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Abstract

This thesis focusses on the investigating a suitable route to enable uptake of large
sized (30 nm and 60 nm) gold nanoparticles by pH responsive polymersomes of
diameters ranging from 110-140 nm. Addition of these gold nanoparticles( AuNP)
during self-assembly process of polymersomes, was found to have poor encapsulation
cificiency after investigations by DLS, UV-vis and Cryo-TEM. Moreover, a
significant size reduction was observed in case of encapsulated samples, Specific
interactions  like inter-chain digitation, threading interactions and host-guest
complexation were employed to improve AuNP uptake by polymersomes. However,
formation of PEG-AuNP hybrid due to interchain digitation by PLG was unsuccessful.
But, investigations with B-Cyclodextrin modified AuNP showed a possibility for their
uptake by threading complexation with PEG chains of polymersomes. Lastly,
successtul uptake of large sized AuNPs by polymersomes was acheived by host-guest
complexation between p-Cyclodextrin immobilised on AuNP and Adamantane

moieties on the polymersome.




1. Introduction

Although gold has held a fascination for mankind since its discovery, it is only in the
last few decades with the aid of quantum leaps made in the field of nanotechno logy
that gokl nanoparticles have found tremendous applications in the feld of bio-
medicine (1). Gold nanoparticles possess unique size dependent optical properties like
surface plasmon resonance and second harmonic generation, along with versatile
chemical properties like inertness, thermal stability and easy functionalisation ability
(2). These interesting properties have cnabled the use of gold nanoparticles in bio-
medical applications for imaging purposes as diagnostic tools as well as for
therapeutic uses by drug and gene delivery vehicles (3). However, the aggregation
tendency of the gold nanoparticles along with the small sized nanoparticles currently
used for bio-medical applications severely limit them from altaining their maximum
potential as bio-medical agents, To alleviate these obstacles in the path of the use of
gold nanoparticles in biomedicine, researchers have incorporated gold nanoparticles in
polymer vesicles or polymersomes (4). Polymersomes are artificial vesicles which
have better stability compared to their biological counterparts (5). Due to their unique
structure of possessing both hydrophilic and hydrophobic entities on the same system
along with an enclosed structure, they serve as an excellent template for nanoparticle
uptake. But such pold nanoparticle encapsulation studies have been mostly carried out
for gold nanoparticles ranging from 1-10 nm with pelymersomes between 100-300 nm
in size (6). Larger sized gold nanoparticles (beyond 20 nm) show enhanced optical
propertics and are therefore more attractive for bio-medical applications. However,
uptake studies of such large gold nanoparticles in polymersomes have not attempted
before due to the challengingly higher size ratio between the encapsulated

nanoparticles and the encapsulating polymersome.

The amm of this thesis is (o study the different possible routes by which successful
uptake of large sized gold nanoparticles (30 nm and 60 nm) can be performed in pH
responsive polymersomes of size ranging from 120-140 nm. Encapsulation of small
sized gold nanoparticles (1-10 nm) is in itself an uphill task as reported by various
researchers. Therefore, allempling to internalise even larger nanoparticles is a
daunting prospect. But in order to successfully create a smart pH-responsive
polymersome system with gold nanoparticles, complete encapsulation is not the only
approach. Immobilisation of the gold nanoparticles on the surface of the

s ———————




polymersomes is another viable alternative to synergistically combine the properties of
both the polymersomes as the larger sized gold nanoparticles. Such an association with
the polymersomes would screen the nanoparticles from each other and allow
ad?litional flexibility to functionalise the polymersomes for targeted bio-medical
applications as 4 theranostic device functioning both as therapeutic agent in tandem

wilh acting as a diagnostic tool,




2. Theoretical background

2.1 Gold nanoparticles

Colloidal sol of gold nanoparticles has held a centuries old fascination for the human
mind, starting with the science of alchemy in the middle ages to its current
omnipresent status in the field of bio-medicine. The first known extraction of gold
started near a region in modern day Bulearia in 5™ millennium B.C. and spread
thereafier towards the other civilizations like Egypt, China and India (3). It is here that
the reference to colloidal gold can be found in tracts by the ancient Chinese, Arabic
and Indian scientists. They called it the “gold solution™ or “liguid gold™ and used it

particularly for medicinal purposes.

In the Middle ages in Europe, the alchemists aggressively looked for newer methods
to synthesise this precious metal and developed potions to cure maladies. The
alchemist Paracelsus writes extensively about the medicinal propertics of this “potable
gold”, which he prepared by reducing auric chloride with oil plant extracts or alcohol,
to cure mental disorders and syphilis (7). Gradually, the fabulously curative powers of
the colloidal gold extended te cures for heart and wvenercal problems, dysentery,
epilepsy, tumors and going as far as being proclaimed as the “elixir for longevity”, In
1670, the German chemist Johann Kunckels published a book, concerning the
“drinkable gold that contains melallic gold in a neutral, slightly pink solution that
exert curative properties for several diseases™ (3). In this he shared a remarkable
insight that “gold must be present in such a degree of communition that it is not visible
to the human eye™. This is the known first reference to the eflfect of size of the gold
particles and hereafter many such examples can be found of scientists in the 19"

century striving to explain the vastly different coloured solutions of gold.

In 1857, Michael Faraday, reported the formation of deep red solutions of colloidal
gold by reduction of an aqueous solution of chloroaurate (AuCl;) using phosphorus in

carbon disulphide or diethylether (8). After extensive investigations of the light
scattering properties and turbidity of the colloidal sol, he concluded that the system
was composed of tiny particles suspended in the aqueous phase which gave it the

mherent colour. Moreover, he was of the opinion that the size of these colloidal gold
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particles was smaller than the wavelength of visible light (9). Faraday provided the
first result of the ability of the colloidal gold to stain organic tissues like gelatin and
fabric (9). This important breakthrough is now the cornerstone of modern day

spectroscopical techniques which make use of gold as an optical diagnostic tool.

In 1971, British researchers, W. P. Faulk and ;. M. Taylor described a technique in
which colloidal gold served as an immunochemical marker when it was conjugated
with antibodies for direct electron microscopic visualization of Salmonella surface
antigens (10). Examples of ground-breaking research such as this and others, shifted
the focus of numerous biologists and chemists towards the potential uses of gold in

bio-medicine.

Applications of gold manoparticles are now widely ranging from diagnostics,
genomics, targeted drug delivery. detection and photothermolysis of cancer cells to
optical bio-imaging, etc. Such vast multitude of applications of AuNPs in bio-
medicine can be attributed 1o its unique chemical and physical properties. As Faraday
bad demonstrated, the synthesis of the colloidal gold played a major role in
influencing its size and hence, the subsequent properties determining its use in bio-
medical applications, This has led to a spurt of research in the preparation of gold

colloids by Sehmid (11), Brust (12) and Turkevich et.al (13).

2.1.1  Optical properties ol AuNPs

Gold nanoparticles are extremely interesting due to their significant optical properties,
owing to their absorption and emission wavelengths lying in between the visible
range. These optical properties are dependent on the size and shape of the gold
nanoparticles which makes them uniquely suitable for various applications like
diagnostic tools and bio-markers. Additionally, gold being a noble metal shows
surface plasmon resonance (SPR) behavior unlike other nanoparticles such as
polymeric nanoparticles, quantum dots, ctc (1). Essential for surface plasmon
resonance is the presence of free electrons on the interface of the two materials upon
which light is incident. (1) (14). The electromagnetic wave excites the vibrational and
electronic states of the metal particle when it passes through the particles, The free
clectrons are then set into a collective coherent oscillated state due to displacement,

causing a charge separation with respect to the ionic lattice. Consequently, dipole




moments are created which then oscillate along the direction of the electromagnetic
tield and with the frequency of the incident hight, This collective coherent oscillation
of the free clectrons is known as localized surface plasmon resonance (LSPR), The
frequency at which the oscillation amplitude reaches a maximum is called the surface
plasmon resonance (SPR). At this particular frequency, there a strong dip in the
reflection of the incident wave as it is strongly absorbed by the plasmon band of the
excited metal nanoparticles (15). The SPR band intensity can thus be measured by
UWV-vis spectrometry. The optical response of the metal nanoparticles is dependent on
their size, shape, interparticle distance, composition and properties ol the local
diglectric environment surrounding the nanoparticles (7) (15) (16). Consequently, a
change in the intensity or the wavelength of maxinmum absorption can provide a good
measure of the particle size, concentration, shape and dielectric properties (14), Gold,
silver and copper nanoparticles show strong SPR bands in the visible region whereas
other metals show broad and weak SPR bands in the UV region (17) (18). Although,
silver npanoparticles inducc better surface plasmon resonance behavior, gold
nanoparticles are favoured because of their larger chemical inertness compared to

silver nanoparticles (16).

Electric fiald

Metal sphere

Electron cloud

Figure 1: Schematic representation of surface plasmen resonance behavior of metal parlicle (19)

This surface plasmon resonance property is shown by spherical gold nanoparticles in
the visible spectral region, giving the gold nanoparticles solution their vivid reddish
colour. The colour of the gold nanoparticles solution changes with respect to the size
of the nanoparticles. Nanospheres with a size of 20 nm in diameter show the reddish
colour due to the large absorption of the incident light, Nanoparticles smaller than 10

nm in diameter have severely damped oscillations and therefore do not show a distinct




SPR band. Gold nanoparticles with sizes greater than this generally show surface
plasmon band at 520 nm but even larger particles (80 nm), cause increased scattering
of light take place corresponding to a broad shift in the surface plasmon resonance
band which is also known as the red shift (19). Therefore, this shift in SPR band could
be used an effective tool to understand the formation of aggregates of the gold
nanoparticles when they are exposed to molecules bearing specific recognition sites or
they can be used to determine the changes occurring on the surface of the

nanoparticles by interacting ligands.

Another interesting inherent optical property of gold nanoparticles is the second
harmonic generation. Second harmonic generation is the non-linear optical behaviour
depicted by some materials that when they are irradiated by laser. photons double the
energy of the incident light are generated. Materials which show this frequency
doubling effect can be used as optical antennas to create increased absorption of laser
light in localized arcas. Therefore, optical antennas can be defined as materials which
can convert an incident light wave into a localized field that would interact with the
sample (20). The optical antenna can therefore be treated as a light source, In 1988,
Ulrich Ch. Fischer and Dieter W. Pohl, successfully demonstrated that polystyrene
coated gold particles (now referred to as gold nanoshells) can act as an effective

localized light source (20) (21) (22).

2.1.2 Uses of AuNPs in bio-medicine

Gold nanoparticles have been used in medicinal preparations since there discovery.
However in the recent years, bio-medical applications of metal nanoparticles in
general and most specifically that of gold nanoparticles have reached dramatic
proportions. This can be attributed to their unique properties of small size, large
surface area to volume ratio, stability over high temperature, chemical inertness. inter-
cellular diffusion capability and less cytotoxocity (2). Gold nanoparticles find uses as

both therapeutic agents as well as diagnostic tools.

These remarkable properties of gold nanoparticles have led to its increased use in
diagnostics in the shape of visualization and bio-imaging of various chemical and
biological species (7). The strong light scattering property of gold nanoparticles

coupled with their superior photo-stability has led to their use in imaging of cancer
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cells (1).Moreover, the light absorption of biological specimens at near infrared region
(NIR) is quite low and hence, gold nanoparticles are used as effective contrast agents
for in-vivo imaging applications in either near infrared region (NIR) or for surface
enhanced resonance scattering (SERS) (19). Additionally, nanoparticles can
selectively accumulate in cancerous cells at higher concentrations than in ordinary
cells (2). For development of more efficient imaging techniques, gold nanoparticles
owing to their easy functionalisation are conjugated with suitable bio-markers (3)(19)
(1). For example, gold nanoparticles conjugated with Bombesin peptides, are used for
efficient imaging of cancer cells because of the preference of the gastrin releasing
peptides (which are over-expressed in cancer cells) for these Bombesin peptides (2).
All the above mentioned properties combined with good detection sensitivity enables
their use in dark field, dual-photon luminescence microscopy as well as for

fluprescence spectroscopy (19).

Apart from this, PEGylated hybrids. cell-specific peptide conjugates, DNA
functionalized gold nanoparticles have found numerous applications such as dot
Immuno assays. immuno-chromatographic assays, immune-electron microscopy and

plasmonic bio-sensors.

Another most important bio-medical application of gold nanoparticles is in the field of
therapeutics. Good intracellular diffusion capability renders the gold nanoparticles as
viable agents [or targeted cellular applications. However, one of the major concerns
which hinder their use is the ability of the gold nanoparticles to stay in circulation in
the blood stream for suflicient time to release their drug load. There are two main
clearance mechanisms by which nanoparticles can be rejected out of the body and thus
leading to an inefficient drug carrier system. The first is by renal clearance during
purification by kidney and the second is uptake by mononuclear phagocytic system
(MPS) (23).For successful avoidance of renal clearance, the nanoparticles should be
larger than 10 nm in diameter (24) and smaller than 500 nm to avoid recognition and

uptake by MPS (25).

The| easy surlace functionalisation property of gold nanoparticles comes in aid to
improve circulation time in the blood stream by reducing the clearance rate and
augment the cellular internalization of the nanoparticles. PEGylation of gold

nanoparticles has been widely reported as a method to improve bio-compatibility and




stability of nanoparticles. leading to prolonged blood stream circulation times ( 7)(23)
(20) (2). But such immuno-repressive behavior induced by surface modification or
functionalisation of the gold nanoparticles is largely dependent on the surface
chemistry of individual hybrid systems and size of the particles and this consequently
mfluences cellular internalization of the nanoparticles. Another important aspect to
bear in mind is the toxicity Gold nanoparticles in therapeutics are mustllg,-' used as drug-

carriers or gene-carriers and also for photo-thermal ablation therapy.

Gold nanoparticles functionalized with amino acids like glycine and lysine show better
adherence to DNA and have been effectively used as gene-delivery carriers with less
cytotoxicity (2). Additionally, the functionalized gold nanoparticles have been used as
carriers for anti-sense nucleotides and therapeutic siRNA which are now being utilized
in gene silencing therapies, due to their highly selective targeting mechanism (19) (27)
(28). Likewise, peptide functionalized gold nanoparticles are being used for vaccine
delivery because they can activate macrophages thereby exposing smaller molecules

which were carlier undetectable (2).

Photo-thermal therapy of cancer cells using gold nanoparticles is another important
medical breakthrough (2). The intense absorption behavior depicted by gold
nanoparticles in the visible and near infrared region is instrumental in their use for this
therapeutic procedure (1) (29). When irradiated with light either in the visible or infra-
red spectrum, the gold nanoparticles convert the absorbed light into heat by rapid
phonon-phonon and electron-phonon processes (1). This causes localized heating and
if the gold nanoparticles are located near the affected cells, then those cells are
obliterated under the influence of this heating phenomenon. However, it is difficult
Selective photo-thermal therapy has also been achieved by conjugating the gold
nanoparticles with a chromophore or a biological marker which would enhance the
internalization of the gold nanoparticles at a particular targeted cell location (7).
Huang et. al. have shown that gold nanoparticles conjugated with anti-epidermal
growth factor receptor antibodies (EGFR) selectively target the cancerous cells and
can be used for effective in-vivo detection and decimation of these cells (1). Similarly,
gold nanoparticles conjugated by fluorescent heparin are utilised for treatment of
metastatic cancer cells (30). Other conjugates which have been used for targeted
theranostic (therapeutic as well as diagnostic) applications are thiolated PEGs.

peptides and folic acid.



2.1.3 Challenges of using gold nanoparticles in bio-medicine

In the previous sections, the extensive use of gold nanoparticles and its hybrid systems
as both therapeutic and diagnostic tools have been explained. However, they also have
certain disadvantages like cytotoxicity, aggregation tendency and issues with bio-

compatability which place limitations on their use as bio-medicinal agents.

As discussed previously, prolonged circulation time of gold nanoparticles in the blood
stream is necessary for them to efficiently discharge their ability as diagnostic or
therapeutic tools. However, presence of the nanoparticles in the cells for a too long
and the inability of the body to excrete them out causes cellular damage and hence
cytotoxicity. As size of the nanoparticles increases, renal clearance ability also
decreases. However, gold nanoparticles up to a size of 200 nm can strike a balance
between increased circulation time as well as effective excretion after a certain period
of cellular internalization, Not only the size, but different capping agents and surface
coatings also induce cellular cylotoxicity (31), CTAB capped gold nanorods have been
adjudged to have as high as 80% cell deaths in HelLa cell assays. To counter the
cytotoxic elfects, PEG modified gold particles have been used which have showed
reduced cytotoxicity by decreasing non-specific binding of the gold nanoparticles to

the biological moieties (32).

Moreover, gold nanoparticles synthesized by the conventional reduction of the
chloroauric ion solution by sodium borohydride are not very stable. Gold
nanoparticles prepared by this are only stabilized by the ionic repulsions by the
adsorbed AuCl* ions. Gold nanoparticles already have a predilection to aggregate and
in physiological conditions, when the gold nanoparticles are administered these
surface charges are sufficiently screened to cause a loss in stability of the
nanoparticles and induce agglomeration (33). Such aggregation tendency within the
cellular membrane can lead to bio-accumulation and hence death of the healthy cells
caused by the body’s inability to flush out these large aggregates. Therefore, a lot of
current research is focused on alternate methods to stabilize the gold nanoparticle
systems, One of the most widely reported methods is the surface modification of the
gold nanoparticles with polyethylene glycol chains. The PEG chains form monolayers
on the gold nanoparticles surface and improve stability of the colloidal system due to

the steric repulsions between the PEG chains (33),




Apart from the formation of such hybrid structure involving gold nanoparticles,
researchers are now focused on encapsulating the gold nanoparticles in vesicular
compartment like structures to address the problems of aggregation, cytotoxicity as
well as improve cellular uptake. Foremost in this field of research is the Incorporation

of'gold nanoparticles in polymersonies.

2.2 Polymersomes

Vesicles present inside the cellular structure are composed of a liquid enclosed within
a lipid bilayer membrane. These vesicles can fuse with the cellular membrane and can
carry external substances and discharge these contents inside the internal environment
ol the cell. Therefore, they are involved in numerous bodily functions like transport of
materials, enzyme and protein storage, metabolism and also as bio logical nano-
reactors. Owing to their multiple functionalities in biological processes, researchers
have tried to create similar bio-mimetic structures known as liposomes and
polymersomes (34). While liposomes are artificial vesicular structures composed of a

lipid bilayer, polymersomes consist of artificially synthesized polymer membranes.

2.2.1 Polymersomes — Basic introduction

The bilayer membrane structure of liposomes comsists of phosphatidylcholine-
enriched amphiliephospholipids by which they derive their name (35). The liposomes
consist of a hydrophilic liquid enclosed by hydrophobic membrane with hydrophilic
external and internal coronas. Although such artificially engineered vesicles can be
used to successfully mimic the bio-chemical reactions occurring inside the cells, they
have numerous limitations. The most important being the stability of the membranes
ol these liposomes. Since, trans-membrane diffusion is one of these vital aspects
which determine the functionality of such vesicular structures, scientists have tried to
create similar vesicles but with better membrane properties. This has led to the
synthesis of artificial amphiphilic di-block or tri block copolymers which can attain
vesicle like structures. These amphiphiles form nano-sized hollow spheres called
polymersomes, with a hydrophobic membrane and hydrophilic internal and external
corona (3). The block copolymers consist of both hydrophobic and hydrophilic parts

and tailoring the composition of the amphiphiles can be used to adjust the membrane



properties unlike those in the case of lipids. If the molecular weight of the
hydrophobic block is higher, then a vesicular structure with a thicker membrane can
be created. Moreover, polymers with higher overall molecular weight than lipids are
used to obtain stronger and more robust polymersomes than the conventional
liposomes (36). Additional membrane properties like permeability, mechanical
stability and elasticity are also tunable m case of polymersomes (36) (37). In short,
Mexibility to design the blocks of the synthetic amphiphilic polymers imparts
Mexibility in design of the polymersome structure and its membrane (34). Due to such
adjugtahilily in its characteristics, polvmersomes are at the forefront of research for

potential uses in the fields of material science, bio-medicine and biology (38).

Figure 2: Schematic representation of a polvmerseme. Green & Gray colored chains indicate
hvdrophilic & hvdrophobic parts of the block copolymer chain. Fed coloured struchures indicate the
crosslinker,

The most cxciting feature of polymersomes is the presence of both hydrophobic and
hydrophilic functionalities on the same structure. This unique property has been used
to encapsulate hydrophilic moicties in the hydrophilic interior cavity and embed
hydrophobic molecules in the hydrophobic membrane of the polymersome.
Additionally, the hydrophilic exterior of the polymersome can be used for
functionalisation with other bio-molecules to improve their interaction with the
surrounding medium in which they are dispersed (5). Therefore to describe a potential
hybrid, dye-stained membrane can be used for tracking the movement of the
polymersome, a targeting molecule conjugated on the surface will used to home in on
the affected cell and the therapeutic drug internalized in the corona can then released

for remedial action (36) (39) (40).



2.2.2 Polymersome preparation methods

In literature there are two generally reported methods for preparation of polymersomes
by self-assembly of the chemically synthesised block copolymers. The first method is
the solvent switch method, where the block copolymer is first dissolved using an
organic solvent (41). Organic solvent is necessary because most of the block
copolymers do not have good solubility in aqueous systems. The organic solvent
should be selected bearing in mind that both the hydrophobic and hydrophilic blocks
should be soluble in it. Upon complete dissolution of the block copolymer, water is
added slowly to the system. As the water content increases, the hydrophobic block
withdraws from the now poor solvent system and the hydrophilic block is increasingly
solvated. At a critical micellar cancentration {CMC), which itself is dependent on the
type of the polymer, polymer molecular weight and the solvent, the block copolymer
system self assembles to form micellar aggregates. Increasing water content gradually
changes the morphology of the sclf assembled system through a series of structures
ranging from spheres to rods and ultimately at a particular point into well defined
polymersomes (41). Finally, the organic solvent is removed by dialysis which is a
cumbersome and time-consuming process. Additionally, the morphology and the
membrane of the polymersomes is altered due to changing solvent/water ratio during

dialysis (3).

The second method is the film rehydration method which is also known as the organic
solvent free method (5). However, essentially it is not a purely solvent free method
because the initial dissolution of the block copolymer again involves an organic
solvent like chloroform or tetrahydrofuran. But before the block copolymer self
assembly process, the organic solvent is removed by evaporation to obtain a thin film
of the block copolymer. The film so obtained is then rehydrated using pure water or an
aqueous buffer. As in the case of solvent switch. the hydrophilic block is heavily
solvated due to presence of water and sell’ assembly process is triggered to generate
polymersomes (42). This method of polymersome preparation is also known as film
swelling. A similar method called bulk swelling is also employed for polymersome
formation where the block copolymer is directly dissolved in water (5), As discussed
previously. the copolymer is not well dissolved in an aqueous system therefore, the

dissolution process is accompanied by vigorous agitation to aid in self assembly




process. However, such vigorous stirring inadvertently disturbs the self assembly

process and leads to wide size distribution index of the formed polymersomes (43).

All the above mentioned methods for preparation of self assembled polymersomes
systems arc tedious, time consuming and economically less viable (44). Moreover, the
polymersomes obtained by these protocols do not have stimuli responsive
characteristics. Incorporation of stimuli responsive agents in polymersomes can

increase their applications in bio-medicine as flexible therapeutic hybrids.

2.2.3 Polymersome morphology and self assembly mechanism

Amphiphilic block copolymers ean attain a range of varied shapes and morphologies
on self assembly. Most prominent among these are spherical micelles, rods, vesicles,
disc like micelles, toroids cte. Likewise, polymersomes which are also broadly
speaking artificial vesicles, can assume morphologically varied forms like simple
vesicles. onion-like vesicles, multi-layer vesicles; tubular vesicles, flower-like vesicles

and numerous other complex shapes (5).

The packing factor (p) is one method to determine the type of self-assembled
morphology that a block copolymer will attain (45). It is defined by
p = v/(al), where

v = volume of the hydrophobie block
a = interface area of a single molecule
| = hydrophobic length perpendicular to the interface

Table 1: Packing factor to determine vesicular shape

Range of packing factor Morphological shape
p=1/3 Sphere
113=p=12 Cylinder
12<p<]1 Bilayer =i

Although factors like copolymer concentration, pH of the system, solvent/water ratio,
type of solvent and temperature influence the morphology, the
hydrophobic/hydrophilic block length ratio plays the key role in determining the final
morphology (5) (41).




Table 2; Block copolymer characteristics influencing morphological shape

Hydrophobic:Hydrophilic Morphological shape
ratio (x)
x> 1:1 Micelles
ey B Vesicles
x<1:3 Vesicles, inverted structures, complex aggregates

Likewise, polymersome size can be by tuned by modifying the copolymer block
lengths, solvent ratios and conceniration of the polymers. Polymersome sizes
generally range from 100 - 400 nmand their corresponding membrane thickness can
vary from 5 nm to as high as 30 nm, depending on the block length ratio (46).

Polymersome formation mechanism is also of keen interest to researchers so that the
self-assembly process can be controlled and tunable morphological structures
obtained. It is generally assumed (o be a two step process wherein first the block
copolymer forms a bilayer membrane which then rearranges to obtain a hollow closed
structure (47). Howewer, such a simplistic mechanism failed to explain the more
complicated polymersome structure. Hence after numerous theoretical simulations
which take into aceount the various molecular dynamics and Brownian dynamics, two

models have been proposed. The mechanisms are represented in Fig, 3.
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(a) Mechanism I
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(b) Mechanism II

Figure 3: Mechanism for self-assembly process incolving polymersome formation (48)

In mechanism [, at first small spherical micelles are formed which then create larger
micelles by inter-micellar collision (48). These disc-like or cylindrical micelles
subsequently form closed vesicular structures. Mechanism I1 forms the small micelles
similar to the ones in mechanism I. But to form larger micelles, the smaller ones
undergo an evaporation condensation process. This is followed by solvent uptake into

the interior of the large micelles to result in the final polymersome or vesicle.
D —— — —




2.2.4 Stimuli responsive polymersomes

To effectively function as miniaturized bio-medical devices and broaden the scope of
their use, it is imperative that stimuli responsive polymersomes are created. Drug
loading ability of polymersomes has already been discussed in previous seetions. The
polymersomes that we have discussed until now can only release their payload by
diffusion that is not highly controllable. However, if the drug loaded polymersome
undergoes spontaneous self-assembly triggered by external stimuli, then the efficacy

ollsuch therapeutic devices is largely enhanced.

In this light, several smart polymersomes, which respond to a variety of stimuli like
light, pH, temperature, reduction/oxidation have been extensively studied (5). Light
responsive polymersomes, incorporate a light sensitive moiety (chromophore) like
azobenzene in the copolymer backbone. On UV-irradiation this chromophore induces

trans«< ¢is conformations in the vesicle causing morphological changes (49).

Thermo-responsive polymersomes operate on the principle of changing hydrophilicity
or hydrophobicity of the block copolymer component units, under the influence of
altering temperature (5).  The most widely used thermo responsive agent is N-
isopropylacrylamide (NIPAM), which is soluble in aqueous systems below its lower
critical solution temperature (LCST) of 32°C and is rendered insoluble in higher
temperatures. Li et.al. prepared thermo-responsive polymersomes utilising this
property of NPIPAM with the copolymer system of poly[N-(3-aminopropyl)-
methacrylamide hydrochloride]-b-PNIPAM(PAMPA-b-PNIPAM) (50).

But the status of the most important class of smart or stimuli responsive
polymersomes is attributed to pH responsive polymersome, which will also serve as
the system for this study. A detailed description of this category is undertaken in the

following section,
2.2.5 pH responsive polymersomes

The human body hosts a wide range of pIl environments like the pI of blood is 7.4,
our digestive tract has a pIl gradient from | to 7.5. Such a broad spectrum of

physiological environments has attracted the attention of scientists to develop bio-




medical devices whose pH can be programmed to match that of the target organ. pH
responsive polymersomes which are extensively used as drug delivery agents have
therefore been keenly investigated for pH tunable characteristics. The underlying
concept is lo incorporate a pH responsive functional group like a weak base or a weak
acid which can be protonated or de-protonated at differing pH, in the block copolymer

(5).

Liu et.al. reported the first occurrence of pH triggered inversion of polymersomes
formed by triblock, poly(acrylic acid)-b-polystyrene-b-poly(4-vinyl pyridine)(PAA4-
h—PSggu-b-Pﬁl‘v'P.m} in DMF/THEF/H20 mixturcs (31). In their investigation, at acidic
pH of 1, the polymer vesicle was stable when the P4VP chains were on the outside and
PAA chains on the inside, due to repulsive interactions. However, in an alkaline pH of
14, the PAA chains due to larger steric repulsions, switched to form the external layer

of the polymersome with the P4VP chains in the interior of the polymersome.

In 2005, Du and Armes, reported a class of polymersomes with pH tunable membrane
properties along with shape persistent characteristics (52). The pH sensitive
polymersomes were formed by self assembly of poly(ethylene oxide)-b-poly[2-
(diethylamino)ethyl  methacrylate-s-3-(trimethoxysilylypropyl  methacrylate].[PEO-
bP(DEA-s-TMSPMA)], in THF/water mixtures. The tertiary amino group in the
PDEA unit at deprotonated at alkaline pIT and was insoluble. Deprotonation closed the
membrane pores reducing the membrane wall thickness as well as permeability.
Subsequent protonation caused swelling of the vesicles, thereby imparting pH tunable
membranc permeability.Shape persistence was conferred due to the cross-linking by

self-catalysis avoiding dissociation of the vesicular structure at acidic pH.

In 2011,Voit ct.al. reported the formation of photo-crosslinkable pH sensitive
polymersomes using the block copolymer PEG4s-b-PDEAEM-s-PDMIEM structure
(37). After dissolving the block copolymer in acidic solution, the polymersome
structure formation was initiated by increasing the pH to deprotonate the tertiary
amino group of PDEAEM. Crosslinking under UV irradiation and subsequent
mvestigation of polymersomes under varying pH conditions by DLS proved the
formation of stable, robust polymersomes with hydrodynamic diameter of 100 nm(at
pH=Y9) which increased at lower pH. Uptake studies with hydrophobic and hydrophilic

dyes where carried out to prove plH triggered entrapment as well release of the dye




molecule. PEI-Mal The same group mvestigated pH swelling behaviour of photo-
crosslinked polymersomes and the cytotoxicity of such systems via cellular uptake

studies and their potential uses as bio-nanoreactors (34) (53).

The efficiency of vesicular drug carrier was also investigated based on (PEG-b-
P(DEAEMA-stal-BMA)) photo-crosslinkable and pH sensitive structure (54). This
class of photo-crosslinkable polymersomes were stable over multiple pH switching
cycles even with shorter cross-linking times. Successful investigation of pH dependent
Doxorubicin uptake, retention and release mechanism soundly established that photo-
crosslinked polymersomes could also used as tunable nano-carriers dependent on pH,

crosslinking time and shear rate.

In light of these advances in the field of pH responsive polymersomes, it can be
concluded that successful encapsulation of nanoparticles in polymersomes can be
carricd oul. As discussed in the previous sections, gold nanoparticles due to their
unfortunate tendency of agglomeration have limited bio-medical applications.
Therefore, it was conceived that incorporation of gold nanoparticles in polymersomes,
would provide an excellent solution to this problem. Additionally, the presence of
PEG moety would provide biocompatibility as well as inerease circulation time in the
blood stream due to the large size of the polymersomes (100-200 nm). Due to these
lucrative advantages, gold nanoparticles incorporation in polymersomes is a separate

and extensive field in itself,
2.3 Gold nanoparticles uptake in polymersomes

Nanoparticle incorporation in artificially designed nanocarriers finds extensive
applications in catalysis, drug delivery, bio-sensor devices, etc (55). Polymersomes
owing to their robust nature and unique property of having both hydrophilic and
hydrophobic regions serve as perfect hosts for these nanoparticles. There are two
different approaches reported in literature for incorporation of such nanoparticles in

polymersomes which are discussed in the following sections.




GRoFEXs

2.3.1 In-situ formation and encapsulation of gold nanoparticles

The first approach involves the use ol the polymer vesicle as a reaction compartment
for formation of the gold nanoparticles. Polymersomes are formed wither using film
rehydration technique or solvent switch method. The metal salkt that is HAuCly, is then
solubilised within the hydrophobic membrane of the polymersome (56). Ton-exchange
technology is sometimes employed to ensure the formation of the nanoparticles inside
the polymersome (57).Reduction is carried out by introducing sodium borohydride and

gold nanoparticles are formed within the polymersome.

In 2005, Du et.al formed pH sensitive photo-crosslinkable polymersomes by self-
assembly of poly - [2-(methaeryloyloxy) ethylphosphorylcholine] — block — poly - [2-
(diisopropylamine) ethyl methacrylate] (PMPC-b-PDPA) i purely agueous solution
(58). Addition of HAuClssolution protonated the amino group and the AuCl* ions
were incorporated n the membrane as counter ions. In-situ reduction produced gold
nanoparticles of ~4nm embedded in the polymersome membrane.
|

This methed can only be used for incorporation of gold naneparticles within the
hydrophobic membrane. This 15 mostly because the gold nanoparticles are by nature
hydrophobic and since the membrane itsell” is hydrophobic, the nanoparticles are
selectively embedded in the membrane wall. Moreover, the stability of the
polymersome membrane 15 greatly reduced thereby limiting the potential applications
ol this hybrid structure. There 1s also lesser control over the growth and morphology

of the in-situ prepared gold nanoparticles (39) (60).

Hydropholse Gold Nanoparticle

Figure 4: Schematic of AuNP embedded in polymersome membrane



2.3.2 Incorporation of gold nanoparticles during self-assembly process

This incorporation method is more versatile than the previous one. In this method, the
gold nanoparticles are introduced into the system during the self assembly process of
polymersome formation (59). Gold nanoparticles used in this approach are mnvariably
pre-formed. This provides an added advantage of modifying the hydrophobic AuNP
surface with hydrophilic capping agents like citrate, etc. to produce hydrophilic
AuNPs which can then be guided selectively even into the hydrophilic corona of the

polvimersomes.

Figure 5: Schemutic o AuNP internalised within the hydrophilic polvmersome cavity

In 2007, Sachsenhofer et.al, produced AuNPs by Brust-Schiffin method and mixed
them with a stock solution of PEQ.w-PBDy; copolymer followed by solvent
gvaporation (61), The hyvbrid film generated was then rehydrated forming multi-
lamellar polymersomes embedded with AuNPs. The nanoparticles were again
embedded in the hydrophobic membrane and no oceurrence of partial inclusion of the
nanoparticles was reported. The resultant polymersomes had a hydrodynamic size

varying from 300 - 400 nm.

For the purpose of this study, we require to incorporate sulficiently larger sized
AuNPs than previously reported in literature. Since, the thickness of the membrane
wall varies from 5-30 nm as reported in literature, in-situ reduction and incorporation
of gold nanoparticles within the membrane wall is impossible. Hence, incorporation of
the nanoparticles will be performed during the self-assembly process. Consequently, it
is imperative to understand the interfacial interactions as well as the influence of the

nanoparticles during the self-assembly process.




2.3.3 Challenges faced during nanoparticles incorporation in polymersomes

Successful encapsulation of nanoparticles although has been widely reported, the
process causes a destabilisation of the membrane, either by curving the membrane or
by causing secondary interactions like budding and fission of the vesicles (59) (62).
Binder and co-workers produced significant results involving interfacial interaction
effects of nanoparticle with vesicular membrane by making comparative encapsulation
studies involving hydrophobic AuNP(2 nm), hydrophilic AuNP(12 nm) and
hydrophilic retrovirus (30 nm) (56). Their studies concluded that hydrophobic AuNPs
were localised in the vesicular membrane whereas hydrophilic AuNP accompanied by
a size reduction of the polymersomies. However, they found that in the case of
hydrophilic gold nanoparticles were evenly distributed on either side of the membrane
structure. The vesicles so formed consisted of weak membranes and were more
mhibiting in nature. The larger retrovirus particles which were also hydrophilic,
formed stable vesicles but with budding effects upon encapsulation, indicating that
larger particles in large concentrations may not be detrimental to polymersome
stiucture, Therefore, our theoretical basis of encapsulating larger sized (50-70 nm)
hydrophilic AuNPs inside the hydrophilic chamber of the polymersome is supported
by this.

As discussed previously, the goal of this study is to incorporate large sized gold
nanoparticles inside the polymersomes. Most of the AuNP uptake studies reported in
literature have been carried out for AuNP size dimension between the range of 2-10
nm. To get a clear perspective of the location of encapsulated AuNP in polymersomes,
Xu. et. al. perlormed extensive size dependent studies involving gold nanoparticle
uptake (63). In this study. AuNPs were coated with hydrophobic 1-dodecanethiol by
ligand exchange or Polystyrene to provide colloidal stability. According to their
enthalpic and entropic calculations, gold nanoparticle uptake was found to be size
dependent. They concluded that the ratio of the diameter of the AuNPs (Dg) to the
vesicle wall thickness (dwy) was an important parameter to determine the location of
AuNP in the spherical vesicle. A Dy/dwy ratio greater than 0.5 was found to result in
expulsion of the AuNP from the vesicle wall and its subsequent relocation in the
interior of the micelle. Such an arrangement led to the formation of an energetically

and entropically favourable system.




Citrate stabilised AuNPs with sizes of 30 and 60 nm will be utilised for this study. The
size of our polymersome will be about 120-140 nm with a vesicle wall thickness of 20
nm. Therefore there would be two factors responsible for guiding the location of the
used AuNPs in the polymersome. The first is the hydrophilic nature of the AuNPs,
which will encourage the nanoparticles to form favourable interactions with the
hydrophilic core of the polymersome. The second and more important factor will the
size ratio of the AuNPs and the vesicle wall. As demonstrated by Xu et.al, the
proposed AuNPs exceed the Dy/dwg ratio by a factor of 3, and hence to form an
energetically stable polymersome structure, again the polymersome cavity will be the

preferred location.

In spite of these two strong motivating factors there might be another very real
possibility that the size of these AuNPs will prove too large for even the polymersome
cavily to accommodate within itself, Some studies have suggested that the volume
fraction of the incorporated nanoparticles might affect the nanoparticles-polymersome
hybrid system, although no mathematical models have been created to quantitatively
determine this, But it might also be logical to postulate that the polymer chains of the
vesicle may not be able to endure a greater degree of chain stretching if there are to
encapsulate such a large particle. In the possibility of such an event, there arises a need
to have additional specific interactions between the polymersome and the incoming

gold nanoparticles to improve its chances of incorporation.

2.4 Specific recognition interactions

When dealing with complex hybrid systems like the one that we have now in this
study, that is gold nanoparticles incorporation in polymersomes, it is always necessary
to control the morphology of the hybrid. As discussed in the previous section, the
comparatively large size of the AuNPs might prove detrimental to their chances of
encapsulation within the polymersome. Therefore, it might be prudent to introduce
moietics bearing specific recognition capabilities to selectively guide the gold
nanoparticles fo a pre-determined location in the polymersome system,
Supramolecular chemistry with its vast array of non-covalent interactions like
hydrogen bonding, host-guest interaction, electrostatic interactions, etc. provides

ample choices to select the best guiding influences.




2.4.1 PEG — PEG interchain digitation

Surlace coatings consisting of biopolymers or synthetic macromolecules have been
used for modification of the gold nanoparticles in order to impart them specific
recognition behaviour and assist in the self-assembly process (64). One of the most
common methods employed is the grafting of macromolecular lipands on the AuNP
surface to create hybrid amphiphiles. To achieve these complex structures, three routes
namely; ligand exchange, grafting to and grafting from methods have been reported in
literature (65). Zhao et. al. grafted Polystyrene on gold nanoparticles to obtain organic-
morganic hybrid particles.Thiol terminated hydrophilic poly(N-vinylpyrrolidone)
(PVP-SH) was synthesised by RAFT polymerization and added to the hybrid
nanoparticles mixture in an organic solvent. The amphiphiles on dissolution in an
aqueous medium, quickly self-assembled to protect the hydrophobic polystyrene with
the hydrophilic AUNPs internalised in the corona and PVP chains forming the exterior

of the vesicle (65).

A similar approach invelving grafting of polyethylene chains on the surface of gold
nanoparticles will be adopted in this study. This is easily done because citrate
stabilised gold nanoparticles can be readily modified by thiol terminated molecules or
polymers (65). Grafting of PEG chains imparts hydrophilic character to the gold
nanoparticles. Additionally, the stability of the gold nanoparticles is improved due to
the steric repulsions between the grafted PEG chains (66). It is proposed that the PEG
chains grafted on the AuNPs will interact with the those on the pH responsive block
copolymer PEGys-b-P(DEAEMA-stat-BMA) used for polymersome formation to form
a PEG-AuNP hybrid. The PEG-PEG interactions might be due to thermodynamic
factors induced by similar miscibility, or there might also be physical entanglements
caused by intermolecular chain digitations during 1tha self-assembly process.
Moreover, the hydrophilic nature of the PEG grafled AuNP might preferentially guide

it to locate in the hydrophilic corona of the polymersome.




e PEG chain entanglement

Figure 6: AuNT uptake by polymersome due to PEG-AuNP hybrid formation

2.4.2 Threading interactions between Polyethylene glycol and Cyclodextrin

Research on molecular recognition systems have been mostly focussed on low
molecular weight entitics (67). However, it is also possible to obtain such specific
recogmtion abilities even in case of large macromolecules. Cyclodextrins are at the
cc!ntm of such interesting supramolecular systems. Cyclodextrins are water soluble
oligosaccharides formed by glucopyranose units linked together in a ring like structure
(68). p-Cyclodextrin is such a molecule that has 7 glucose units which form a three-
dimensional toroidal structure with a hydrophobic cavity. The cavity serves as a host
to low molecular weight polycthylene glyeols and forms an inclusion complex (67). Tt
was shown by Harada that this complexation process was dependent on the
relationship between the cross-sectional areas of the cyclodextrin cavity and the guest
macromolecule. Two PEG chains penetrated the a-Cyelodextrin cavity to form a tight
fit and precipitated due to the formation of the complex. Furthermore, it was suggested
that neighbouring a-Cyclodextrins threaded themselves in head-to-head or tail-to-tail

configurations to form unique structures called rotaxanes. .



Figure 7: a) Chemical Structure of f-Cyclodextrin
b) Schematic for adamantane - [-Cyclodextrin host guest complexation mechanism,
Adamantane perfectly fits into the f-Cyclodextrin cavity.
Interestingly, rotaxane formation between @-Cyclodextrinandpolyethyleneglycol
chains have been utilised to initiate self-assembly process in case of block copolymer
for polymersome formation. Jiet.al, introduced a-Cyelodextrin to the block copolymer
system of poly(ethylene oxide)-b-poly(2-methacryloyloxyethyl phosphorylcholine)
(PEO-b-PMPC) in agueous media (69). Rotaxane formation triggered the self-

assembly process resulting in polymersomes between 100-200nm.

Although a-Cyclodextrins form these complexes with many macromolecules
including PEG, -Cyclodextrins have not been so prolific. This is mainly attributed to
the fact that f-Cyclodextrin has a larger cavity than a-Cyclodextrin and therefore, the
macromolecular chains do not fit snugly its cavity. However, investigations about
possible formation of such complexes with higher molecular weight PEG have not

been performed.

Therefore, B-Cyclodextrin grafied AuNPs will be introduced to the block copolymer
gystem containing PEG chains and investigation of possible inclusion complexation

and its influcnee as a guiding ligand will be carried out within the scope of this study.
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Figure 8: AuNP uptake by polymersome due to PEG- [-evelodextrin threading interaction

2.4,3 Adamantane — 5 - Cyclodextrin host-guest complexation

One of most important interactions in supramolecular chemistry 1s the host-guest
complexation mechanism. In such complexes, two or more entities are bound together
by non-covalent forces to form a concerted system. Due to this, the supramolecular
hybrids are not as strong as covalently bonded systems, but the association constant
provides a means to gauge the stability of the system. The larger molecule is generally

relerred to as the host with the smaller molecule becoming the guest,

f-Cyelodextrim has external surface 1s highly hydrophilic due to the presence of
hydrophilic groups and it has a hollow hydrophobic cavity which serves a host for
other hydrophobic moieties (70). Adamantane (tricyclo[3.3.1.1(3.7}|decane, C10H16)
is a crystalline compound with an arm-chair like conformation formed by the fusion of
four cyclohexanes (68). The highly hydrophobic nature of adamantyl moiety along
with its diameter of 7 A fits tightly into the B-Cyeclodextrin cavity to form a strong
inclusion complex. This host-guest complex 15 highly stable with an association

constant of 10°-10° M ', Therefore, this supramolecular complex has found extensive




applications n hydrogels, drug-delivery carriers, cyclodextrin based polymer systems,
and bio-sensors ete.
|

Ritter ct.alreported the formation of tubular vesicles by host-puest interactions
between B-Cyelodextrinandadamantane modified poly(ethylene imine) PEI (71). The
morphologics of these structures were similar to that of liposomes and the vesicles
were stable over a range of pH. Ha et.al. used a similar mixed polymer approach to
form Adamantyl-B-Cyclodextrin host guest complexation induced vesicles (72). They
produced cyclodextrin capped AuNPs which were complexed with Ada-terminated
PNIPAM/PEG which formed amphiphilic AuNPs. At a temperature lower than the

LCST of PNIPAM, the amphiphiles sell assembled into vesicular structures.

Adamantyl Moeity

Figure - AuNP uptake by polymersome due to -cyclodextrin-Adamantane host guest interaction

To incorporate this host-complexation process into our AuNP-polymersome system,
we will adopt a different approach, Tt is well known that thiols and amines form self
assembled monolayers on a gold surface. The amphiphiles are adsorbed on the metal
surface by chemisorption through a terminal functional group to create a stable
interface (73). Our concept is to modify the gold nanoparticles by amino-substituted f-
Cyclodextrin by covalent chemisorption of the amine functional group on the gold

surface. Adamantyl moiety will be present as an end group in the hydrophilic PEG




unit of the block copolymer used for polymersome formation. On self-assembly, the
adamantyl moiety will statistically locate itself on the interior as well as exterior of the
pplymersome structure. On introducing the gold nanoparticles during self-assembly, it

ight be possible for the B-Cyclodextrin modified AuNPs to form inclusion

complexes with the Adamantyl moiety on both sides of the membrane structure.




3 Experimental Section
3.1 Polymersome preparation

pH sensitive block copelymer poly-(ethyleneglycol)-block-poly-[2-diethylamino
ethylmethacrylate-stat-benzophenone) [PEGys-b-P(DEAEMA -star-BMA, )]  was
obtained from a co-worker and used for preparation of pH responsive polymersomes.
The polymersome preparation protocol deseribed by Yassin et.al. was adopted (74).
To briefly describe, the block copolymer solution with concentration of 1 mg/mL was
prepared by dissolving it in an acidic solution of pH 2 along with constant stirring. For
initial investigations, two different acid mediums, one citric acid and the other
hydrochloric acid solution whose pH were adjusted to 2 were used for block
copolymer dissolution. The basie motivation being that citric acid is a weak acid and
would therefore not interact strongly with the gold nanoparticles which would be used
in subsequent encapsulation methods. After complete dissolution of the block
copolymer, the solution was filtered with an 0.2 um Nylon filter to remove any
impurities which might disturb the self assembly process. Thereafler, the pH of the

solution was gradually increased to 10 with drop-wise addition of 1M NaOH solution.
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Figure 10: Chemical Structure of pH sensitive block copolymer poly-(ethyleneglyeol)-block-poly-[2-
diethylamino ethylmethacrylate-stat-benzophenone] [PEG45-b-P(DEAEM Ax-stat- BaAy)]

The polymersome solutions were then stirred at 430 rpm at room temperature for a
minimum of three days to allow sufficient time for self-assembly process. To create
shape-persistent and stable polymersomes, the samples were then crosslinked for 30
minutes under UV irradiation. Prior to cross-linking, the polymersome samples were

filtered with an 0.8 um Nylon filter to remove large aggregates if any. The irradiation




process was performed using UVACUBEL00 (Honle UV Technologies, Germany)

cquipped with a low intensity (0.1 W/em®) iron lamp as UV source.
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Figure 11: Schematic diagram showing pH-responsive polvmersome formation

Table 3: Sample information for polymersome preparation

Sample Id |~ Cong. of block Acid used for Observation | Polymersome
copolymer used dissolution | formation
(mg/mL)

501 0.5 | Citric acid ' Bloominess Yes
NP | ohserved

S02 1 | Citric acid | No bloominess No
| | ohserved

S03 0.5 [ Hydrochloric acid | Bloominess Yes
| | ohserved

S04 l | Hydrochloric acid Bloominess Yes
: { observed

The size dimensions and the polvdispersity index of the prepared samples were
measured by dynamic light scattering (DLS). For further preparation of polymersomes

acidic solution of hydrochloric acid was used for reasons discussed in section 4.1,

3.2 Direct encapsulation of gold nanoparticles in polymersomes

3.2.1 Preliminary trial encapsulation for 12 nm gold nanoparticles

After the initial polymersome formation protocol with citric acid was discarded as
unsuitable, hydrochloric acid was consistently used for polymersome formation as
described by Yassin ct.al (74). As method previously, the encapsulation of gold
nanoparticles was to be carmed out during the self-assembly process of the

polymersomes. Since, a pH sensitive environment was utilised for preparation of




polymersomes, it was also imperative to determine a suitable pH in which the gold
nanoparticles would be introduced into the system, since they have a tendency to
agglomerate mn strongly acidic or basic solutions. For the preliminary encapsulation
trials, gold nanoparticles of diameter 12 nm were used. The gold nanoparticles which
were obtained from Particular Gmbh, had no additional capping agents to improve
their stability. The concentration of this gold nanoparticle stock solution was 10 mg/L.

Therefore, the block copolymer with an initial concentration of 1 mg/mL was
dissolved in acidic solution (HCI) at pH 2. After complete dissolution, the pH of the
solution was increased to 5 and the 12 nm gold nanoparticles were added drop-wise
along with constant stirring. To initiate self-assembly of the polymersomes. the pH of
the seolution was slowly increased to 10 followed by stirring for three days and then
cross-linking for 30 minutes. Since, the final concentration of the block copolymers in
the solution was different following the addition of the gold nanoparticles, blank
polymersomes with the same block copolymer concentrations were prepared for
comparison. The hydrodynamic diameter and the polydispersity index of the samples

were measured by dynamic light scattering (DLS).

Dissolutionof BCP Addition of AuNP Polymersome formation
and cross-linking
pH=8

e

Figure 12: Schematic diagram showing direct encapsulation of 12 nm AuNP in polymersomes

Tahle 4 Sample information for encapsulation of 12 nm AUNP in polvmersome

i Sample Id SPO1 SPO2
Initial BCP conc. (mg/ml.) 1 1
Final BCP conc. (mg/mL) 0.3 (.7
AuNP: BCP molar ratio I:1 0.5:1

The non-encapsulated gold nanoparticles were separated from the solution by

performing Hollow Fibre Filtration (HFF). The membrane used for filtration had a




e

molecular weight cut-off (MWCO) of 500 kDa. A control experiment was performed
to ensure that the membrane specifications were adequate to remove the 12 nm gold
nanoparticles. A trans-membrane pressure (TMP) of 150 mbar was maintained during
the filtration process in order to ensure that the polymersomes were not damaged. UV-
vis spectra analysis was performed for the blank polymersomes (which had no
additional gold nanoparticles). the 12 nm gold particle encapsulated polymersomes

and the sample after filtration by HFF. The results are discussed in section 4.2,
3.2.2 Encapsulation of 30 nm citrate stabilised gold nanoparticles

The preliminary trials with 12 nm gold nanoparticles provided important insights
which were used during the encapsulation experiments for the larger gold
nanoparticles. As discussed in section 4.2.1. the DLS results for the 12 nm AuNP
encapsulated polymersomes were not very conelusive owing to the different final
concentrations of the block copolymer in the samples. Therefore, for subsequent
encapsulation experiments, the initial concentration of the block copolymer was so
adjusted that afler the addition of the gold nanoparticles to the system, a final block

copolymer concentration of lmg/mL was achieved.

The gold nanoparticles used for encapsulation were 30 nm in diameter, with a
cancentration of 53.1 mg/L. and were obtained by Strem Chemicals Inc. Although the
gold nanoparticles were stabilised by citrate ligands (surfactant conc. = 0.1mM) which
provide some stability by electrostatic interactions, even they are unstable under
strongly acidic or basic conditions, Therefore, for the encapsulation in polymersomes,
the same protocol of direct incorporation as was followed for the 12 nm AuNP, was
adopted. Afier the initial block copolymer dissolution and pH increase to 5, the gold
nanoparticles were incorporated to the block copolymer solution. Polyvmersome
formation was facilitated by increasing pH to 10 followed by stirring for a minimum
of 3 days and cross-linking of the samples for 30 minutes under UV -irradiation. Blank
polymersome with a final block copolymer concentration of Img/mL was also
prepared in the same conditions for comparison. As seen in the UV-vis analysis for 12
nm encapsulated polymersomes, the absorbance maxima peak for the samples was too
low owing to the low concentration of the stock gold nanoparticles solution.
Therefore, two samples with AuNP:BCP molar ratio of 1:1 and 5:1 were prepared for

investigation.



The hydrodynamic diameter and the polydispersity index of the samples were
measured by dynamic light scattering (DLS). However, separation of the 30 nm non-
cncapsulated AuNPs from the polymersome sample was not possible. This was
because when a control experiment with the gold stock solution was performed using a
membrane with MWCO of 500 kDa, the pore size was too small for the filtration,
Moreover, due to unavailability of membranes with higher MWCOQ, HFF filtration
could not be performed for the 30 nm AuNP encapsulated polymersomes. UV-vis
spectra analysis of these samples would therefore have been insufficient to
conclusively prove the encapsulation of the gold nanoparticles within the
polymersomes. Hence, for concrete evidence of AuNP incorporation, the samples
were analysed by Cryo-TEM. The results of the samples obtained by these

characterisation techniques are discussed in detail in section 4.2.2.
3.2.3 Encapsulation of 60 nm citrate stabilised gold nanoparticles

Gold nanoparticles with a mean hydrodynamic diameter of 60 nm, and a concentration
of 100 mg/l. were obtained by Strem Chemicals Inc. The gold nanoparticles were also
stabilised by citrate ligands with a concentration of less than 0.01mM. Two different
samples with AuNP:BCP molar ratio of 1:1 and 5:1 were prepared using the same
protocol as employed for the 30 nm AuNP. Afier the preparation of the samples, DLS
analysis was camried out to determing their hydrodynamic diameter and the
polydispersity index. However, as in the case of 30 nm AuNP, Hollow Fibre Filtration
to separate the non-encapsulated gold nanoparticles could not be performed.
Therefore, once again Cryo-TEM investigation of the samples was done to ascertain
the encapsulation efficiency in the polymersomes. Detailed discussion of the

experimental results can be obtained in section 4.2.2.

3.3 PEG-AuNP hybrid interactions

As discussed in section 2.3.3, there are numerous challenges in attempting to
incorporate such large gold nanoparticles (30 nm and 60 nm)} in polymersomes.
Therefore the first strategy adopted to selectively guide the gold nanoparticles towards
the polymersomes was the use of PEG-PEG interactions as discussed in section 2.4.1

to result in the formation of a possible PEG-AuNP hybrid system. Surface




modification studies of the gold nanoparticles were performed with two ligands, MeO-

(PHG)-SH [M.W. = 356.48 g/mol] and MeO-(PEG),-SH [M.W. = 2000 g/mol].

Prior to carryving out the modifications, it was essential to determine the ligand
concentration required to saturate the available gold surface, For this purpose, the
estimated binding surface area of MeO-(PEG);-SH gathered from literature was found
o be 20 A’ and that for the ligand MeO-(PEG),-SH was 40 A’. Theoretical
calculations were performed to calculate the ligand concentrations. Using these values,
a series of titration plans for surface modification were generated using the in-house
UV-vis Tools sofiware. Since the saturation ligand concentrations were only
theoretical values, modification experiments were also carried out at ligand

concentrations below and above the caleulated values to ascertain their practicality,

For the modification experiments, 1 mL of the gold nanoparticles solution was placed
in a 1.5 mL quartz cuvetle and was scaled with a septum. According to the titration
plans, measured volumes of the ligand solution were mjected into the cuvette with a
microlitre syringe. After every titration step, the system was homogenized and kept for
5 minutes (o attain equilibrium. U'V-vis spectra was measured in the wavelength range
of 400-650 nm for every titration to monitor the surface modification process, since
addition of ligand solution would affect the surface plasmon resonance band of the
gold nanoparticles. The individual spectra for each of the titration steps were plotted
and the wavelength corresponding to their absorbance maxima were determined.
Plotting these values against their respective ligand concentrations provided a clear

idea about the extent of surface modification of the gold nanoparticles.

The PEGylated gold nanoparticles were also analysed by DLS and TEM to select the
most preferable ligand for this PEG-AuNP hybrid experiment. As discussed in section
4.3, the MeO-(PEG),-SH [M.W. = 2000 g/mol| was found suitable for surface
modification of the gold nanoparticles. Final ligand concentration of 4.2x107 M was
employed for preparation of modified AuNPs and their subsequent incorporation in
polymersomes. Two different samples SP 63 and SP76 were prepared with all the

same conditions, except the mode of addition of the PEGylated gold nanoparticles.




Table 5: Sample Information for PEG-AuNP hybrid

Sample Id 5P63 SP76
Wt. % of unfunctional BCP 100 100
Final BCP cone. (mg/ml) 1 1
AuNP : BCP ratio 4:1 4:1
Ligand concentration (M) 4.2x107 4.2x10”
Method of AulNP addition During self-assembly Preformed polymersomes |

DLS measurements were performed for both the samples to determine the
hydrodynamic diameter and polydisperity index. UV-vis analysis was performed to
check for possible shift in plasmon resonance band due to the formation of a potential
AuNF-PEG hybrid structure. Gold nanoparticle incorporation in polymersomes was
investigated by Cryo-TEM for sample SP63. but not for sample SP76 due to

insufficicnt time.

3.4 Threading interaction between PEG and B-cyclodextrin

The formation of inclusion complex by threading interaction between PEG chains and
Preyclodextrin cavity has already been discussed in section 2.4.2. The first step in this
approach was the surface modification of the gold nanoparticles with amine
functionalised p-Cyclodextrin. It is well known that an amine group has comparatively
lesser affinity for gold than thiol ligand. Therefore, two different amine-functionalised

B-Cyclodextrins were used for AuNP surface modification.

a. Heptakis-(6-amino-6-deoxy)-f-cyclodextrin [CDexB053] — fully substituted p-
Cyclodextrin
b. 6-Monodeoxy-6-monoamino-p-cyclodextrin [CDexB013] — mono substituted p-

Cyclodextrin.
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Figure 13: Aminated B -Cyclodextrin Ligands used for Au-NP surface modification

Both the p-Cyelodextrin ligands were obtained from AraChem Cyclodextrin Shop.
The estimated binding surface area of CDexB013 gathered from literature was found
to be 40 A” and that for the ligand CDexB053 was 400 A” and theoretical calculations
were performed to determine the saturation ligand concentrations. As described in
section 4.3, titration plans were created for each of the ligands and UV-spectra was

analysed after each titration step.

For the modification experiments, 1 mL of the gold nanoparticles solution was placed
in a 1.5 mL quartz cuvette and was sealed with a seplum. Since, the B-Cyclodextrin
ligands were supplied in the form of chloride salts it was necessary to deprotonate
them and thus activate the amine functional groups before carrying out the surface
modification of the gold nanoparticles. Therefore, the ligand solids were dissolved in
phosphate buffer saline (PBS) solution of pH 8 and 10 mM strength for a minimum of
2 hours 1o allow for complete deprotonation of the B-Cyclodextrin. Titration
experiments were performed as described in the previous section. After every titration
step, the system was homogenized and kept for 5 minutes to attain equilibrium. UV-
vis spectrum was measured in the wavelength range of 400-650 nm for every titration
to monitor the surface modification process. The wavelength corresponding 1o
absorbance maxima were then plotted against their respective ligand concentrations to

get a clear idea about the extent of surface modification of the gold nanoparticles.



The citrate stabilized 60 nm gold nanoparticles were surface modified with both the
ligands, CDexB013 and CDexB053. The hydrodynamic diameter and polydispersity
index of the samples were measured in comparison to the unmodified blank AuNPs
after overnight equilibriation. As discussed in section 4.4.1, the gold nanoparticles
modified with CDexB013 were deemed unsuitable for use in encapsulation
experiments. Therefore, for the incorporation of gold nanoparticles in polymersomes,
the  heptakis-(6-amino-6-deoxy)-B-cyclodextrin - [CDexB053] - mono amino

substituted -Cyclodextrin was used.

For polymersome formation, the un-functional block copolymer [PEGys-b-
P(DEAEMA -staf-BMA, )] was used. The motivation behind this concept was that the
PEG chains comprising the block copolymer would fit inside the B-Cyclodextrin
cavity to form inclusion complex and the gold nanoparticles attached to the f-
Cyclodextrin moiety would be incorporated in the polymersome. Again a two-pronged
method was adopted to study this possible interaction. B-Cyclodextrin modified gold
nanoparticles were added both during self-assembly process of the polymersomes and

also to pre-tformed polymersomes.

Table 6: Sample Information for threading interaction

Sample 1d el L SR62 SP75
Wt. % of unfunctional BCP 100 100
Final BCP cone. (mg/ml) f 1 I
AulNP : BCP ratio 4:1 4:1
hiéhnd of AuNP addition During sell-assembly Preformed
polymersomes

DLS measurements were performed for both the samples to determine the
hydrodynamic diameter and polydisperity index. UV-vis analysis was performed to
check for possible shift in plasmon resonance band owing to inclusion complexation.

Gold nanoparticles incorporation was investigated by Cryo-TEM for sample SP62.




3.5 Gold nanoparticle uptake in polymersomes using host-guest

complexation

Host-guest complexation of Adamantane with B-Cyclodextrin to selectively guide the
£old nanoparticles incorporation in polymersomes was explained in section 2.4.1, The
first step for the AuNP uptake by host-guest complexation strategy was similar to the
threading interaction. The 60 nm AuNPs were modified with the CdexB053 ligand.
For the polymersome formation a mixture of the un-functional block copolymer
[PEG4s-b-P(DEAEMA,-stai-BMA, )| and the same block copolymer with Adamantane
end groups(Ada-BCP) was used. In our system, during polymersome formation, the
block copolymers would self-assemble statistically where-in some of the Adamantane
groups would be on the periphery of the polymersome and some on the inside. The
mono-amino - substituted  B-cyclodextrin is used for modification of the gold
nanoparticles, However if complete surface modification is carried out then the p-
cyclodextrin: Adamantane molar ratio would shoot up to 10:1 if a mixture containing
80 wt. % unfunctional BCP and 20 wt% Ada-BCP is used. Since the concentration of
the gold nanoparticles stock solution is fixed, the only option is to go for partial
modification of the gold nanoparticles surface resulting in a lower ligand
concentration. Therefore, finally the B-cyclodexirin ligand concentration is fixed at

6.5x10™°M leading to a p-cyclodextrin: Adamantane molar ratio of 3:1.

Although it was discussed in section 4.2.2, that incorporation of gold nanoparticles
might affect self-assembly process, one trial experiment was performed where the f5-
cyclodextrin modified AuNPs were added during self-assembly process. For
subsequent experiments using host-guest chemistry, three different samples with -
cyclodextrin: Adamantane molar ratio of 1:1, 2:1 and 3:1 were prepared to study the
effect of host-guest complexation on gold nanoparticles uptake in polymersomes. In
these experiments, the P-cyclodextrin modified gold nanoparticles were added to
preformed polymersomes comprising 80 wt. % unfunctional BCP and 20 wt% Ada-
BCP. The samples were stirred for a period of 20 hours at 430 rpm to allow sufficient

time for the system to attain equilibrium and the formation of the host-guest complex.




Table 7: Sample information for host-guest complexation

. Sample Id SP61 SP72 - SP73 SP74
Wt. % of unfunctional 80 80 B0 80
BCP
Wt % of Adamantane - 20 20 20 20
BCP
Final BCP conc. I | 1 1
(mg'ml)
p-cyclodextrin : 31 I 2:1 31
Adamantane ratio
Method of AuNP During self- | Preformed Preformed Preformed
addition assembly polymersomes POSMEsOmer  |ipokymetsomis

The samples were analysed by DLS for measuring the hydrodynamic diameter and
polydispersity index. UV-vis spectra of the samples were measured to investigate
possible change in plasmon resonance of the gold nanoparticles due to the host-guest
complexation. Finally, Cryo-TEM analysis was performed for the sample SP61 to
mvestigate the gold nanoparticles incorporation in the polymersomes. However due to
insufficient time, Cryo-TEM analysis of the samples SP72, SP73 and SP74 could not

be performed.

3.6 Characterisation techniques and instrumentation

3.6.1 Dynamic light scattering

The dynamic light scattering measurements of the all the samples were performed by
using the Zetasizer Nanoseries instrument (Malvern, UK) fitted with a Helium-Neon
laser (4 mW, & = 632.8 nm). All measurements were performed at 25°C using
disposable plastic cuvettes. The data was collected by non-invasive back scattering

method at a fixed angle of 173°,

For the polymersome samples along with the gold nanoparticle incorporated
polymersomes, the material used in the standard operating procedure (SOP) was set

for polyethyleneglycol (PEG) so that its refractive index and absorption co-efficient




were used in the calculations. But for DLS measurement of the blank gold
nanoparticles as well surface modified gold nanoparticles, the material specified in the
SOP was gold. However, since all the systems were in aqueous phase, ;.!.-'atcr was
indicated as the dispersant indicated in the SOP. An equilibration time of 120 seconds
was allowed for each sample with three measurement trials consisting of ten runs

each. All the peak sizes calculated were z-averaged over all the measurement values,
3.6.2 UV-vis spectroscopy

For the UV-vis spectroscopy measurements, a two-beam spectrometer Lambda 800
(PerkinElmer, USA) spectrometer was used, For the polymersome samples, a spectral
wavelength range from 900-200 nm was used. In case of the gold nanoparticles as well
as the ligand modified gold nanoparticles, measurements were performed in the range
of 650-400 nm. A scanning speed of 375 nm/min with an integration time of 0.012
seconds was used for all the measurements. For all the measurements, 10 mm quartz

cuvettes were used,
3.6.3 TEM measurements

For the TEM measurements of the pold nanoparticles as well as Cryo-TEM
measurements of the polymersome samples, Libra 120 microscope (Zeiss, Germany)
with an operating acceleration voltage of 12() keV was used. Samples were mounted
on copper Quantifoil Grids with 1.3 micrometers holes. 3.5 ul of the solution were
placed on the grid and blotted from the back side for 3.2 seconds at relative humidity
88%. For the Cry-TEM analysis, an additional step involving flash-freezing in liquid
cthane at a temperature of -178°C was performed. All images were taken in Bright

Ficld at -172°,
3.6.4 UV irradiation
Cross-linking of the polymersome samples by exposure to UV irradiation was

performed using UVACUBE (honle UV Technologies). A low intensity (0.1 chrnz}

iron lamp served as the UV source.




1.6\5 Hollow fibre filtration

The hollow fibre filtration (HFF) of the 12 nm encapsulated polymersomes was
performed using a KrosFlo Research Ili (SpectrumLabs, USA), A polysulfone-based
separation module (MWCO: 500 kDa, Spectrum Labs, USA)) was employed as the

separation membrane along with a trans-membrane pressure {TMP} of 150 mbar.




4 Results and discussions

4.1 Polymersome formation

4.1.1 Dynamic light scattering results

The samples 801, S03 and S04 were analysed by Dynamic light scattering with the
appropriate measurement parameters as described in section 3.6.1. Fig. 14 shows the
intensity plot against the hydrodynamic diameter of sample S04, which has a BCP
conc. of 1 mg/mL prepared in HCI solution. The curves of the three measurement
trials are well overlapped and with sharp narrow peaks, which indicates that the

polymersomes formed have a homogeneous size distribution. The low Polydispersity

index value (PDI) also corroborates this observation.

Table B: DLS investigation results of pH responsive Polymersomes formed,

Sample Id | Cone, of block | Acid used for | Z,, Diameter of | Polydispersity
1 copolymer used | dissalution polymersome index (PDI)
! {mg/mL) 2, () :
S01 (.5 Citric acid 168.4 .17
803 0.5 Hydrochloric | 109.1 0.16
acid 2l
504 1 Hydrochloric | 152.7 .17
acid
14 :
m— .5 mgfml Cilees aid
v 0B mml HC
12 - ‘o L= =1mgimL HCl
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Figure 14: Intensity averaged diameter plot for polymersomes formed in various acid environments

obtained using DLS
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A polydispersity index value around 0.15 generally indicates a sample with a narrow
size distribution as in the case of these polymersomes. It was already clear from the
absence of bloominess in case of sample S02 that polymersome formation did not
occur. This same experiment was repeated twice, but with no positive results.
Therefore it was apparent that, the polymersome formation was not suitable in case of
citric acid being used as the acid. The dissolution of the block copolymers in citric
acid took much longer than in hydrochloric acid, because citric acid is a weaker acid
in comparison. During polymersome formation also, it was observed that citric acid
due to its buffer like behaviour hinders the smooth inereasing of pIl. It also results in
dilution of the polymersome solution because large volume of the base (NaOH) is
required to change the pH of the system. Moreover, a sudden pH transition is observed
at 6.8 in case of citric acid leading to possible experimental errors in polymersome
formation. Therefore, the previously well established protocol of using hydrochloric
acid solution for preparation of further polymersome samples was adopted.
Subsequent preparation of polymersomes with Img/mL concentration yielded
po'lymersumcs with sizes ranging from 110-140 nm. And for a BCP cone. of 0.5
mg/mL the sizes were in the range of 75-%00m, Since, these polymersome samples
were the first trials, therefore their comparatively larger sizes might attributed to

experimental errars.

4.2 Direct encapsulation of gold nanoparticles in Polymersomes

4.2.1 Encapsulation for 12 am gold nanoparticles
4.2.1.1 Dynamic light scattering results
The gold nanoparticles encapsulated polymersome samples along with the similarly

concentrated blank polymersome samples were investigated by DLS using the same

set of parameters as hefore,




Table @ DLS results of encapsulation for 12 nm Au NP

Sample Id | Cone. of block | AuNP:BCP Zavg. Diameter | Polydispersity
; copolymer molar ratio of index (PDI)
i used (mg/mL) polymersome

Mt (nm)
SPO1 0.5 1:1 88.4 (.22
SPO1B (.5 NA 77.9 (.16
SP02 0.7 0.5:1 02.2 0.20
'SP02B 0.7 NA 90.4 0.15
18 T
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= = SPD2 encapsulated.
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Figure 15: Intensity averaged diameter plot for 12 nm AuNP encapsulated polymersome & blank
palymersome obtained using DLS

Thus, it was observed that the hydrodynamic diameter of the polymersome
encapsulated with AuNP is larger than that of the blank polymersome. This increase in
size is more substantial in case of sample SP01 than in case of sample SP02. This
might be due to the fact that SPO1 has larger amount of gold nanoparticles
incorporated in the system which also improves the encapsulation efficiency.
However, the size difference between SP02 and its blank sample is barely noticeable.
Therefore, it cannot be conclusively said from the DLS results that the gold
nanoparticle is encapsulated in this case. However, the polydispersity index of both
the encapsulated polymersome samples is higher than the blank polymersomes larger.
This might be either due to the fact that the encapsulation is successful thereby

increasing the PDI or it might also be beacausc of the fact that a completely different




system that is the gold nanoparticles, with a separate size dimension, is added to the
previously comparatively mono-disperse polymersome sample. Additionally, it was
also observed that as the block copolymer concentration increases the size of the

polymersome also increases.

To summarise. investigation by Dynamic Light Scattering could not provide solid
evidence of gold nanoparticle encapsulation within the polymersome. Moreover, the
different final concentration of the block copolymer in the samples after gold
nanoparticle addition makes it difficull to derive worthwhile conclusions from the
DLS investigations. Keeping this in mind, for futher encapsulation experiments
mvolving the larger gold nanoparticles, the final block copolymer concentration in the
system was always maintained at lmg/mL.

Therefore, the samples were fillered by HFF as described in section 4.2 and UV-vis
mvestigations were performed for conelusive evidence of gold nanoparticle

encapsulation.

4.2.1.2 UV-vis spectroscopy results

As previously stated. Hollow fibre fitration was performed to separate the non-
encapsulated gold nanoparticles from the encapsulated polymersome samples. UV-vis
spectra was measured in the range of 200-900 nm for the blank polymersome sample,
the gold nanoparticles encapsulated polymersome prior to HFF and lastly, of the gold

nanoparticle encapsulated pelymersome after purification by HFF.

As can be seen from graph in fig. 16, the 12 nm gold nanoparticles exhibit their
characteristic surface plasmon resonance at a wavelength (Anu) of 519 nm
corresponding to maximum absorbance. The sample SP01 shows this same peak at
519 nm in casc of both, before HEEF which is obvious, but even after purification by
HFE. This clearly shows the presence of gold nanoparticles even after filtration. To
discount the possibility that there might be siray gold nanoparticles present after HFF,
a control experiment was performed with just the gold nnaoparticle stock solution
purification by HFF. The residual solution after purification was then measured with
UV-vis to check for the peak due to presence of traces of gold nanoparticles.
However, no such peak was observed. Therefore it would be logical to say that the

peak observed after HFF of the encapsulted polymersome sample, is due to the gold




nanoparticles that are present within the polymersome. Additionally, there is a
decrease in absorbance at kg, after HFF which also conclusively proves the removal
of the non-encapsulated gold nanoparticles. However, the peak observed at 519 nm
after purification is a distinct but mild peak indicating that few number of gold

namoparticles are encapsulated within the polymersome.
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Figure 16: Absorbance vs. Wavelength for SPO1 blank polvmersome, SP0O1 after HFF, SP01 before
HFF and blank AuNP obtained using UV-vis spectrascopy

Upon performing HFF of the sample SP02 and its subseguent analysis by UV-vis
spectra, barely any peak at 519 nm could be observed. This might be due to the fact
that there was lesser amount of gold nanoparticles present at the start than in case of
SPO1. Therefore, even though there might be some gold nanoparticles which are
encapsulated within the polymersomes, their number is so few that they do not show a
distinct peak at 519 nm. Hence, for later encapsulation experiments with the 30 nm

and 60 nm gold nanoparticles, larger AuNP:BCP molar ratios were used.

4.2.2 Encapsulation for 30 nm gold nanoparticles

The gold nanoparticle encapsulated samples as well as the blank polymersome sample
prepared in the same conditions were analysed using DLS with the same parameters as

betore.
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Figure I7: Intensily averaped diameter plot for 30 nm AuNP encapsulated palymersome obtained using
DLS

Table 10: DLS analysis of 30 nm AuNP encapsulated

Sample 1d Final cone. of AuNP : Zavg. Diameter | Polydispersity
BCP(mg/mlL) | BCP molar | of polymersome | index (PDI)
ratio (nm)
SP21 | I;1 B5.8 0.24
[ Sp23 I 5:1 73.8 0.33
Blank I NA 115.7 0.16
polymersome

Surprisingly, the DLS investigations revealed a decrease in the size of the gold
nanoparticle encapsulated polymersomes in comparison to the size of the blank
polymersome. Sample SP23 which had a higher gold nanoparticle molar ratio showed
a larger size reduction than sample SP21 with equimolar gold nanoparticle
concentration. However, the polydispersity index of the encapsulated samples was
higher than the blank polymersome similar to the trend observed for the 12 nm gold
nanoparticle encapsulated polymersomes. A possible explanation for the seize
reduction, might be that addition of gold nanoparticles to the polymersome system
causes possible disruptions in the polymersome self-assembly process. Although, it
might also be argued that why such a trend is not observed in case of the 12 nm gold

nanoparticles. But before making this statement we must bear in mind that size ratios




of the gold nanoparticles and polymersomes are an important factor while considering
encapsulation processes. Therefore, it may be postulated that the large size of the gold
nanoparticles as in case of the 30 nm AuNP might be more detrimental to self-

assembly of polymersomes than the smaller sized 12 nm AuNP.

As already mentioned in section 4.2, due to unavailability of membranes with higher
MWCO, HFT filtration could not be performed for the 30 nm AuNP encapsulated
polymersomes. Therfore, investigation by UV-vis would not have provided any real
clue about the encapsulation efficiency of the gold nanoparticles by the
polymersomes. Hence, for conclusive evidence about the extent of AuNP
incorporation within the polymersomes, Cryo-TEM analysis was performed for the

samples.

The samples SP21 and SP 23 which were prepared by in-situ addition of gold
nanoparticles during self-assembly were analysed by Cryo-TEM, The samples for the
measurement were prepared as described in section 3.2.2.

The sample SP21 had a AuNP:BCP molar ratio of 1:1. The blue arrows in Fig 18a
show the polymersomes. The bilayer membrane structure of the polymersomes is
clearly visible in this image. The two dark, opaque spheres are the 30 nm gold
nanoparticles. The gold nanoparticle marked by the green arrow is completely

encapsulated within the internal hydrophilic cavity of the polymersome.

In fig. 18b, the encircled region marked by red arrow shows an example of a gold
nanoparticle partially engulfed by the polymersome membrane. In all the images. the
number of the polymersomes far exceeds the number of the gold nanoparticles on the

TEM grid.

Sample SP23 has a higher AuNP:BCP molar ratio of 5:1. Fig 19a has two encircled
regions which are of particular interest. The green arrows again show examples of
gold nanoparticles completely internalised within the polymersome cavity. The red
arrows on the other hand point to gold nanoparticles which have partial engulfment

interactions with the polymersome membrane.




Figure 18: Cryo-TEM images of 8P21- 30 nm AuNP interacting with Polymersome. a) shows Au NP
engulfed in polymersome and b) shows Au NP interacting with bilayer membrane of polymersome.

Figure 19: Cryo-TEM images of 8P23- 30 nm AuNP interacting with Polymersome. a) shows Au NP
engulled in polymersome and b) shows Au NP interacting with bilayer membrane of polymersome.

Sqnilarly in Fig 19b, the encircled regions with red arrows show more instances of
partial internalisation of gold nanoparticles by the polymersome membrane, Even
though there are more number of gold nanoparticles than the previous sample, there
ar¢ still vast number of polymersomes. The gold nanoparticles are however well
dispersed within the sample and do not show any visible aggregation tendency.
Morcover, as the AuNP:BCP molar ratio increases, there is an increased chance of
either complete encapsulation or partial engulfment of the gold nanoparticles with the
polymersomes. However, there are still many gold nanoparticles which are randomly
dispersed within the sample with little affinity for interaction with the polymersomes,

All these samples were prepared by introducing the gold nanoparticles to the block



copolymer solution at pH 5. Two more samples were prepared where the gold
nanoparticles were added 1o the block copolymer solution at pH 4, with the
assumption that it might improve cnecapsulation efficiency of the pold nanoparticles.
Irurther investigations however revealed that no such improvement was observed. This
might be because even at pll 4. there exists some level of pre-organisation in the
miicellar structure which undergo re-organisation during self assembly at increased pH
to form polymersomes. Due to the large size of the gold nanoparticles with respect to
the polymersome membrane wall which has a thickness of about 13-18nm,

encapsulation by diffusion through the membrane is not possible.

4.2.3 Encapsulation for 60 nm gold nanoparticles

4231 Dynamic light scattering results

The hydrodynamic diameter and polydispersity index of the 60 nm gold nanoparticles
encapsulated polymersome samples as well the blank polymersome sample were

measured by dynamic light scatiering, The parameters used during the analysis are

alteady mentioned in section 3.6.1.
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Figure 20 Intensity averaged diameter plot for 60 nm AuNP encapsulated polymersome




Table 11: DLS analysis of 60 nm AulNP encapsulated polymersomes

' . Sample Id Final conc. of AuNP : Zavg. Diameter | Polydispersity
I BCP(mg/mL) BCP molar | of polymersome index (PDI)
ratio (nm)
SP51 I 5:1 92.7 0.24
i SPS3 | 1:1 101.3 0.21
Blank 1 NA 132.3 0.14
polymersome I

The hydrodynamic diameter and the polydispersity index for the 60 nm AuNP samples
followed the same trend as shown by the 30 nm AuNP samples. The size of the
cncapsulated samples was smaller than that of the blank polymersome sample. The
size reduction was more pronounced in case of the sample with the higher AUNP:BCP
molar ratio. However, the polydispersity index for both the AuNP encapsulated

samples was higher than the blank polymersome sample.

These size reduction trends again lend credence to the postulation that large size of the
incorporated gold nanoparticles, might be affecting the re-organisation and self
assembly process undergoing during the formation of the polymersomes. Although, no
previous studies have been performed with such large sized nanoparticles, it might be
said that incorporation of these large nanoparticles in polymersomes, might be causing
some entropical imbalance in the system due to unfavourable size configurations.

As in the case of the 30 nm AuNP samples, these larger sized 60 nm AuNP
incorporated polymersomes could also not be filtered by Hollow fibre filtration
method due to unavailability of sufficiently larger pore sized membranes. Therefore,
the samples were mvestigated by Cryo-TEM to determine if the encapsulation of the

gold nanoparticles within the polymersomes was successful.

4.2.3.2 Cryo TEM results

The samples SP51 and SP 53 which were prepared by in-situ addition of gold
nanoparticles at pH 5 during self-assembly were analysed by Cryo-TEM. The sample
SP31 has higher AuUNP:BCP molar ratio of 5:1 in contrast to the equimolar sample
SP33. Fig. 21a of the sample SP51 shows a vast number of well-formed bilayered

polymersomes.
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Figure 21: Cryo-TEM micrograph of sample SP51. a} shows vast number of hilayered polymersomes.
b} shows partial engulfment of Au-NP in bilayered membrane of polymersome.

The encircled region marked with a red arrow shows a rare instance of partial

entrapment of the 60 nm gold nanoparticle by the polymersome membrane. A similar
|

example of partial engulfment of the gold nanoparticle can be observed in fig. 21b for

the same sample.

However. no mstances of complete internalisation of a gold nanoparticle within the
polymersome cavity could be found. In case of sample SP53 with lower AuNP:BCP
molar ratio, not a single case could be observed where the gold nanoparticle was
cncapsulated within the polymersome or even partially entrapped by the polymersome
membrane. Therefore, m this case too we see that increasing the AuNP:BCP molar
ratio increases the chance of AuNP interaction with the polymersome. It is logical
because the presence of more number of gold nanoparticles itself, increases the
encapsulation probability. Morcover, the complete lack of complete mternalisation of
the 60 nm AuNP in comparison to the 30 nm AuNP is also an important observation.
This might be explained by the fact that the large size of the gold nanoparticle would
create an entropically unstable system in case of its internalisation. It may also be a
deterrent for partial engulfment of the nanoparticle by the membrane, because the
polymer chains might be too strained by stretching to accommodate such a large
particle. Therefore, it can be conclusively said that this method of direct encapsulation
of gold nanoparticles by in-situ addition during self-assembly is not a very eflicient
process. Even though complete encapsulation within the polymersome might be
difficult, partial engulfment or even gold nanoparticle interaction with the

polymersome periphery might be attempted. For such endeavours, there is a need for




i specific mteractions to selectively guide the gold nanoparticles to the preferred
location on the polymersome. The results for three such strategies mentioned in

section 2.4, have been discussed in the following sections.
4.3 Gold nanoparticle uptake by PEG - AuNP hybrid

As discussed in section, the 60 nm AuNPs were modified with thiolated PEGs with
different molecular weights and the effect of the ligand capping was investigated via
UV-vis, DLS and TEM analysis.

4.3.1 Surface modification of 60 nm AuNP with thiolated PEGs

4.3.1.1 UV-vis spectroscopy results

Fig.| 22 shows the UV spectra of the 60 nm gold nanoparticles during the surface

modification experiment with the MeO-(PEG):-SH ligand at a calculated saturation

-.h- -
ligand concentration of 7x107 M. A mild shifl in the plasmon resonance band as well
as gsorbance 1s seen affer every tlitration step. fig. 23 which plots the wavelength
corresponding to maximum absorbance (Au.) against the solution concentration
shows a plateau region indicating that the saturation of the available pold surface has
been attained. A shift of 1.45 nm in plasmon resonance band of the gold nanoparticles
was observed after modification.
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Figure 22: UV-vis spectra of 60 nm AuNP surface modification with MeQO-(PEG)7-SH
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Figure 24: of &4, against ligand cone. for MeO-{PEGIn-5H medified 60 nm AulNP

MeO-(PEG),-SH was then used for surface modilication experiments with the 60 nm
gold nanoparticles. Fig. 23 which shows the A plotted against the solution
concentration again shows a plateau region indicating the achievement of gold
naneoparticle surface saturation with the thiol ligand. However, a maximum plasmon
resonance band shift of 2.3 nm is achieved at the end of the surface modification
experiement. This larger shift in plasmon band is due to the fact that the MeO-(PEG),-
SH ligand has a much longer PEG chain than MeO-(PEG):-SH ligand. Therefore, if




even though both the ligands are covalently connected to gold by thiol linkage, the
MeO-(PEG),-SH ligand has a larger interaction with the nanoparticle owing to the

longer PEG chain.

4.3.1.2 Dynamic Light Scattering results

Afler allowing the samples to equilibrate overnight, the PEGylated gold nanoparticles
along with the blank 60 nm gold nanoparticles were measured by dynamic light
scattering to determine the changes in their size post surface modification. Table 12
shows the hydrodynamic diameter of all the samples along with their polvdispersity

index,

Table 12: DLS analysis of PEGylated 60 nm gold nanoparticles

| Sample d H}rdmd}’nmﬁri'c diameter (nm) Polydispersity index
Blank 60 nm AuNP 63.6 0.38
MeQ-(PEG);-SH 71.8 0.31
modified AulNP
MeO-(PEG),-SH 80.4 0.28
modified AuNP

As expected, there 15 a consistent but small increase in the size of the ligand modified
gold nanoparticles with respect to the blank 60 nm AuNPs. Moreover, the MeO-
(PEG)y-SH modified AuNP has a larger hydrodynamic diameter than the MeO-
(PEG);-SH modified AuNP, owing to its longer PEG chain. It must be kept in mind,
that the DLS provides the hydrodynamic diameter and not the physical dimension of
the nanoparticles. This hydrodynamic diameter also includes the hydration sphere
surrounding the gold nanoparticle. Therefore, the longer the PEG chain, the more
hydrophilic character the nanoparticle has. Hence, MeO-(PEG),-SH modified AuNP is
more solvated than the MeO-(PEG);-SH modified AuNP. Consequently it has a larger

hydrodynamic diameter.

4.5.1.3 TEM Analysis

It has already been discussed that grafiing of PEG chains onto the gold nanoparticles

would enhance the stability of the gold nanoparticles. The PEG chains would cause




steric repulsion and reduce the aggregation tendency of gold nanoparticles. To
ascertain if the such behavior is shown for our samples, TEM analysis was performed
for the ligand modified gold nanoparticles and also the blank 60 nm AuNPs for

COmMparison,
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Figure 26: TEM micrograph of 60 nm pold nanoparticles modified with a) MeO-(PEG):-SH b) MeO-
{PEG),-SH after sonication

Fig. 25 shows the TEM micrograph of the blank 60 nm gold nanoparticles after

sonication for 3 minutes, Fig. 26a and fig. 26b are TEM micrographs of McO-(PEG)-




SH modified AuNP and MeO-(PEG),-SH modified AuNP, respectively after

sonication for 5 minutes.

As it can be observed in fig. 25, the gold nanoparticles which are also citrate
stabilized, persist in their tendency to aggregate even afier sonication. However, in
case of fig. 26a, the gold nanoparticles are still closely spaced to each other but there
is a lessening of the presence of large aggregates which were seen in fig. 25. Finally in
lig. 26a we see gold nanoparticles which are widely spaced apart from each other and
uniformly dispersed throughout. Therefore, it can concluded that as the PEG chain
length or molecular weight increases, the steric repulsion between the chains is larger,
leading to greater stability of the grafted gold nanoparticles. Therefore, after taking
into account the DLS, UV-vis and TEM investigations, it was concluded that the
MeO-(PEG),-SH ligand would be used for surface modification of the AuNPs.
Moreover, the presence of longer PEG chains would also inereasc the chances of inter-
chain digitations between the PEG chains grafied on the AuNP and the PEG chains of

the polymersome, to form a PEG-AuNP hybrid system.

4.3.2 Gold nanoparticle uptake by PEG-AuNP hybrid

4.3.2.1 UV-vis spectroscopy resulls

The MeO-(PEG),-SH medified AuNPs were utilised for the investigation of possible
PEG-AuNP hybrid structures. In sample SP63, the modified AuNPs were added
during polymersome formation, whereas in sample 5P76, the modified AulNPs were
added to preformed polymersomes. UV-vis analysis was performed for both the
samples along with the blank polymersome sample to compare for possible plasmon
band shift of the gold nanoparticles, due to aggregation induced by PEG-AuNP
hybrid.
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Figure 27: UV-vis spectra of plasmon shift due to PEG-AuNP hybrid

Fig. 27 shows the UV-vis spectra of the samples in the spectral range of 400-650 nm.
The shift in the plasmon band of the modified gold nanoparticles after addition to the
polymersomes is determined as can be seen from table 13.

In both the samples SP63 and SP76 we see a negative shift in the plasmon band of the
gold nanoparticles when compared to the modified AuNPs. The negative shift in the
plasmon resonance band means that there is a decrease in wavelength of the absorbed
light and a corresponding increase in the frequency. It has been reported that such a
negative shift or blue shifl is observed in case of either weakly interacting systems or
the complete absence of any interactions. In the latter case, the shift may be explained
by the change in dielectric constant of the medium surrounding the nanoparticle,
which in this case may be due to the presence of polymersomes. Since, UV-vis results
do not provide us with a solid reason for the plasmon shifis, the samples were the

analysed by DLS to check for any size increase induced by aggregation.

Table 13: UV-vis analysis of plasmon shift due to PEG-AuNP hybrid

Sample Id Mode of surfice modified AuNP | Anax | Shift in A

addition to polymersome (nm) (nm)

MeO-(PEG),-SII

modified 60 nm NA 535.2 NA
AuNP
SP63 During self-assembly 532.2 -3
SP76 Preformed polymersome 530 -5.2




4.3,2.2 Dynamic Light Scattering Results

The samples SP63, SP76 as well as the blank polymersomes were analysed by
dynamic light scattering to investigate the formation of possible PEG-AuNP hybrid
structures which would produce an aggregated PEG-AuNP system. Fig. 28 shows the
intensity plot versus the hydrodynamic diameter of the measured samples, Table 14

gives the hydrodynamic diameter as well as the polydispersity of each of the samples.
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Figure 28: Intensity averaged diameter plot for AuNP PEG hybrid obtained using DLS

Table 14: DLS analysis for PEG-AuNP hybrid

Sample Id Mode of surface modified AuNP Hydrodynamic | Polydispersity
addition to polymersome diameter (nm) | index

Blank NA 1282 0.19

polymersome

SP63 During self-assembly 89.6 0.26

SP76 Preformed polymersome 99.5 0.32

The SP63 sample has a hydrodynamic diameter smaller than that of the blank

polymersomes as we have seen in case of the previous cases of direct encapsulation of

the gold nanoparticles. However, surprisingly, even the sample SP76 where the

modified gold nanoparticles are added post polymersome self-assembly process, show

size reduction. This is interesting because unlike in case of SP63, the size reduction




cannot be accounted for by disruption of the polymersome self-assembly by gold
nanoparticle addition. The only possible explanation for this reduction in size might
that the inter chain digitations of the PEG chains has not been successful. To obtain a
clear evidence of the PEG chain interaction or their lack thereof, Cryo-TEM analysis

was required.

4.3.2.3 Cryvo TEM results

Fig. 29 shows the Cryo-TEM image of the sample SP63 where the PEG modified

AuNPs were added in-situ during polymersome self-assembly.

The dark spheres marked by blue arrows show the location of the gold nanoparticles
on the Cryo-TEM grid and the yellow arrows indicate the humidity contamination of
the sample. It is clearly seen that none of the gold nanoparticles present show any
proximity to the polymersomes. Moreover, not a sinlge instance was found where
there existed any interaction of the gold nanoparticles with the polymersome
periphery, which might have been the result of PEG chain entanglements. Neither was
there any gold nanoparticle which was completely engulfed by the polymersome.
Therefore, it might be safe to state that the inspite of PEGylating the AuNPs in the
hopes of inducing specific interactions, this attempt has been unsucecessful. A possible
explanation for this might be that the critical micellar concentration required for such

interchain digitation induced hybrid formation, has not been achieved yet,

Similar Cryo-TEM analysis for the sample SP76 could not be performed due to lack of
time. But coupled with the negative plasmon resonance shift by UV-vis analysis, size
reduction by DLS investigation and the lack of PEG interchain digitation observed in
Cryo-TEM for SP63, il might not be too wrong to assume a similar fate for sample
SP76. Ience, investigation of gold nanoparticle uptake using a stronger
supramolecular interaction is required. For this pupose, the threading interaction
induced inclusion complex between B-cyclodextrin cavities and PEG chains was

investigated as the next siep.



o , HPW Mag |
Q2] LIBRA 120122/05/14, 14-26/8 um 4000 x| _ 2 ym

Figure 29: Cryo-TEM micrograph of sample SPa3

4.4 Threading interaction between BCD-PEG

As explammed in section 3.4, in this approach the surface of the 60 nm gold
nanoparticles was first with the two amine-functionalised P-cyclodextrin ligands,
CdexBO13 and CdexB053. The surface modification experiments were monitored by

UV-vis spectroscopy after every ligand titration step.

4.4.1 Surface modification of 60 nm AuNP with B-cyelodextrin ligands
4.4.1.1 UV-vis spectroscopy results
Fig. 30 shows the UV spectra of the 60 nm gold nanoparticles during the surface

modification  experiment with the 6-Monodeoxy-6-monoamino-f-cyclodextrin

[CDexB013] ligand.
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Figure 30: UV-vis spectra of 60 nm AuNP surface modification with CDexB013

A shift in the plasmon resonance band as well as asorbance was noticed after the first
titration itsell, and the gold nanoparticle solution changed its colour form reddish
brown to blue. This in itself indicated a strong shift in the resonance band which can
also seen in fig. 31 which plots the wavelength corresponding to maximum absorbance
(Amax) against the solution concentration. The gold nanoparticle surface was saturated
at a concentration lower (8x10° M) than the calculated theoretical value(3.3x107 M).
This can also be observed in the Fig. 31 where the kpax attains a maximum value and
then flattens into a plateau region finally ending with a dip in the resonance
wavelength. Al the experimental saturation concentration, a large shift of 9.3 nm in
plasmon resonance band of the gold nanoparticles was observed after modification.
This indicated a very strong covalent interaction due to the presence of seven amino

groups of the p-cyclodextrin ligand with the gold nanoparticles.

Similar surface modification cxperiments were performed with the mono amino
substituted heptakis-(6-amino-6-deoxy)-pB-cyclodextrin  [CDexB053]. Due to the
presence of a single amino group to bind covalently with the gold surface, a weaker
plasmon shift was observed. Moreover, there was still an increase in the plasmon
resonance band beyvond the calculated saturation concentration (2.2x10* M). This
indicated that the completle saturation of the available gold surface had not yet been

achieved. Finally, surface modification of the gold nanoparticles with a final ligand




A

concentration of 8x107* M vielded a shift of 0.8 nm in the plasmon band, even though

saturation had not been reached yet.
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Figure 31: Plot of &, against ligand cone. for CDexB013 modified 60 nm AuNP
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UV-vis spectra of the modified gold nanoparticle solution was measured after
overnight equilibration. But no additional plasmon shift was obtained. However
suprisingly, the CdexB013 modified gold nanoparticles had formed large aggregates
and had precipitated out of the suspension. Dynamic light scattering was employed to

investigate the size change in gold nanoparticles caused by surface modification.
4.4.1.2 Dynamic Light Scattering results

The gold nanoparticles modified by both CdexB013 and CdexB053 igands as well as
the blank 60 nm gold nanoparticles were investigated by Dynamic light scattering with

parameters as described in section 3.6.1.

Table 15: DLS analysis of f-cyelodextrin modified 60 nm gold nanoparticles

] Sample P Hydrodynamic diam:é:tcr (nm) PDI
ODexB013 modified 60 nm AuNP | 408.6 0.76
CDexB053 modified 60 nm AuNP ' 67.8 0.41
60 nm AuNP ) fh3.6 0.38

It is evident from the DLS investigations that the gold nanoparticles afler modification
with the CdexBO13 ligand, that is, the [-cyclodextrin fully substituted with amino
groups, causes the gold nanoparticles to form large aggregate which then settle down
by precipitating from the suspension. The formation of large clusters was also the
reason behind the strong shifl in the plasmon resonance band observed during UV -vis
mvestigations. Since, the stability of these gold nanoparticles was compromised, the
CdexB013 ligand was deemed unsuitable and the mono substituted CdexB053 ligand

was used for further surface modification experiments.

4.4.2 Gold nanoparticle uptake by threading interaction between BCD-PEG

4.4.2.1 UV-vis spectroscopic results

The BCD modified gold nanoparticles were added during polymersome self-assembly
for preparation of sample SP62 and in case of sample SP73, they were interacted with
preformed polymersomes. UV-vis analysis was performed for these samples to check

L




for shift in plasmon resonance band of the gold nanoparticle due to possible formation
of threading interaction induced inclusion complexes. Fig. 33 shows the UV-vis

spectra of these samples and the corresponding plasmon shift values are indicated in

table 16,
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Figure 33: UV-vis spectra of BCD functionalized AuNP- PEG Threading interaction

Table 16: UV-vis analysis of plasmon shift due to threading interaction

Sample Id Mode of BCD-AuNP addition to Amax | Shift in Xy (nm)

polymersome (nm)

FCD modified

60 nm AuNP NA 533 | NA
SPo62 During self-assembly 524.7 -8.3
d SP75 Preformed polymersome 537 | 4

For sample SP62 a negative shift in plasmon resonance is observed whereas in case of
sample SP75, a positive shifi or red shift in plasmon band is observed. As discussed
previously, a negative shift in plasmon band most probably means a weakly
interacting system or absence of interactions involving ligand on the gold nanoparticle
/ surface. But to eliminate either of the explanations, DLS and Cryo-TEM analysis is

required.




Surprisingly for the first time, a positive shift in plasmon resonance is obtained in
sample SP75, indicating the presence of specific interactions involving the gold
nanoparticles. This shift in the surface plasmon resonance band may be due to the
aggregation of the gold nanoparticles to form larger particles or due to the effect of
possible interactions on the interface of the gold nanoparticles which cause
aggregation. We have already seen that the size of the BCD modified AuNPs is around
68 nm from the DLS investigations which shows that there is no possibility of
aggregation due to surface modification. Moreover, previous Cryo-TEM analysis
images show that the gold nanoparticles concentration in the polymersome samples is
alrcady quite low and that the nanoparticles are uniformly dispersed. These
observations thercfore discount the possibility that the plasmon shift is due to
aggregation of the gold nanoparticles. We are therefore left with the other alternative
involving the possibility of apgregation induced by threading interactions involving
the BCD that s grafted on the AuNP surface and the PEG chains on the polymersome
surface, which causes the positive shift in the plasmon resonance band for sample
SP75. Hence, DLS analysis was performed to determine the size distributions of the

samples for investigation of possible aggregation by complex formation.

4.4.2.2 Dynamic Light Scattering results

The samples SP62, SP75 along with the blank polymersome samples were analysed
by dynamic light scattering using parameters described in section 3.6.1. Fig. 34 shows
the ntensity plot versus the hydrodynamic diameter of the measured samples. The
hydrodynamic diameter of all the samples along with their polydispersity index is

provided in table 17.

The DLS results in this case are very interesting because in all our previous DLS
investigations of 60 nm AuNP incorporation in polymersomes, we have seen a size
reduction in case of the AuNP encapsulated polymersomes. However, this set of DLS
results is the first such instance of an increase in size of the AuNP incorporated
polymersomes in comparison to the blank polymersomes. Even though, in sample
SP62 the increase in size is insignificant, it must be borne in mind that the fCD
modilied AuNPs have been added in-situ during polymersome formation, which in
previous instances has always led to a substantial reduction in size. Combining this

with the UV-vis result, we still cannot rule out the possibility of gold nanoparticle




uptake in polymersomes by complex formation, Therefore, investigation of the sample

by Cryo-TEM was performed.

12
i Thizading SR62
4 = =Fredomed Threading SP75
= = = Blank polymersaome
10 o e i e S
8 L 1l LI TV N P D S
&
Z ;
£ + ) [PRNPIPIEC RS | ISRV P o N, L, RO | EONRTTRN TS |
@
E i
L [ o R .i--J ....‘l._.,' ..........
_ | ! K
|
« =) )\ - [ M e BEEEE 1]1
| "tt
At )
0 T T = T 1"1'1‘:';-1-1-
1 10 non 1008 10000

Hydrodynamic diameter {nm)

Figure 34: Intensity averaged diameter plot for host-guest complexation polymersome samples

Table 17: DLS analysis for host-guest complexation polymersomes

Sample Id Made of BCD-AuNP addition | Hydrodynamic | Polydispersity
to polymersome  diameter index
; S (m) :
Blank : ‘ 128.2 0.19
polymersome
SP62 During self-assembly 130.7 0.23
SP75 | Preformed polymersome 286 i (.39

Coming to the case of sample SP75, a huge size increase in size of the sample is
observed as compared to the blank polymersomes. The size of this particular species is
more than twice that of the regular blank polymersomes. In addition to the strong red
shift observed during UV-vis analysis it might be possible that there is indeed the
possibility of formation of an inclusion complex due to threading of the PEG chains
present on the polymersome, with the BCD cavity.

4423 Cryo TEM results




Fig. 35 shows the Cryo-TEM image of the sample SP62 where the PCD modified

AuUNPs were added n-situ during polymersome self-assembly.

HEW| Mag OO ) |
Apmsooy| 2 ——lpe—— |

Figure 35: Cryo-TEM micrograph of 5P62 fir threading interactions

The dark spheres in the image are the 60 nm gold panoparticles, located on the TEM
grid. The polymersomes are visible along with their membrane structure. As can be
seen there are a large number of polymersomes throughout the grnid. By comparison,
there are only a few gold nanoparticles which arc dispersed uniformly except for the
encircled region. We see a seeming aggregation of gold nanoparticles which are
although spaced a little apart from each other. Since, therc are a large number of
polymersomes, it 1s difficult to distinguish individual cases of interaction of a single
gold nanoparticle with the surrounding polymersomes. However, the arrangement of
the gold nanoparticles 1s quite similar to the expected theoretical model for threading
mteraction. Therefore, m absence of positive evidence of AuNP-PEG chain
interaction, we can only postulate that there is some positive mfluence due to addition
of BCD modified AuNT which balances the possible detrimental effect of the in-situ

gold nanoparticle incorporation on polymersome self-assembly.

Due to insufficient time, the Cryo-TEM analvsis of sample SP75 could not be
performed. But keeping in mind the UV-vis and DLS results it is hypothesised that the
PCD forms a dimeric inclusion complex in this case as depicted in fig. 36b, which

cxplains its large size.
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Figure 36: Schematic diagram for formation of a) 1:1 inclusion complex between PEG and CD b)
dimeric{2:1) inclusion complex between PEG and FCD

For the sample SP62, a similar inclusion complex of BCD is proposed with a single
polymersome to account for its more moderate size dimension. However, further
experiments need to be performed for more concrete evidence in this direction. In
spite of it, these results are an important milestone in the course of this study, which
show that we have now achieved a basic platform for the gold nanoparticle uptake in
polymersomes even with a weak inclusion complex system such as PEG-BCD.
Therefore to proceed further in this direction, the last strategy for gold nanoparticle
uptake in polymersome, involved the strong host-guest complexation behaviour

shown by Adamantane and BCD.

4.5 Gold nanoparticles uptake using host guest chemistry

As explained in section 3.4.3, fCD modified AuNPs were used for host guest
mteraction with unfunctional BCP and Ada-BCP. Detailed analysis of the pCD
modified AuNPs has already been provided in the previous scction. Therefore, we

will directly focus on the results of the host-guest complexation mechanism.




4.5.1 UV-vis spectroscopic results

The samples SP72, SP73 and SP74 which were prepared by adding the fCD modified
AuNPs to preformed Ada-polymersomes and the sample SP61 prepared by in-situ
addition of modified AuNP during polymersome formation were analysed by UV-vis
spectroscopy 1o check for possible shift in the plasmon resonance band of the gold

nanoparticles due to host-guest interactions.
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Figure 37: UV-vis spectra of plasmon shift due to host-guest complexation

Table 18: LIV-vis analysis of plasmen shift duc to host-guest complexation

Sample Id BCD:Ada Mode of BCD-AuNP Amax | Shift in
molar ratio | addition to polymersome | (nm) | Ay (nm)

BCD modificd 60 | - : 533 |-

nm AuNP

SPal 3:1 During self-assembly 526 -7

SP72 & Preformed polymersome | 529.5 | -3.5
SP73 2] Preformed polymersome | 536.8 | 3.8

SP74 31 Preformed polymersome | 539.8 | 6.8

It can noted from fig, 37 that there is a clear decrease in the absorbance at Ay along

with a shift in the wavelength at which the absorbance is maximum, which becomes




more pronounced with an inerease in pCD content. The table 18 shows the shifl in the

plasmon band observed in case of each of the samples.

In the samples when BCD modified AuNP is added to preformed Ada-polymersomes,
it is seen that for a 1:1 PCD:Ada molar ratio, there is a negative plasmon shift or a
blue shift(shift to shorter wavelengths), But as the PCD:Ada molar ratio increases a
positive shift or red shift is noticed in the plasmon resonance band. An increased
amount of BCD causes stronger shift in the plasmon band. Moreover, in the case of
in-situ addition of BCD modified AuNP during self assembly of Ada-polymersomes,
a negative shift in plasmon resonance is observed. These shifts in the surface plasmon
resonance band may be due to the aggregation of the gold nanoparticles to form
larger particles or due to the effect of possible interactions on the interface of the gold
nanoparticles which cause aggregation. We have already seen that the size of the
PCD modified AuNPs is around 68 nm from the DLS investigations which shows that
there is no possibility of aggregation due to surface modification. Moreover, previous
Cryo-TEM analysis images show that the gold nanoparticles concentration in the
polymersome samples is already quite low and that the nanoparticles are uniformly
dispersed. These observations therefore discount the possibility that the plasmon shift
is due to aggregation of the gold nanoparticles, We are therefore left with the other
alternative involving the possibility of aggregation induced by host guest interactions
involving the PCD that is grafted on the AuNP surface and the Adamantane moieties
on the polymersome surface, which causes the positive shift in the plasmon resonance
band for samples SP73 and 8P74, The positive plasmon band shift to a longer
wavelength reflects the presence of less energetic electrons or a diminishing electron
density due to particular aggregation. Therefore, it can be said that the onset of host-
guest complexation induces aggregation which causes a red shift due to a decrease in
electron density. But for the samples SP61 and SP72, the negative shift or blue shift it
cannot be said that there is an absence of host-guest interaction. Tt has been reported
that in certain cases where there is existence of weaker interactions, the system
undergoes a blue shift. Therefore, we cannot completely discount the possibility of
host-guets in these two cases. Hence, DLS investigations were performed to

determine the size distributions of the samples.




4.5.2 Dynamic Light Scattering results

The samples SP61, SP72, SP73, SP74 and the blank Ada-polymersomes were
analysed by dynamic light scattering with the same parameters for polymersomes as

described in section 3.6.1,
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Figure 38: Intensity averaged diameter plot for host-guest complexation polymersome samples

The hydredynamic diameter of all the samples along with their polydispersity index

is provided in table 19,

In all our previous DLS investigations of 60 nm AuNP incorporation in
polymersomes, we have seen a size reduction in case of the AuNP encapsulated
polymersomes. However, in this case, all the samples including sample SP61, where
the PCD modified AuNP is added during the self-assembly process of the
polymersomes, show a significant increase in size. This result most definitely points a
positive influence or interaction even during the self-assembly process which
encourages the AuNP Lo stay in the vicinity of the polymersome in spite of our earlier
postulation that AuNP addition harms self assembly process. A similar trend relating
to increased size is observed in all the samples SP72, SP73 and SP74. Moreover,
there is clear increase in size of the polymersomes with an increase in the pCD:Ada
molar ratio. Therefore, it might be said that there is a formation of host-guest
complexes between [BCD grafted on AuNP and Adamantane moieties on the
polymersome periphery. This means that there is an uptake of gold nanoparticles by

the polymersome on its periphery leading to larger sized AuNP-polymersome




complexes. Additionally an increase n the pCD amounts leads to increasing host-
guest complexation and hence, even bipger AuNP-polymersome  structures.
Moreover, an merease in the polydispersity index was also observed in all the cases
when compared to the blank Ada-polymersome,

Table 19; DLS analysis for host-guest complexation polyimersomes

.~ Sample Id PCD:Ada | Mode of BCD- | Hydrodynamic | Polydispersity
molar ratio | AuNP addition diameter index
to polymersome (nm)
Blank Ada- NA NA 102.4 0.19
polymersome
SP6l 3:1 During self- 143.5 0.20
assembly
- sPR2 L1 Preformed 783 | 031
‘l polymersome
SP73 21| Proformed 2045 | 044
| polymersome
SP74 3k Preformed 248.8 0.40
| | polymersome

4.5.3 Cryvo-TEM results

For conclusive evidence of gold nanoparticle uptake in polymersomes by host-guest

complexation, Crye-TEM analysis was performed for sample SP61.
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Figure 39 a) & b):Cryo-TEM micrographs of SP61 showing host-guest complexation



As can be seen in fig. 39a, the encircled regions are of interest to investigate the
uptake ol gold nanoparticles by the polymersomes. The red arrows point to the gold
nanoparticles which can be seen as having clear interactions with the polymersome

periphery. A single AuNP is shown interacting with the outer shell of at least 1 or 2

polymersomes.
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Figure 40 a) & b) Cryo-TEM micrograph ol SP61 for host-guest complexation
Similarly, Fig. 39b shows a single AuNP interacting with the periphery of a number of
polymersomes, which form a cluster around it. Likewise, in fig. 40a the encircled

regions show [urther instances of AuNP-polymersome peripheral interaction.

Fig. 40b 1s also interesting because the gold nanoparticle marked with a green arrow
looks to be encapsulated within the interior cavity of the polymersome. This is
possibly the sole instance where we have noticed complete engulfment of a 60 nm
gold nanoparticle within a polymersome. In the same figure, we also see other gold
nanoparticles which are marked m red interacting with the polymersome periphery.
Such instances ol AuUNP-polymersome aggregation had not been noticed in any of the
previous Cryo-TEM analyses lor the 60 nm AuNPs, where we had rare examples of
mteraction between a single gold nanoparticle with a single polymersome, Therefore,
from the above images. it can be conclusively stated that there is a marked mteraction
between the gold nanoparticles and the ouler shell of the polymersomes. This
interaction can now be positively attributed to the host-guest complexation between
the BCD grafted onto the gold nanoparticle and the Adamantane moieties that are

exposed on the outer shell of the polymersome structure,

T




Keeping in mind the negative plasmon shift from the UV-vis results which suggest a
mild host-guest interaction and the size increase seen by DLS investigations, there are
a number of instances of AuNP-polymersome peripheral interaction. Therefore, it can
be said that even with in-situ addition of the modified AuNPs, there is successful
uptake of the gold nanoparticles by the polymersomes due to host-guest complexation.
Hence, it would be logical to expect even better host-guest complexation induced
aggregation between AuNPs and polymersomes for the other samples, that is, SP72,
SP73 and SP74. These samples have already shown better plasmon band shifts in UV-
vis investigation and larger sized polymersome entities in DLS characterisation.
Moreover, these samples have the added advantage that the modified AuNPs have
been added to pre-formed polymersomes. Therefore, the chance of detrimental effect
to polymersome self-assembly has already been eliminated along with the possibility
of complete encapsulation of any AuNPs within the internal hydrophilic cavity of the
polymersomes. However, positive confirmation by Cryo-TEM analysis for these

samples could not be obtained due to insufficient time.




5 Conclusion

Lncapsulation of small sized (1-10 nm) gold nanoparticles in polymersomes had
alrcady been studied extensively by researchers. With the aid of surface coatings to
create hydrophobic-hydrophilic interactions, the location of incorporation of the gold
nanoparticles within the polymersome can also be guided. However, incorporation of
large sized (beyond 20 nm) gold nanoparticles in polymersomes has been relatively
unexplored. Although large sized gold nanoparticles demonstrate enhanced optical
properties which can be harnessed for bio-medical applications, the large size
seriously compounds the problems faced during encapsulation of even smaller sized
gold nanoparticles. The scope of this thesis was to determine the possibility of uptake
of the larger sized gold nanoparticles (30 nm and 60 nm) by the polymersomes. pH
responsive polymersomes with hydrodynamic diameter ranging from 110-140 nm

were used to perform these encapsulation studics.

For initial investigations relating to the encapsulation of pre-formed gold nanoparticles
within pH responsive polymersomes, 12 nm gold nanoparticles were employed. An in-
situ or direet encapsulation protocol was designed wherein the gold nanoparticles were
mtroduced into the block polymer solution at pH 5, followed by subsequent pH
increase to aid in self-assembly of polymersomes, Although this direct encapsulation
method was successful in the case of 12 nm AuNP, similar experiments with the 30

nm and 60 nm citrate stabilised AuNPs demonstrated poor encapsulation efficiency.

DLS analysis of both the 30 nm and the 60 nm gold nanoparticle encapsulated
polymersomes showed a significant size reduction when compared to the blank
polymersomes, unlike that for the 12nm AuNP. Cryo-TEM investigations for the 30
nm AuNPs. revealed that there were few cases of completely internalised AuNPs and
slightly more cases of partial engulfment by the polymersome. Moreover, with an
increase in the AuNP:BCP molar ratio there was an improvement in the encapsulation
mechanism. But this avenue could be investigated more extensively because the
concentration of the stock solution of the AuNP sol was quite low to begin with.
Similar Cryo-TEM investigations for the 60 nm AuNP encapsulated polymersomes,
revealed a complete absence of wholly internalised gold nanoparticles. There were
also very few instances of AuNPs interacting with the polymersome by partial

engulfment. It was therefore evident that size of the gold nanoparticles was an




important factor in determining the encapsulation efficiency. Moreover, it is
postulated that in-situ addition of the gold nanoparticles might be detrimental to the
polymersome self-assembly to explain the size reduction of the polymersomes. Much
is still not understood about the nanoparticle incorporation mechanism in
polymersomes along with the self-assembly process governing polymersome

formation. But such an investigation is beyond the scope of this research.

To improve the chances of nanoparticle uptake in polymersomes, specific interactions
involving introduction of guiding ligands were employed. The first strategy in this
direction was investigating the formation of PEG-AuNP hybrid caused by inter chain
digitations between PEGylated AuNP and PEG chains on polymersomes. Modified
AuNPs were added both in-situ and also to pre-formed polymersomes. But,
subsequent investigations by DLS, UV-vis and Cryo-TEM revealed that the formation
of the proposed hybrid was unsuccessfil. This might be beeause the critical micellar
concentration required for this structure has not been attained yet even though the gold

nanoparticle surface had been completely saturated with PEG ligands.

Therefore, supramolecular chemistry of threading interactions between PEG chains of
the polymersome and the cavity of B-Cyclodextrin grafied on AuNP was used for
investigating the formation of a possible inclusion complex which would enable gold
nanoparticle uptake. In case of the in-situ prepared polymersomes, although there was
a size increase in DLS analysis, Cryo-TEM could not positively confirm the formation
of an inclusion complex. However, significant size increase in DLS and a strong red
shift in plasmon band by UV-vis analysis for pre-formed polymersomes show
promising results prompting the possibility of a formation of a postulated dimeric
complex. Cryo-TEM analvsis of this sample will be performed for concrete evidence

of such a complex and subsequently induced nanoparticle uptake.

Lastly, the strong host-guest complexation behaviour exhibited by Adamantane and p-
Cyclodextrin was utilised for selective uptake of the gold nanoparticles by
polymersomes. By far, the results of this strategy have been the most encouraging.
Size increase was observed m DLS analysis of both the in-situ and pre-formed
polymersome samples. Moreover, increased [-CD:Ada molar ratio showed a
concurrent trend of increased hydrodynamic diameter. UV-vis analysis also showed

first a blue shift and then an inereasing red shift in plasmon band further solidified the




possibility of host-guest interactions. Finally, Cryo-TEM analysis of the in-situ
polymersome-AuNP sample, revealed the first instance of a 60 nm AuNP completely
encapsulated within the hydrophilic internal cavity of the polymersome. Numerous
instances of AuNP interaction with the periphery of a single or multiple polymersomes
could also be observed. This completely supports the DLS and UV -vis results thereby
indicating the formation a host-guest complex between the polymersome surface and
the gold nanoparticle. Therefore, host-guest complexation induced gold nanoparticle
uptake provided the most promising route to achieve the objective of this study. With
the successful establishment of this method for uptake of large sized gold
nanoparticles by polymersomes, subsequent investigations can now be undertaken to

modily this system for suitable bio-medical applications.
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