 7.0 (MV) 3.0 (V)
CPCF3 0.01 138
0.1 9.3 0.9
CPCF11 0.01 1182
0.1 135 13

4.2.7 Constitution of vesicle bilayer

The supramolecular arrangement of the amphiphilebe aggregates can be explained
by the hydrophilic/lipophilic, electrostatic, varerdWaals and H-bonding interactions
among the surfactant monomers. As discussed befaregh the major driving force for
aggregation is hydrophobic effect, the slightly atege AH, value suggests that there is
a significant interaction among head groups. Shmth CPCF3 and CPCF11 contain a
carbamate (—OCONH-) and a carboxylate (—COdboup at the head, it is highly likely
that there will be intermolecular H-bonding intdrans among the head groups. This is
indicated by the low micropolarity sensed by bothNNand Py probesTéble 4.2.2) in
surfactant solutions. The low value afl4 ratio suggests bilayer formation by the Chol
units involves expulsion of water molecules frone timterfacial region of the self-
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assemblies which means disruption of the carbamater H-bonds. That is, the
solvation of the hydrophilic carbamate group néardurfactant head group is lost during

aggregation and consequently, the intermoleculabaraate-carbamate H-bonding
interaction is established.

Figure 4.2.10 Schematic representation of the bilayer structuenéd by CPCF3
molecules in aqueous solution.

In order to confirm the existence of intermolecutkbonding among the
surfactant molecules through the carbamate gro&fsiR spectra (not shown) of
CPCF3, as a representative example, were recordiedplire agueous sample (0.1 mM)
as well as (ii) in dry chloroform (CHg)I solvent. The appearance of the N-H stretching
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frequency (3430 ci) and the amide-I band (1645 Tnof the aqueous solutions of the
amphiphiles indicates the existence of carbamabepyrThough the amide-I band in
aqueous sample (1645 Tiresembles the corresponding stretching frequemegsured
in CHCL solution, the amide-1l band in aqueous solutioshdted to higher frequency
(1593 cm?) relative to that of the unassociated state in GH6lvent (1580 ci). This
shows the existence of intermolecular H-bondingwken adjacent molecules. The
intermolecular H-bonding interactions of the carbsangroups induce tighter packing of
the molecules leading to the formation of bilayesieles. These H-bonding interactions
at the head-group region minimize the repulsiveradtions among the —CO@roups
and thus favor bilayer formation as showrFigure 4.2.10. The two-layer arrays of the
intermolecular H-bonding interactions through thmide bonds of the neighboring
surfactant molecules result in a parallel arrangenoé the corresponding hydrophobic
tails such that the surfactant molecules self-abgaaninto bilayer structures in aqueous
buffer.

4.2.8 Effect of pH on vesicle stability

As the amphiphiles contain —COGs one of the head groups, it is important to
investigate the pH-dependence of solution behay8®-38]. To explore the pH-
dependent change of the microenvironment of théasskemblies formed by the
amphiphiles, fluorescence probe studies using DRk werformed at different pH. With
the decrease in solution pH thevalue of DPH was found to increase for both the
amphiphiles. It may be attributed to protonationtted —COO group that reduces ionic
repulsions as well as promotes intermolecular Hdiomg interaction between the —
COOH groups or between —COOH and —OCONH grougseainterface. The ordering at
the aggregate interface should also result in catpecking in the interior of the bilayer
aggregates as manifested by the increagevafue. The intermolecular H-bonding as a
result of protonation of the —COQOgroup increases the curvature of the bilayer
aggregates to produce large unilameller vesiclésvg). The pH adjustment provides a
way for the bilayer surface charge density to beedaprecisely through changing the
degree of protonation of the —CO@ead-group. As a result, the concomitant electimst

and H-bonding interactions force the bilayers topd UV structure. The polarity of the
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hydrophobic domain depends upon microstructure hef self-assemblies and the
solubilization of the dyelhe k/l; values for both the amphiphiles at pH 3.0 werentbu
to much lower (0.85 for 1 mM CPCF3 nd 0.91 for 1 ACF11) than that of buffer at
pH 7.0. The decrease of ionic character at lowerrpsults in a decrease of charge
repulsion and hence tighter packing of the chotektenits thereby preventing water
penetration. The hydrophobic domain formation mussult from pH-induced
conformational change of the amphiphiles.
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Figure4.2.11 (a) HRTEM images of (A) 0.1 mM CPCF3 solution at pH 88) 0.1 mM
CPCF3 solution at pH 5.0 (C) 0.1 mM CPCF11 solut@mpH 3.0 and (D) 0.1 mM
CPCF11 solution at pH 5.0; (b) size distributiorstbgrams (A) 0.1 mM CPCF11
solution at pH 3.0 (B) 0.1 mM CPCF11 solution at®#@ (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 loweoihgH is also evident
from the results of DLS and TEM measurements (Sgere 4.2.11). From Figure
4.2.11(a) it is evident that ~250 nm sized vesicles were ¢bfor 0.1 mM CPCF3 in pH
3.0, whereas ~350 nm sized vesicles were foundHi®.p. This is also supported by the

results of DLS measurements summarizeH8igure 4.2.11(b). The change in size of the
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aggregates at different pH can be explained byptb®nation of the —COUOgroup. At

pH 5.0, some of the —COQons are converted to —COOH which leads to strong H
bonding interaction between the head groups. Tdsslts in a decrease of the effective
area of head group Aand hence an increase of packing parameter (IBg wahich
means formation of LUVs at pH 5.0. On the othercdhat pH 3.0 all the —-COQ@roups
are converted to the neutral form (-COOH), whictoalorm intermolecular H-bonds
with the nearby —COOH groups. But interaction berveCOOH groups is much weaker
than that between —COOH and —CO@oups. Consequently, the SUVs are formed in
pH 3.
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Figure 4.2.12 Plot of percent transmittance (%T Jat= 450 nm) of surfactant solution
(0.1 mM) as a function of temperature fTYat(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 shoblkel stable under physiological
conditions (pH 7.4, 37C). It should be noted that at neutral pH the ageemlutions of

both the surfactants do not exhibit any cloudiresmn at 80C as indicated by the plots
of transmittance (% T) versus temperatdgyre 4.2.12 (a)). This means the SUVs are
highly stable at physiological temperature at redupH. However, a sharp fall of
transmittance can be observed with both the sanféstat pH 3.0 above a critical

temperature which can be taken as the cloud pdint The T; values thus obtained are
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53 °C and 60°C for CPCF3 and CPCF11, respectively. As reportedPEG-containing
copolymers, this is due to temperature-induced digiypn of the PEG chains which
makes polymer chain more hydrophobic [57, 58]. $lghtly higher value of the cloud
point and hence higher stability of CPCF11 vesidedue to its longer PEG chains. The
size distributions histograms (not shown here) Hit300 at 80°C also showed a large

shift toward larger ¢ values, suggesting good thermal stability of tlesicles at
physiological temperature.
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Figure 4.2.13 (a) Variation of fluorescence anisotropy ¢f DPH atA = 430 nm with
temperature (T°C) in the presence of 0.1 mM CPCF3 and CPCF11 irBjikiand (b)
variation of turbidity (100 — %T) of CPCF3 and CH@Bolutions (0.1 mM each) with

aging at pH 7.0 (inset: size distribution profile0ol mM CPCF3 after 60 days of sample
preparation).

The thermal stability of the vesicles was also igtidby fluorescence probe
method using DPH as a probe molecule at pH 3.0 fllibbeescence spectra of DPH were
measured at different temperatures in the rang@€®% in pH 3.0. As observed from
the plots inFigure 4.2.13(a), ther value of DPH probe decreases with the increase of
temperature, indicating increase of internal fliyiddf the vesicles. The increase in the
internal fluidity of the vesicles facilitates DPHolacules to diffuse out as manifested by
the decrease of fluorescence intensity (not showojvever, the temperature-induced

release of DPH molecules is less at°@7 suggesting sufficient thermal stability of the
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micelles even at pH 3.0. In support of this condaghe hydrodynamic size distributions
(not shown here) of the vesicles was also measatr&f °C (310 K). However, only a
very small shift toward larget, value, showing partial disruption of the bilayel®ee

physiological temperature was observed.

4.2.10 Shelf-life of vesicles

Vesicle stability was also studied by measuringpitlity (t) of the surfactant solutions
(0.1 mM) at pH 7.0 buffer over a period of 60 daike results are presentedrigure
4.2.13(b). It is evident that there is only a small increase value after 60 days of
vesicle preparation. Actually the formation andvgito of the vesicles cause a small
increase of the turbidity. The size distributiorofge (inset of Figure 4.2.13(b)) also
does not exhibit any change dp value. This means SUVs formed at room temperature
are highly stable over several months and therdfueg can have potential applications

in drug delivery.

4.2.11 Summary

In summary, two novel amphiphilic molecules CPCIR8 £€PCF11 were designed and
synthesized using biocompatible PEG and Chol. Thph#philes were characterized by
surface tension and various spectroscopic methgaty the amphiphiles were found to
self-assemble at a very low concentration. Thentleelynamics of aggregate formation
was also studied using ITC technique. The thermadyo parameters suggest that the
hydrophobic interaction among the Chol units is thain driving force for aggregate
formation. However, the intermolecular H-bondingaarg the amphiphiles also plays a
vital role for vesicle formation. The amphiphileene observed to form stable SUVs with
mean ¢ of ~20 nm in very dilute surfactant solutions Bt p.0. However, the vesicle size
increases to ca. 80 nm in concentrated surfactdntien. The microenvironments of the
SUVs were found to be highly viscous as well ashmess polar compared to bulk water
due to having Chol-like steroidal moiety as hydmalpé. The interesting observation was
that the SUVs transform into LUVs at lower pH. Tgbusurfactant solutions at pH 7.0
remained transparent over a large temperature réooge amphphiles showed clouding
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phenomenon at pH 3.0. Indeed, the SUVs formed utrakepH were found to have

extremely good stability over several months urniderphysiological conditions.
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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

Bolaamphiphiles have been used in formulating stat@ino-carrier systems and have
already demonstrated to hold enough potential fiecg¥e drug as well as gene delivery
[1-11]. There are many reports describing chempcaperties of bolaamphiphiles and
their effects on self-assembly pattern and apptinatin drug and gene delivery [12-22].
Indeed, bolaamphiphiles have demonstrated thelityatn serve as important structural
blocks of vesicles and/or micelles for drug delyvas depicted by archaeosomes. After
three decades of initial development, bolaamphgshihave presented a new area of
research to formulation scientists. Therefore, rsitee research should now be focused
on assessing their safety profile to establish tlasnsafe excipients for drug delivery
applications.

In previous chapters, the self-assembly behavianophiphiles with anionic or
zwitterionic head group and PEG tail have been ridest [23, 24]. The results have
suggested that the so-called polar PEG chain cem ait like hydrocarbon chain of
conventional surfactants. Thus it becomes obviousthie next step to develop
bolaamphiphile bearing PEG as spacer chain. It véllvery interesting to see whether
such bolaamphiphiles can form aggregates in solubD@spite a large number of reports
on the aggregation behavior and biomedical appicatof bolaamphiphiles containing
hydrocarbon chains, steroids, porphyrenes ett.ndilv there is not a single report on
bolaamphiphile bearing PEG as spacer. Thereforethia work, a first-in-class
bolaamphiphile containing PEG backbone as the sphas been developed. Since
unilamellar vesicle formation by mPEgCys and mPEgG.-Cys amphiphiles bearing
zwitterionic L-cysteine head has been demonstratechapter 3, another L-cysteine

head was covalently linked to the other end of RiB&in to obtain a bolaamphiphile,

! Langmuir 2017, 33, 774%7750.
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PEGDPC Figure 5.1.1). Since both PEG and L-cysteine are biocompatind eco-

friendly, their self-assembled structures in aq@eauedium can have potential
applications in drug delivery. Therefore, aggregatbehavior of this amphiphile was
thoroughly investigated in pH 7.0 buffer at 25 by use of a number of techniques,
including surface tension, fluorescence probe, IDCS, and TEM. Encapsulation and

pH-triggered release of model hydrophobic as welhgdrophilic drugs have also been

demonstrated.
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Figure 5.1.1 A) Chemical structure of the amphiphile (PEGDPCXY &8) energy-
minimized structure of the amphiphile in solutiomage (water) (grey: C, white: H, red:
O, blue: N, yellow: S).

5.1.2 Surface activity

The surface tension of the aqueous solutions (pB) of PEGDPC at different
concentrations was measured at°€5 As shown by the plot ifrigure 5.1.2 y value
decreases with the increase of PEGDPC concentréignindicating its amphiphilic
character and spontaneous adsorption of the meteatl the air/water interface. The
pCy value of PEGDPC as obtained from the ST plot &35 which is less than those of
conventional surfactants (p&> 3.0) [25, 26] and therefore can be considered as a
moderately surface-active amphiphile. Interestingiylike conventional bolaforms, the
plot does not show any break followed by a platgathe investigated concentration

range. However, a dent in the curve is observed@tvalue of about 0.5 mM which can
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be considered as themc value. Further reduction of value with increasing
concentration of PEGDPC can be attributed to foionadf larger aggregates above its
cme. Similar behavior has already been reported iditature for other surfactants [23,
24].

20 -15 -10 05 00 05 1.0
log C,

Figure 5.1.2 Plot of variation ofy (mMNm %) with logC of PEGDPC (mM) in pH 7.0
buffer at 25°C.
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Figure 5.1.3 (a) Representative fluorescence emission spectfdRM in presence of
different surfactant concentration in pH 7.0 buffley Variation of spectral shiftAQ) of
NPN probe in phosphate buffer (20 mM, pH 7.0) wviita change in &t 25°C.
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5.1.3 Self-assembly formation

As in the cases of single-headed amphiphiles theassembly behavior of PEGDPC in
pH 7 buffer was studied by use of NPN probe. Inghesence of PEGDPC the intensity
of fluorescence emission spectrum of NARNg(re 5.1.3(a)) is not only enhanced the
emission maximum also exhibits a blue shift relatio that in pH 7.0 buffer. The plot
showing variation of the shifiAf) of emission maximum of NPN probe with PEGDPC
concentration (¢ is depicted inFigure 5.1.3(b). The sigmoid plot corresponding to a
two-state process clearly suggests existence dfilgum between surfactant monomers
and self-assembled aggregates. @ime value (0.60+ 0.04 mM) obtained from the onset

of rise of Al is closely equal to the value obtained from ST.plo

5.1.4 Driving forcefor self-assembly formation

The results of fluorescence probe studies sponteneself-assembly formation by
PEGDPC molecules which means the process is aceoetphy a negativaG® value.

In order to determine the driving force for thefselsembly process, ITC method was
employed to estimate other thermodynamic paramsteis as\H’,, andAS’;,, associated
with the aggregate formation. The thermogram alwitly the titration curve is displayed
in Figure 5.1.4. From this calorimetric titration curve, tlenc and AH%, values were
directly obtained from the plot andG°, and AS’,, values were calculated by the
procedure described in chapter 2. The valuesrafand thermodynamic parameters are
listed inTable 5.1.1. Thecmc value obtained from the onset of riseAd is consistent
with the values obtained from fluorescence titmradio The aggregate formation is
spontaneous as confirmed by the large negativeevalhG°,, as well as by the large
positive values ofAS’,. Since the AS’, value for the self-assembly of PEGDPC
molecules is greater than that of thid’;, value, the spontaneous aggregate formation is
an entropy-driven process [27-30]. The large ineeeaf entropy can be associated with
the dehydration of the PEG chains during self-agdgrformation. That is, the PEG
spacer of the bolaamphiphile behaves like hydraradhain of conventional surfactants.
However, when the thermodynamic data for the vesfokmation by PEGDPC are

compared with those of the corresponding singleladazwitterionic amphiphile (see
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Table 3.1.2, chapter 3), it is found that the aggte formation is more favorable in the
case of latter molecule [23].
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Figure 5.1.4 Thermogram (upper panel) and plot of variation wthalpy changeAH)
with PEGDPC concentration {Cat 25°C; stock concentration of PEGDPC solution was
5 mM.

Table 5.1.1 Critical micelle concentrationcifnc), standard Gibbs free energy change
(AG%y), standard enthalpy chang&H’.) and standard entropy changsSi,) for the
self-assembly formation by PEGDPC in aqueous bedfsolution (pH 7.0) at €.

cme (mM) AG°n AH®, AS’m TAS,
Flu ITC  (kImol) (kImoM) @K'mol)  (kJmor
0.60 0.63 0.19
-18.26 61.91 18.45
(+0.04) (+0.02) (+0.1)
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5.1.52D NOESY analysis

As indicated by the results of ITC measurementhydrophobic interaction between the
PEG spacers of PEGDPC molecules is responsiblaggregate formation. The results
of fluorescence probe study also indicated fornmatad less polar microdomains,
possibly, by the PEG chains. Since the PEGDPC ralddtas two polar head groups at
the two ends of PEG chain, the only possible aearent of PEGDPC molecules in the
self-assembly is monolayer as shownFigure 5.1.5. The constitution of monolayer
membrane was confirmed by 2D NOE&Y-NMR analysis. The NOESY spectrum of 1
mM PEGDPC solution (in D) as depicted ifigure 5.1.6 shows mostly diagonal peaks
that arise from the interactions of the nearby ¢iret in the same molecule. In addition to
diagonal interactions a number of key cross intevas can also be observedkigure
5.1.6. The interactions among & a, b, c, d, e, f protons imply the intermolecular
interactions among the PEG chains. Further theaotens among &> b, ¢, d and b-

¢, d protons suggest the strong intermolecularacteons among the head groups. As
already discussed earlier the cross peaks sigmfyspatial proximity of the surfactant in
the self-assembled aggregates [31-33]. In othedsyahe monolayer is constituted by
the PEG spacer of the bolaamphiphile. Based omlboge results of fluorescence probe
studies and 2D NOESY analysis it can be concluded the bolaamphiphile forms

monolayer vesicles as shown in the cartoon pictdegscted irFigure 5.1.5.
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Figure 5.1.5 Schematic representation of monolayer vesicle stracformed by the
monomers.
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Figure5.1.6 2D NOESY spectrum of 1 mM PEGDPC inM (aggregated state).

5.1.6 Nature of microenvironment of aggr egates

As discussed in chapter 3, the nature of microenmrent of the aggregates can give an
idea about the molecular arrangement in the agtgeg@herefore, the micropolarity and
microviscosity of the aggregates were determinedubg of Py and DPH probes,
respectively. In pure buffer medium, the micropiyaindex (L/I3) has a value of 1.81.
But the ratio falls off with increasings@nd the limiting value reaches to 1.48 + 0.03 at
Cs = 20 mM. Thus, Iz value corresponds to the polarity of ethylene dly84-36]. This
suggests that the Py molecules are solubilizedinvitie microenvironment constituted
by the PEG chains as already inferred from theltesfiNMR measurements. However,
the polarity of the microenvironment of the selsasblies of PEGDPC amphiphile is
higher compared to those of L-cysteine-derived apiple with a single PEG tail [23].
This can be attributed to the increase of overalagty of the amphiphile due to the
presence of a second large L-cysteine head groupHI 3.0 buffer, however, the/ll;
ratio is less (1.38 £ 0.04) which is comparabléhtmse of conventional single-tailed ionic

surfactants. This is because in pH 3.0 buffer, b@®O and-NH; groups of L-cysteine
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head get protonated, thus converting the head graiop cationic (ammonium).
Consequently, a reduction of hydration of the hgaoup occurs, which favors tight
packing of the PEG chains. This means less permgtrat water molecules inside the
monolayer membrane and hence a reduction in pplafithe microenvironment of the
Py molecule. The fluorescence probe study thusirrosfmonolayer formation by the
PEG spacer chain of the amphiphile.
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Figure 5.1.7 Plots of fluorescence anisotropy) (of DPH probe versus surfactant
concentration (¢ at 25°C.

Further, the steady-state fluorescence anisotropwdlue of DPH probe at
different concentrations above @sc value of the amphiphile was measured. The plot of
variation ofr with G is shown inFigure 5.1.7. High r value (> 0.14) of the DPH probe
indicates viscous microenvironment constitutedigittpacking of PEG chains [37-40].
The feature of the plot suggests increasgofalue of the aggregates with the increase of
C, above themc and may be attributed to the formation of largggragates with more
rigid microenvironment which is consistent with tfeature of ST plotKigure 5.1.2).
The nm value was calculated using the limiting value ror(0.185 = 0.003) and
fluorescence lifetime of DPH corresponding to 20 rAAGDPC solution. They, value
(~70.14 mPa s) thus obtained is greater than thedroventional surfactant micelles, but
similar to those of vesicles [41-44]. The highvalue 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 ¢value of the aggregates formed at different cotmagons and pH were

determined by DLS measurements. The histogrark$gur e 5.1.8 represent the number
distribution profiles of the aggregates formed iffiedent concentrations. It is observed
that the aggregates formed in pH 7.0 have narradviamodal size distributions. The
aggregates are found to be much larger in size sl spherical micelles. Considering
thenm value of the aggregates, the size distributiotogrems presented Figure 5.1.8

can be associated with small vesicles having mga&alde in the range of 100-250 nm.
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Figure 5.1.8 Concentration dependent size distribution profiéthe aggregates formed
by PEGDPC in pH 7.0 buffer at 26.

The surface potential of the vesicles in 3 mM PEGDS$vlution was also
measured and the data are collected able 5.1.2. Slightly negative-potential value
(-5.2 mV) of the vesicles at around neutral pH @=8.0) clearly suggests that the L-
cysteine head group of the bolaamphiphile is exgpasehe bulk water. In other words,

the PEG spacer constitutes the monolayer membifathe wesicles.
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Table5.1.2 Thel-potential values of 3 MM PEGDPC at different pHs.

pH C-values (mV)

7.0 -52

2.0 +14.3

10.0 -34.8
Pure water -2.5

Figure 5.1.9 Unstained HRTEM images of PEGDPC in pH 7.0 buffar:b) 3 mM and
(c) 5 mM; Cryo-TEM image of (d) 3 mM PEGDPC in pH buffer.

5.1.8 Microscopic study

The HRTEM images of surfactant solutions of differeoncentrations were taken
to visualize the shape of the microstructures farnre aqueous solution. The TEM
micrographsigure 5.1.9) reveal existence of spherical vesicles with agsemre. The
vesicle diameters (150-200 nm) in dilute solutiofPBGDPC as seen in the micrographs
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are in close agreement with the results of DLS nmegsents. A very careful look at the
vesicular pictures reveals that the thickness efviesicle wall is ~ 4 nm which is almost
equal to the length of the spacer PEG chain (48)54s obtained from the Gaussview
model of the molecule. The microscopic investmyadi thus confirm existence of small
unilamellar vesicles (SUVS) in both dilute and cemicated solutions of PEGDPC. Since
the PEG chain is relatively short, monolayer lipigmbrane (MLM) formation as shown
in Figure 5.1.5 is much more favorable than bilayer lipid membrgB&M). This is
because for BLM formation, the molecule has to tbin U-shape, which is
energetically less favorable.
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Figure 5.1.10 (a) AFM height image (b) the energy-minimized stuwe of PEGDPC in
solution phase (water) showing the spacer lengt\fdM image with scale bar, and (d)
3D sectional analysis of PEGDPC solution (10 mM,70) on mica.

The aggregates of PEGDPC were also characterizedHdy in a dehydrated
state.Figure 5.1.10 shows the tapping-mode AFM image of a 10 mM PEGDBBIGtion
which clearly reveals existence of spherical aggieg with diameters in the range of 80
to 220 nm. This is in good agreement with the tesabtained from TEM and DLS

measurements. The section analysis profile of ecssl aggregate is shown Fingure
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5.1.10(c). The collapsed aggregate height was observed to ®em. This means the
average wall thickness of the hollow sphere is adonm, which is almost equal to the
spacer length (40.51A) of PEGDPC molecule. This liespthat the vesicle wall is
composed of only a monolayer of PEGDPC moleculems@ering its similarity to a
symmetric bolaamphiphile with short chain, PEGDR@Id not adopt a U-bent shape,

but span the wall to form a monolayer vesicle.

As the HRTEM and AFM methods are associated wighdtying of the sample,
the images might appear as artefacts. Therefo@der to rule out the possibility of any
artefact in the HRTEM and AFM images, Cryo-TEM measnents were performed.
The Cryo-TEM image of the 3 mM PEGDPC solutionhiswn inFigure 5.1.9 (d). The
image clearly reveals existence of vesicles haougr diameters in the range of 120 to
180 nm. Thus the results are consistent with tisellt® of DLS, HRTEM and AFM

measurements.
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Figure5.1.11 Gel filtration profile of the separation of the dgatrapped vesicles (small
peak) of PEGDPC from the free dye (MB).

Further to demonstrate the presence of aqueousirtdhe vesicular aggregate,
encapsulation of a hydrophilic dye, methylene b(MB) was attempted following
similar procedure described in chapter 3. Thecwdsi suspension that eluted right after

the void volume Figure 5.1.11) was collected. The encapsulation was confirmecdhby t
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characteristic UV spectrum of MB in water. Thus @xmmately 1.75% of the total dye
could be encapsulated within the vesicles. Thiglystalearly demonstrates that the

vesicles contain inner aqueous pool.
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Figure5.1.12 Plots of variation of fluorescence anisotropydf DPH as a function of
(a) temperature (inset: TEM image at“8), and (b) pH.

5.1.9 Stability of the vesicles

As the microenvironment of the vesicle membranenéd by the PEG spacer is slightly
polar in character, it can be concluded that th& Rains in the membrane are partially
hydrated. Thus heating of the PEGDPC solution [geeted to cause dehydration of the
PEG chains and hence change the membrane rigidiysr value of DPH probe was

measured at different temperatures to observe liaseptransition, if any, of the vesicle
membraneFigure 5.1.12(a) depicts the variation aof as a function of temperature. As
seen the value of DPH decreases with the increase of teatpes, but it still lies in the

vesicular range, even at 80. The existence of vesicle phase afBQvas confirmed by

the TEM image depicted in the inset [eifgure 5.1.12(a). This suggests that the PEG
chains become more fluid and hence leaky at eldvegmperatures. This is due to
weakening of the hydrophobic interactions among RiB@ins caused by the thermal
motion. The temperature corresponding to the itibagooints of the curves can be taken

as the melting or phase transition temperatiisgepf the membrane. The high melting
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temperature (48C) for PEGDPC, clearly suggests higher thermalilitiabf the vesicles
at physiological temperature (3€). Interestingly, no clouding of the solution ooed
at higher temperatures.

Since the surfactant head group is zwitterionionature at ~ pH 6.0-7.0, the
stability of the vesicles was also studied by vagypH of the medium. The pH-stability
measurement was carried out using 20 mM PEGDPC dyitaring the fluorescence
anisotropy of DPH probd-igure 5.1.12(b) shows the variation af with the change in
pH of the surfactant solution. It is observed thatr value decreases with the decrease as
well as with the increase of solution pH, showingnaximum at pH around 7.0. This
suggests that the MLM becomes less rigid both wetcand higher pHs as a result of
ionization of —-COOH or —Nkl groups which as discussed above weakens the gaokin
the PEG chains in the MLM. The weak packing of Bi&G units results from increased
electrostatic repulsion between anionic or catidread groups of the amphiphiles at the
surface. The pKvalues for the proton transfer equilibria wereleated from the pH
value corresponding to the inflection point of tlespective titration curves. The pK
values thus obtained are 4.8 and 8.4 for the catigtterion and zwitterion-anion
equilibria, respectively. The pl value of the hegrdup calculated from the respective
pKa value is ~6.6 at which the amphiphile remains ia #witterionic form and the

aggregates exist either as uncharged or weaklgetantities.

In order to investigate the change in vesicle s$mmec with pH, DLS
measurements were performed with the PEGDPC sokibdvarying pH. The existence
of large aggregates at higher as well as at lowkispconfirmed by the size distribution
histograms Figure 5.1.13) of the corresponding solution. The size distiiut
histograms show that with increase or decreaseHnfrpm 7.0, the aggregate size
decreases. The aggregate size is largest in pldnd(s consistent with the zwitterionic
head group of the amphiphile in pH 7.0. The existenf vesicles at both lower and
higher pH is demonstrated by the TEM pictufeg(re 5.1.14) of the respective solution.
Indeed, vesicle structures can be found in pH 3.0well as in 10.0. However, the
vesicles shrink upon increase or decrease of pkthwkupports the results of DLS

measurementg=(gure 5.1.13). This is due to the cationic and anionic charaofethe
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amphiphile head group in acidic and basic mediwgspectively. The ionic character of
the amphiphile actually causes electrostatic remulsamong the ionic head groups
leading to the formation of smaller vesicles.

40
301 M i 5
201 DiC pH 9.2
100 ]|
20] [T DbicpHsd
GJ ] T r_' T T T T
E ig rl{_ DIC pH 3.0
28'_ 7] DIiC pH 2.0
10-
] T T 'r T T M AL
28-_ g DIC pH 7.0
o Al
0 T L— T T LN R R R R |
10 100 1000
d.(nm)

Figure 5.1.13 Hydrodynamic size distribution profiles of vesgl® 3 mM PEGDPC at
different pHs.

Figure5.1.14 Unstained HRTEM images of 3 mM PEGDPC at (a) pH(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 agingne in neutral pH at
room temperature (inset: Size distribution histaggaf 2 mM PEGDPC after 60 days of
sample preparation) (b) Plot ofariation of anisotropy r§f of DPH versus NacCl
concentration (mM) using 5 mM PEGDPC solution at°25(inset: size distribution
histogram of 5 mM PEGDPC in the presence of 200 NaZI).

The vesicles prepared in acidic, neutral, and baldievere also found to be stable
enough with respect to aging time. This is becaisurface charge {potential) of the
vesicles. The&-values of the vesicles in 3 mM PEGDPC were measatalifferent pHs
and the data are listed Treble 5.1.2. The results clearly indicate that the surfacegha
of the vesicles is positive and negative at pH &@d 10, respectively. However, at
around pH 67 the surface charge is slightly negative. Sineezitterionic vesicles at
around neutral pH have tendencies to either growsize or coagulate producing
precipitates, turbidity ) measurement of the surfactant solution (3 mM, PHwas
monitored over a period of two months at 400 nnassure vesicle stability and the
results are presented kigure 5.1.15(a) which shows only a slight increase in turbidity
for the vesicle solution and can be attributech®s growth of vesicles. This is supported
by the size distribution histograms (inset Fifure 5.1.15(a)) of the vesicle solution
measured at different time intervals. In fact, thenolayer vesicles in 3 mM PEGDPC
solution are found to be highly stable even afteéy months of sample preparation. The

excellent stability of the vesicles makes themadué for applications in drug delivery.
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Bilayer vesicles sometimes get destructed in peEsaf external additives like
NaCl, KCI etc. [47, 48] The monolayer vesicle slipiwas then investigated in the
presence of NaCl salt by the measurememnt\ailue of DPH probe in pH 7.0 buffer. In
the presence of increasing NaCl concentratiorn tredue of DPH increases only slightly.
The plot showing variation af with [NaCl] is depicted irFigure 5.1.15(b). The slight
increase ofr value of DPH at [NaCl] = 200 mM suggests that thenolayer vesicles
remain unaffected even in the presence of highceaitentration. The size distribution
histogram of 5 mM PEGDPC in the presence of 200 NACI is shown as an inset of
Figure 5.1.15(b). As seen thed, 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 gudstutes from vesicles is an important
issue in drug delivery. As the monolayer membrariethr® vesicles consists of
biocompatible PEG chains and there is an agueookipside the monolayer vesicles,
hydrophilic guest molecules can be encapsulatédeivesicles. Thu€al was entrapped
within the aqueous core of the vesicles at pH 7omlticg to the method described
elsewhere [45-46]. The free, unentrapped dye wparated by dialysis. As the vesicle
surface is consisted of zwitterionic L-cysteinedhgeoups, the stability of the membrane
is expected to be sensitive to acid-base ionizgtimeess. Thus in order to demonstrate
pH-triggered release of the encapsula@a dye from the vesicles, the fluorescence
spectra of theCal-loaded vesicles was measured at different pHsevAdent from the
Figure 5.1.16(a) the fluorescence intensity Gfal dye decreased both upon decrease as
well as upon increase of solution pH. In fact, flmerescence intensity @al in water is
known to decrease with the decrease in pH. In boitlic and basic pH, the monolayer
vesicles become either positively or negativelyrghd due to ionization of the head
group which increases repulsion among head growgsnign vesicle membrane unstable
and leaky thus releasing the hydrophilic guesthi Ibulk water having pH higher or
lower than pH 7.0. It is also clear froRigure 5.1.16(b) that almost 55% of the guest
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was released from the vesicles within 45 min oflification of the vesicle solution (pH
< 4) as a result of burst release which is highlgirdéle for drug delivery to solid
tumors.
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Figure 5.1.16 (A) Change of fluorescent intensity @fal dye showing release @ al
from vesicles of DPEGDMS (60 mM) at different pHtea 45 min of incubation at 25
°C, and (B) % release @al with the variation of time (min) from the vesiclaspH 4.0
and 37°C; inset:Cal release profile at pH 7.4 and 2.
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Figure 5.1.17 (a) Plots of release (%) of DPH with time (min) at ®7in pH 4.0 (inset:
pH 7.0), and (b) OH- permeability profile of ribaflin entrapped vesicles.
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Similar experiment using hydrophobic dye DPH wa® alarried out. The release
profile is shown irFigure 5.1.17(a). In this case also at pH 4.0 a release (25%)i@tb
by a slow release (up to 30%) was observed. Thaaoexperiment at pH 7.4 did not
show any release during the period of experimentisithe monolayer vesicles might be

used as efficient hydrophilic as well as hydropleabrug carrier.
5.1.11 Kinetics of transmembrane per meation

Usually, closed vesicles have the capacity to tyldrophilic molecules or ions inside
their inner aqueous cavity. In the entrapped stnatthese solutes cannot permeate
across the monolayer membrane freely. The memipanmaeability can be measured
with a suitable water soluble marker. Thus, ribafiaa neutral water-soluble molecule
which is strongly fluorescent in its neutral formaut becomes nonfluorescent upon
deprotonation (pK~ 10.2) was employed for this study [49, 50]. Therescence
emission intensityl} of the riboflavin-containing PEGDPC vesicularigan (60 mM)

in pH 6.8 measured afi, = 514 nm fex = 374 nm) was observed to be 1250 a.u, which
arises from the contribution of the dye moleculbattare adsorbed on the outer
membrane surface and also those entrapped whbkimnher aqueous core of vesicles.
When the pH of the vesicular solution was adjusted0.2, the fluorescence intensity
“instantaneously” decreased to 650 a.u. That iduction of ~ 50% intensity is
observed. This immediate losslimesults from the deprotonation of riboflavin bouord
the outer surface of the vesicles. The residubhbwever, gradually decreased with time
(t) (Figure 5.1.17(b)) and can be attributed to the deprotonation affldvin enclosed
within the inner aqueous core of the vesicles. st of this experiment demonstrates
that the monolayer membrane formed by the PEGDP@aules is permeable to ions
(OH" in this case), and that a pH gradient across temlmnane can be developed and
maintained for some time owing to the existencéhefpermeability barrier provided by
the membrane. Time-dependent loss of the fluoresceriensity due to the conversion
of neutral riboflavin into its deprotonated formamppH adjustment further demonstrates

that the monolayer vesicles contain an internakaga compartment.

191



Monolayer Vesicle Forming Bolaamphiphile

5.1.12 Summary

In this work, a novel L-cysteine-derived bolaamiiigp (PEGDPC) with PEG as spacer
was developed and was thoroughly characterized. 3tletion behavior of the
amphiphile at different pHs and temperatures wasdtigated. Despite having so-called
polar PEG spacer the molecule exhibits a reasongbbd surface activity in water.
Different techniques, including fluorescence spestopy, DLS, TEM, and AFM
confirmed spontaneous formation of monolayer vesiély the amphiphilic molecule in
neutral, acidic and basic pH. The surfactant momeragganize themselves to form small
monolayer vesicle in very dilute as well as in camtcated solution. To the best of
knowledge of this author, this is the first repomtvesicle formation by a bolaamphiphile
containing PEG as spacer chain. The thermodynaate sliggest that the driving force
for vesicle formation is hydrophobic effect. The notayers were observed to be fairly
stable with respect to increase of surfactant aoinaton and temperature. However, the
hydrodynamic size of the monolayer vesicles wasidoto decrease with both decrease
and increase of solution pH. The vesicle membraa® also observed to be permeable to
OH  ions. The vesicle stability under physiologicahdiion 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 foraraby a zwitterionic bolaamphiphile,
PEGDPC, having pH-sensitive L-cysteine head gro@s been demonstrated. The
monolayer vesicles of PEGDPC shows variation inro@nvironment and size with the
change in pH, which in turn was observed to affeet drug encapsulation and drug
release properties of the vesicles [51]. Thus ¢obges an obvious choice to evaluate the
solution behavior of a pH-silent zwitterionic bataghiphile containing the same PEG
spacer. Thus, it is intended to establish formatibhighly stable vesicles which will be
silent to solution pH and other stimuli. In otheords, the objective of this study is to
investigate the effects of head group change omaglgeegation behavior of the PEGDPC
bolaamphiphile. Therefore, a zwitterionic bolaanmbiiie, (poly(ethylene glycol)-di-
(mercaptoethylsulfobetaine)) (PEGDMSFigure 5.2.1) bearing PEG as spacer and
sulfobetaine (—N(C,Hs),SO;) as head groups was synthesized. As the sulfoleetai
group is larger than the zwitterionic L-cysteineup, the solution behavior of PEGDMS
molecule is expected to be different from that &GDPC amphiphile. This led to the
study of surface activity and self-assembly behawfahe molecule in aqueous solution
at room temperature. Therefore, the eperimentalltsshave been compared with those
of PEGDPC amphiphile.

102
0 7 0

Figure5.2.1 Chemical structure of PEGDMS molecule.
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Figure 5.2.2 Plot of surface tensiony) of phosphate buffer (20 mM, pH 7.0) as a
function of concentration (logdCof PEGDMS at 25C.

5.2.2 Surface activity

The variation of surface tensiop/(mN m™) of phosphate buffer (pH 7.0) at 25 with

the concentration (£ of PEGDMS is shown irFigure 5.2.2. They value decreases
gradually with the increase ofsCGndicating spontaneous adsorption of the PEGDMS
molecules at the air/water interface which showslaphilic character of the molecule.
The reduction of value is almost same for both PEGDMS and PEGDR&ahwphphile.
Indeed the pgp value of the former (~2.3) amphiphile is also saamehe latter (~2.4).
This means both the amphiphiles are almost eqaaliface-active. However, the feature
of the ST plot showing a sharp dent (indicated brgva) is similar to that of PEGDPC
amphiphile. The concentration corresponding todiet (G = 0.55 mM) can be taken as
thecmc value of PEGDMS. Themc value of PEGDMS being less than that of PEGDPC
the aggregate formation by the former is more faglom he fall ofy value with increasing

concentration above thoenc value can be associated with the growth of theegges.
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Figure 5.2.3 (a) Representative fluorescence emission spectra of MPplesence of
different concentrations of PEGDMS in pH 7.0, abplot of spectral shiftAA) of NPN
versus Gof PEGDMS in pH 7.0 at 2%C.

5.2.3 Self-assembly formation

The self-assembly of PEGDMS in phosphate buffgutdf7.0 was investigated by use of
NPN probe at 25C. As in the case of PEGDPC, the fluorescence spacfFigure
5.2.3(a)) in the presence of PEGDMS exhibits an enhancemieintensity and a large
blue shift with respect to that in pure buffer. Fimdicates aggregate formation with a
less polar and more viscous microenvironment. Thaation of the shift AL) of
emission maximum of NPN probe with, @ shown by the plot ifrigure 5.2.3(b). The
cme value (0.53 = 0.02 mM) obtained from the onsetiséd of the curve is surprisingly
equal to the value obtained by ST measurement. Thidirms accuracy of the

measurements.

5.2.4 Thermodynamics of aggregate formation

The spontaneous self-assembly formation by PEGDM&cules is also suggested by
the thermodynamic data (s&able 5.2.1) obtained by ITC measurements. The titration
process of 10 mM PEGDMS in pH 7.0 buffer is featureFigure 5.2.4 which shows a
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sigmoid increase of enthalpy with the increase ©fl@ecmc value of PEGDMS (~0.53
mM) obtained from the inflection point of the pistconsistent with values obtained from
ST and fluorescence titration. The data @ble 5.2.1 show thatAG®,, (-18.69 kJ mat)

is negative and thaS’;, (63.39 J K* mol™) is positive which confirm spontaneity of the
self-assembly process. FurthexS, value for PEGDMS is found to be much larger than
that of theAH’,, suggesting that the spontaneous aggregate famméti an entropy-
driven process [52-54]. This means hydrophobic ratigon (as a consequence of
dehydration of the PEG spacer) of the PEG spacamshis the driving force for
aggregation. Thus the behavior of PEGDMS is simidahat of PEGDPC.
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Figure 5.2.4 The upper panel shows a record of heat flow vetsue during the
titration; the lower panel shows the variation bé tchange in enthalpyAd) with the
final concentrations (§ of PEGDMS amphiphile.
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Table 5.2.1 Critical micelle concentrationcifnc), standard Gibbs free energy change
(AG%y), standard enthalpy chang&H",) and standard entropy changsS{,) for the
aggregate formation in aqueous buffered solutithq®) by PEGDMS at 2%C.

cme (mM) AG’, AH%, AS’m TAS
Flu ITC (kImol) (kImol) @K*mol (kJmor?
0.53 0.53 0.20
-18.69 63.39 18.89
(+0.02) (+0.03) (+0.1)
o ~N hc a0

< 1 k i
-o-g\/\,ri\/\s/\rro\/\o/\/owoz\,o\/\oz\/o\/\oz\,o\/\o/\,or\,s\/\N/\/\g»q
AR io hEel* b
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Figure5.2.5 2D NOESY*H-NMR spectrum of 2 mM PEGDMS inD.

5.2.5 Molecular alignment of the amphiphilein the aggregate

That the hydrophobic interactions among the PEGnehare responsible for aggregate
formation by the PEGDMS molecules is substantidtgdhe results of 2D NOESYH-

NMR spectrumFigure 5.2.5) of the molecule in BD solvent. The interactions between |
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— 1,0, h, f, k, a, jimply intermolecular interamtis among the PEG chains. Further, the
key cross peaks reveal strong interactions amorgieg, h; c—i,g,fand l—i, g, h, f
which suggest interactions mainly among the headgg. Thus, it can be concluded that
the PEGDMS molecules arrange themselves in the sayges the PEGDPC molecules
(Figure 5.1.5) do to form the monolayer membrane. This conclusitso substantiated
by the zeta-potential value of the aggregates.dddevalue of 5 mM PEGDMS solution
in pH 7.0 was found to be negativé& (02 mV). The small negativievalue indicates that
the aggregate surface is slightly negatively chérged is therefore composed of the
zwitterionic —N'(C2Hs).SO; head group of the PEGDMS molecules.

Table 5.2.2 Critical micelle concentratiorcific), fluorescence anisotropy)(and lifetime
of DPH probe %), micropolarity index @/ls), and microviscosity #y,) of PEGDMS
molecule.

cme (mM)
11/ 13 r 7t (NS) nm (MPas)
Flu ITC
1.36 £
0.52 0.53 0.04 0.172* 4.20 48.9 +5.0

*measured in 20 mM PEGDMS
5.2.6 Micropolarity and microviscosity

The micropolarity index (Ils) of the aggregates formed by the PEGDMS molecgles
included inTable5.2.2. The L/ I3 ratio in 20 mM solution of PEGDMS in pH 7.0 buffer
was observed to be 1.36, which corresponds to derrify of dichloromethane solvent
(11/13=1.37) [34, 35]This means that the microenvironment of the Py @iislxonstituted
by the PEG chains as observed with the PEGDPC gitdi This is consistent with the
results of NMR measurements which suggest intenad®EG chains. The micropolarity
of PEGDMS monolayer, however, is less than th&®EGDPC amphiphile.

In order to determine rigidity of the monolayer niwane constituted by the PEG

chains, the andt values of DPH probe were measured in 20 mM PEGDB®IStion.
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The microviscosity #y,) value calculated from the Debye-Stokes-Einstesing
fluorescence data is includedTiable 5.2.2. Although they, value (ca. 48.9 £ 5.0 mPa s)
is slightly less than that of PEGDPC vesiclesndicates rigid microenvironment of the
DPH probe. This means that PEGDMS also forms sintyape of aggregates like
PEGDPC amphiphiles. This conclusion is further sufgal by the results of DLS and
TEM measurements as discussed below.
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Figure 5.2.6 Concentration dependesize distribution histograms of PEGDMS in pH
7.0 at 25°C (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 aggregiiesed by the PEGDMS amphiphile in
solutions of different concentrations are preseimdéigure 5.2.6. The meard, value of
the aggregates of PEGDMS in the investigated cdrat#on region ranges between 80
nm and 250nm. The presence of large aggregatdscainaentrations is consistent with
vesicular aggregates as indicated by the fluorescelata. The existence of vesicles is

further evidenced by the results of TEM measuremedRépresentative HRTEM images
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of unstained specimens prepared from dilute as wasllconcentrated solutions of
PEGDMS are depicted iRigure 5.2.7. The micrographs clearly reveal the existence of
spherical vesicles with an aqueous cavity in aél thicrographs of PEGDMS. The
vesicles have diameter in the range 60-150 nnss @nsistent with the results of cryo-
TEM measurementd={(gure 5.2.7(d)). Thus it can be concluded that as in the case of
PEGDPC, PEGDMS amphiphiles also form unilamellaicles.

Figure 5.2.7 HRTEM images of (a) 2 mM (b) 10 mM PEGDMS in pH 1d) 2 mM
PEGDMS in pure water and cryo-TEM image of (d) 2 BMEGDMS in pH 7.0 buffer.

In support to the results of DLS and TEM studiesMARmeasurements were
carried out with the same PEGDMS solutions at réemperature. As shown Figure
5.2.8 spherical aggregates having diameters in the rah§6 to 120 nm can be found in
2 mM PEGDMS solution. This is in good agreementwitte result obtained from TEM
and DLS measurements. The 3D section analysislgiudis also been shown fingure
5.2.8. The collapsed aggregate height is observed te 8eaxm. Thus the average wall

thickness of the sphere is about 4 nm which is leguéhe spacer length of PEGDMS
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bolaamphiphile. This means that the aggregatesefdrare monolayer vesicles as also
observed with PEGDPC bolaamphiphile. Considerirgy rgsults obtained from all the

above measurements a schematic of monolayer vedictenation by the PEGDMS
molecules have been showrFigure 5.2.9.

Figure 5.2.8 (a) AFM height image of 2 mM PEGDMS (b) 3D sectionaalysis and (c)
fully stretched structure of PEGDMS showing thecgpachain length.

Figure5.2.9 Schematic of monolayer vesicle formation by PEGDii&ecules.
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5.2.8 Dye entrapment studies

The results oCal encapsulation by the monolayer vesicles of PEGRMSpresented in
Figure 5.2.10. The encapsulation dfal was confirmed by the presence of small peak
immediately after the void region in the chromasogr (seeFigure 5.2.10(a)). This
clearly suggests the presence of aqueous core within tm®lmeer vesicles formed by
the pH-silent bolaamphiphile. The fluorescence speaf freeCal in water and vesicle-
entrappedCal are depicted irFigure 5.2.10(b). It is observed that the fluorescence
intensity ofCal is quenched due to confinement within the vesicldgse experiments
demonstrate the existence of vesicles in solutiohsPEGDMS as observed with
PEGDPC amphiphile.
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Figure 5.2.10 (a) Gel filtration profile showing separation ofetal-entrapped (small
peak) vesicles of PEGDMS from the corresponding thge, and (blluorescence spectra
of Cal-entrapped vesicles (20 mM PEGDMS) along with tme evith unentrapped
vesicles.

5.2.9 Stability of the monolayer vesicles

Since the quaternary ammonium and sulfonate gravpsilent to solution pH change,
the vesicles of PEGDMS bolaamphiphile is expectethe pH-silent. As the sulfonate

group remains deprotonated in all the pH, no netatilanges was observed in the
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microenvironment and morphology of the aggregales. samesl/ I3 value and value

at very low pH suggests that the local environmenund the probe molecule remains
the same even at low pH. For further confirmatidhS measuremen&{gure 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 observéndimorphology or size distribution of
the vesicles. This indicates that the monolayercless are highly stable toward pH

variation.

The {-potential values of the vesicles were measuredutther examine the
stability against flocculation and coagulation. $hiipotential value of the vesicles in 5
mM PEGDMS solution was found to be -5.02 mV andnid PEGDMS shows -7.11
mV in pH 7.0 buffer. The results indicate that & p.0 the surface charge is slightly
negative which has already been described for otletterionic surfactants having
sulfonate headgroups. Although the whole moleculePEGDMS is electronically
neutral, the anionic properties on the terminal &y be stronger because of the charge
density distribution on the ionic head. It may Imelerstood that the charge density of the
guaternary ammonium part located in the middle pertthe chain of PEGDMS is
scattered along the molecule chain, while the ¢hatgnsity of the anionic sulfonate
group located in the terminal end is concentraldubrefore, the zwitterionic PEGDMS
molecule can be treated like a slightly chargedmini surfactant in pH 7.0 buffer.

Similar viewpoints have also been reported by Fipamo, Qin and Chorro et al. [52-54].

Since the zwitterionic vesicles have tendencieprazipitate out from solution,
turbidity (rf) measurement of the surfactant solution (2 mM,7p8) was monitored over
a period of two months at 400 nm to assure vestdeility. However, the plot ifigure
5.2.11(a) shows only a slight increase in turbidity for thafactant solution and can be
attributed to the formation and growth of the viesic This is supported by the size
distribution profiles (inset ofigure 5.2.11(a)) of the surfactant solution at different time
intervals. The monolayer vesicles in 2 mM PEGDM#itson are thus found to be highly

stable even after two months.

The fluorescence anisotropy of DPH probe solulilimethe monolayer vesicle of

PEGDMS was also monitored with increasing NaCl eotr@tion to investigate whether
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there is any effect of salt on the monolayer vesiclrhe plot irfFigure 5.2.11(b) shows
quite increase of value with the increase in [NaCl]. The increase oflue of DPH
suggests that the monolayer membranes become mgutewith the increase in NaCl
concentration. The size distribution histogram 6friM PEGDMS in the presence of
200 mM NaCl has been depicted as insdtigure 5.2.11(b). It can be observed that the
size of the monolayer vesicles also increases @sgoce of NaCl. The increase of
membrane rigidity and size of the monolayer vesicign be attributed to the decrease in
head-group repulsions which is slightly negativetarged in pH 7.0 buffer.
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Figure 5.2.11 Plots of(a) variation of turbidity of the vesicles with aginighe in neutral
pH at room temperature (inset: Size distributiostdgrams of 2 mM PEGDMS after 60
days of sample preparation) (b) variation of am@m¢ () of DPH versus NaCl
concentration (mM) using 10 mM PEGDMS solution &t°2 (inset: size distribution
histogram of 10 mM PEGDMS in the presence of 200 N&CI).

5.2.10 Summary

In summary, a novel zwitterionic bolaamphiphilemREG as spacer has been developed
and characterized. The surface activity and thetisol behavior of the amphiphiles were
investigated in pH 7.0 at 2&. The results of various experiments suggest speous

formation small unilamellar vesicles in neutral,idic; and basic buffers at room
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temperature. The thermodynamic parameters suggasthe driving force behind the
aggregate formation is the hydrophobic interactonong the PEG chains. Since the
zwitterionic head group of PEGDMS contains chargeffobetaine groups, the stability
of the vesicles was observed to be independentHofTle monolayer vesicles were

found to be sufficiently stable under physiologicahditions for a longer period of time.
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Chapter 6

Conclusions and Scopefor Future Studies

6.1 Conclusions

The work presented in this dissertation was focusedievelopment of biocompatible
amphiphilic molecules having PEG of different chdamgths as tail(s) (or spacer)
covalently linked with anionic or zwitterionic grp(s) as head. One of the objectives of
this work was to demonstrate that though low-mdeeeweight PEG chain is hydrophilic
in nature, it could behave as a hydrophobic taémvbovalently attached to an ionic head
group. Therefore, a series of molecules with ariciganionic or zwitterionic) head
covalently attached to a single or double PEG chafrdifferent lengths was synthesized
and characterized for the first time in the litarat Two novel bolaamphiphiles with
zwitterionic head groups linked by a PEG spacerevadso developed in this work. A
comparison of the self-assembly properties of tm@haphiles has been made in Table
6.1.

The solution behavior of these molecules suggbststihey are less surface active
in comparison to their corresponding hydrocarboairctanalogues which means these
molecules are amphiphilic in nature. Despite hasogralled polar PEG chain(s) these
molecules also self-assemble spontaneously in agusolution at room temperature
above a very low critical concentration. The sadembly formation is driven by the
positive entropy change in the system and henceophadbic effect. This behavior is
similar to those of conventional hydrocarbon chaunfactants. In other words, the PEG
chain behaves like a hydrocarbon tail. It is impottto note that amphiphiles with
zwitterionic head group(s) formed small unilamellasicles (SUVs) irrespective of PEG
chain length, but the sulfonate amphiphile withddREG tail, due to the helicity of
longer PEG chain in water, formed small micelles.contrast, the double PEG-tailed
sulfonate amphiphiles formed unilamellar vesicleesipective of PEG chain length. In
all the single and double PEG-tailed amphiphiles, bilayer membrane of vesicles or
core of micelles is constituted by the PEG chalite bilayer membrane and the micellar
core are less polar and more viscous. But the patanity of the bilayer membrane is

slightly greater than those constituted by hydrbcar chains of conventional
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amphiphiles. Thus these vesicular (or micellar)raggtes can solubilize molecules of
moderate polarity and hence can find applicatiordrug delivery.

Further, this is the first time, two novel bolaangttiles constituted by so-called
polar PEG chain as spacer and L-cysteine or suHoibe as zwitterionic head groups
(PEGDPC and PEGDMS) have been developed. Both tgpdmlaforms have been
shown to be moderately surface active, showing gmaphiphilic character. Both types
of bolaforms form monolayer vesicles in water abmotemperature. The PEG spacer
constitutes the monolayer and hence the monolaystightly more polar than in the
cases of bolaforms containing hydrocarbon chaspaser.

Interestingly, when a PEG as well as a hydrocads@in (or cholesterol moiety)
is attached to the same anionic group, the resguitinlecule (CPOLE, CPMYS, CPCF3,
and CPCF11) behaves like a conventional surfactadtthe PEG chain acts as the head
group. Unlike conventional surfactants, these caylade surfactants produced bilayer
vesicles in water at low concentrations (abovecthevalue), but they exhibit vesicle-to-
micelle transition in concentrated solution. Howegvas in the case of hydrocarbon
surfactants, the vesicle bilayer is constitutedtty hydrocarbon chains or cholesterol
moieties. The PEG chains oriented toward the serfact only impart stability to
vesicles, but also act as stealth to be less remedyrby the blood components and
thereby increasing the lifetime of vesicles in lthoely circulation.

The sulfonate amphiphiles with two PEG tails exhit&Cl and L-lysine-induced
vesicle-to-tube and vesicle-to-micelle transiticespectively, at room temperature which
can be exploited in drug delivery applicationsislimportant to note that none of these
amphiphiles exhibit clouding phenomenon even anaperature as high as 0. In fact,
the aggregates formed in room temperature were radibeto be stable at the
physiological temperature. In contrast, the carleeyamphiphiles containing both PEG
and hydrocarbon (or cholesterol) chains exhibiuding of the solution of pH <3 at a
temperature sufficiently above physiological tenapere. Thus, the vesicles or micelles
being sufficiently small (200-300 nm) and stablelemphysiological conditions can be
used as injectable drug delivery systems. On therdiand, the vesicles of zwitterionic
single-chain amphiphiles and bolaamphiphiles (miEGys and PEGDPC) containing
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L-cysteine as head group(s) which exhibit pH-respanbehavior can find applications

as pH-triggered drug release vehicles.

Table 6.1 A comparison of different properties, for exampteface activity (pgs),
critical micelle concentrationcinc), microviscosity #4m,), micropolarity index @{/13),
mean hydrodynamic diametéd,) and morphology of aggregates of the amphiphites i
pH 7.0 buffer at 25C.

Amphiphile pCx cmc(mM) gy, (MPas) @Wls) dn(nm)  Morphology

MPEG-Cys 2.28 1.0 +0.07 65 1.56 -50, ~250 ULV*
MPEG100Cys 2.36 0.2+0.03 79 1.46 -50, ~250 ULV
PEGS1 230 2001 46 1.61 ~300 ULV
PEGS?2 2.42  0.86+0.11 22 1.56 ~5 Micelles
DPEGS1 - 0.15 £ 0.02 48 1.65 50 ~400 ULV
DPEGS?2 - 0.07 £0.03 39 1.70 ~250 ULV
CPOLE 525  0.01,0.11 22 1.02 ~5  Spherical
micelles
CPMYS 484  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 YLy
PEGDPC 23 0.6 70 1.38 ~300 Monolayer
vesicles
PEGDMS 2.4 0.52 49 136  ~1gp Monolayer
vesicles

* ULV = unilamellar vesicles

6.2 Contributions
» A series of novel amphiphilic molecules with stn§i properties have been
developed.
» PEG molecule acting as tail of the amphiphiles besn reported for the first

time.
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» Spontaneous unilamellar stable vesicle formationheysingle as well as double
PEG-tailed amphiphiles without any external stimgis been reported for the
first time.

» It has been demonstrated when both PEG and hydmtarhain (or cholesterol)
are covalently linked with L-cysteine head groupe tresulting amphiphiles
behave like conventional surfactant.

» Zwitterionic bolaamphiphiles containing low-moleauweight PEG as spacer
chain have been reported for the first time.

» Also spontaneous formation of monolayer vesiclesth® bolaamphphiles has
been demonstrated.

» The results of this work have shown that the smailamellar vesicles (SUVSs)
can be used for encapsulation and release of higdbap as well as moderately

polar drugs in drug delivery applications.

6.3 Scopefor future studies

The present work can be further extended to devaltgrge number of biocompatible

amphiphiles by conjugating PEG with different amawds, especially with pH-sensitive

functionality. The gemini surfactants constitutiofytwo PEG tails and two ionic or

zwitterionic heads can also be synthesized andngpadson of their solution behavior

with those of conventional gemini surfactants can rbade. Further, it would be

interesting to investigate the interactions of hB&G based amphiphiles with oppositely
charged conventional surfactants in solution. Thes@nt investigation could also be
extended to molecular modeling to understand theassembly processes of these
amphiphiles in water. A detailad vitro andin vivo evaluation of drug-loaded vesicles
produced by these amphiphiles is also required. ligggons of PEG based

nanostructures in developing products for dailysissuld be studied.
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