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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 polymersornes of 

diameters ranging from 110-140 nm. Addition of these gold nanoparticles(AuNP) 

during self-as. seiiibly process of polymersomes. was Ibund to have poor encapsulation 

efficiency after investigations by DLS, tiV-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 

complexal ion were employed to improve AuNP uptake by polvmersoines. However. 

formation of PEG-AuNP hybrid due to interchain digitation by PEG was unsuccessful. 

But, investigations with f3-Cyclodextrin modilied AuNP showed a possibility 11w their 

/ uptake by threading complexation with PEG chains of polymersome5. Lastly. 

successful uptake of large sized AuNPs by polymersomcs was acheived by host-guest 

coinplexation betweeii 3-Cyclodextrin iinmobilised on AuNP and Adamantanc 

moieties on the polymersonie. 
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I. lntro(iuctiou 
1. 

Although gold has held a fascination (hr mankind since its discovery, it is only in the 

last few decades with the aid of quantum leaps made in the fleld of nanocechnology 

that gold nanoparticles have Ibund tremendous applications in the Field 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 funetionalisation ability 

(2). Ihese interesting properties have enabled the use of gold nanoparticles in bio-

medical applications for imaging purposes as diagnostic took as well as for 

therapeutic use,, by drug and gene delivery vehicles (3). Uowever, the aggregation 

tendency of the gold nanoparticles along with the small sized nanoparticles currently 

used for bio-medieal applications severely limit them from attaining their maximum 

potential as hio-rnedieal agents. To alleviate these obstacles in the path of the use o r 

gold nanoparticles in biomedicine, researchers have incorporated gold nanoparticles; in 

polymer vesicles or polyinersoines (4). Polymersomes are artificial vesicles which 

have better stability compared to their biological counterparts (5). Due to their unique 

structure oipossessina both hvdrophilie and hydrophobic entities on the sante system 

along with an enclosed structure, they serve as an excellent template ibr nanoparticle 

uptake. But such gold nanoparticle encapsulation studies have been mostly carried out 

or gold nanoparticles ranging from I -I 0 tim with polymersomes between 100-300 urn 

in size (6). Larger sized gold nanoparticles (beyond 20 nut) show enhanced optical 

properties and are thereibre more attractive for bio-medical applications. However, 

uptake studies of such large gold nanoparticles rn polymersomes have not attempted 

before clue to the challengingly higher size ratio between the encapsulated 

nanoparticles and the encapsulating polyrnersome. 

The aim of this thesis is to study the different possible routes by which successftul 

uptake of large sized gold nanoparticles (30 nm and 60 nm) can he perl'ormed in p11 

responsive polyniersoines of size ranging from 120-140 nm. Encapsulation of small 

sized gold nanoparticles (1-10 urn) is in itself an uphill task as reported by various 

researchers. Therefore. attempting to internalise even larger nanoparticles is a 

daunting prospect. But in order to sueecsslltlly create a smart pH-responsive 

polymersonie system with gold nanoparticles. complete encapsulation is not the only 

approach. Immohilisation of the gold nanoparticles on the surfhce of the 



oYmcrsomes is another viable alternative to synergistically combine the properties of 

both the polymersomes as the larger sized gold nanopartieles. Such an association with 

th4 polymersomes would screen the nanoparticles from each other and allow 

adhitiornjl flexibility to thnctionalise the polymersomes for targeted bio-medical 

applications as a theranostic device functioning both as therapeutic agent in tandem 

with acting as a diagnostic tool. 
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2. Theoretical background 

2.1 Gold nanoparticics 

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 lick! of No-medicine. The fist known extraction of gold 

started near a region in modern day Bulgaria in millennium B.C. and spread 

thereafter 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 "liquid gold" and used it 

artictllarly for medicinal purposes. 

In the Middle ages in Europe. the alchemists aggressively looked lbr newer methods 

to synthesise this precious metal and developed potions to cure maladies. The 

alchemist Paraec!sus writes extensively about the medicinal properties 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 to cures for heart and venereal problems. dysentery, 

epilepsy, tumors and going as 1tr as being proclaimed as the "elixir lbr longevity". In 

1676. the German chemist Johann Kunckels published a hook, concerning the 

drinkable gold that contains metallic gold in a neutral, slightly pink solution that 

exert curative properties for several diseases" (3). In this he shared a reniarkable 

insight that "gold must he present in such a degree ofconrnunition that it is not visible 

to the human eye". This is the known first reference to the effect of size of the gold 

particles and hereafter many such examples can be found of scientists in the 19l 

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 ofan aqueous solution ofchloroaurate (Aud i) using phosphorus in 

carbon disulphide or diethylether (8).After extensive investigations of the light 

scatiering properties and turbidity of the colloidal so!, he concluded that the system 

was composed or tiny particles suspended in the aqueous phase which gave it the 

inherent colour. Moreover, he was of the opinion that t11e size of these colloidal gold 



particles was smaller than the wavelenutli of visible light (9). Faraday provided the 

first result of the ability of the colloidal gold to stain organic tissues like gelatin and 

!èbric (9). This important hreakthrouh 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 G. M. Taylor described a technique in 

which colloidal gold served as an immunochemical marker when it was conlugated 

with antibodies for direct electron microscopic visualization of Salmonella surilice 

antigens (10). Examples of eround-breaking research such as this and others, shifted 

the locus of numerous biologists and chemists towards the potential uses of gold in 

bio-meclieine. 

Applications of gold nanoparticles are now widely ranging from diagnostics, 

genomies. targeted drug delivery, detection and photothcrmolvsis of cancer cells to 

optical bio-imaging. etc. Such vast multitude of applications of AuNPs in bio-

medicine can be attributed to its unique chemical and physical properties. As Faraday 

had 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 Schmid (11). lIrust (12) and Turkevieh et.al  (13). 

2.1.1 Optical properties of AuNPs 

G(Id 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 

surlace plasmon resonance (SPR) behavior unlike other nanoparticles such as 

polymeric nanoparticles, quantum dots, etc (I). Essential for surface plasnion 

resonance is the presence of' free electrons on the interihee 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 

electrons 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 

field and with the frequency of the incident light. This collective coherent oscillation 

of the free electrons 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 (lip in the 

rellection of the incident wave as it is strongly absorbed by the plasmon band of the 

excited metal nanoparticles (IS). The SPR band intensity can thus he measured by 

U \'-vis spectrometry. The optical response of the metal nanoparticles is dependent on 

their size, shape, interpartiele distance, composition and properties of the local 

dielectric environment surrounding the nanoparticles (7) (15) (16). Consequently, a 

change in the intensity or the wavelength of maximum 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 liv region (17) (IS). Although. 

silver nanoparticles induce better surlhce plasmon resonance behavior, gold 

nanoparticles are favoured because of their larger chemical inertness compared to 

silver nanoparticles (16). 

El 

El 

Figure I Schematic representation of surface piasinon resonance behavior oF iiietal particle (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. Nanosphercs with a size of 20 nm in diameter show the reddish 
I 

colour due to the large absorption oithe 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 

plasnton 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 or 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 areas. Therefore, optical antennas can be delined 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 reIrred 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 specilically 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 eytotoxocity (2). Gold nanoparticles flnd 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 



cells (l).Morcovcr, the light absorption ofhiological 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 (NI R) or for surIce 

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 ftmctionalisation are conjugated with suitable bio-niarkcrs (3) (19) 

(i). For example, gold nanoparticles conjugated with Bombesin peptides, are used for 

efficient imaging of cancer cells because of the preference of the gastrin relcasing 

peptides (which are over-expressed in cancer cells) for these lIombesin peptides (2). 

All the above mentioned properties combined with good detection sensitivity enables 

their use in dark lick], dual-photon luminescence microscopy as well as for 

fluorescence spcetroscopy (19). 

Apart horn this, PEOvlated hybrids, cell-specific peptide conjugates, DNA 

Iimctionalized gold nanoparticles have found numerous applications such as dot 

immuno assays, immuno-chromatographic assays, immune-electron microscopy and 

plasmonic hio-sensors. 

Another most important hio-medical application of gold nanoparticles is in the field of 

therapeutics. Good intracellular diffi.ision capability renders the gold nanoparticles as 

viable agents for 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 sufficient time to release their drug load. l'here 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 phagoeytie system 

(MPS) (23).For successful avoidance of renal clearance, the nanoparticles should be 

larger than 10 urn in diameter (24) and smaller than 500 zun to avoid recognition and 

uptake by MPS (25). 

The easy surlhce flinetionalisation property of gold nanoparticles conies 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-eompatibility and 



stability of nanoparticles. leading to prolonged blood stream circulation times (7) (23) 

(26) (2). But such immuno-repressive behavior induced by surlitce modification or 

funetionalisation of the gold nanoparticles is largely dependent on the surthce 

chemistry of individual hybrid systems and size of the particles and this consequently 

influences cellular internalization of the nanoparticles. Another important aspect to 

bear in mind is the toxicity Gold nanoparticles in therapeutics are mostly used as drug-

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

Gold nanoparticles li.rnctionalized with amino acids like glycine and lysine show better 

adherence to DNA and have been effectively used as gene-delivery carriers with less 

etotoxicity (2). Additionally, the functionalized gold nanoparticles have been used as 

caiiers 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 flinetionalized gold nanoparticles are being used lbr vaccine 

delivery because they can activate macrophages thereby exposing smaller molecules 

which were earlier 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 elcetron-phonon processes (1). This causes localized heating and 

ii' 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 corugating the gold 

nanoparticles with a ehromophorc or a liological marker which would enhance the 

internalization of the gold nanoparticles at a particular targeted cell location (7). 

Huang et. at. have shown that gold nanoparticles conjugated with anti-epidermal 

growth factor receptor antibodies (EUFR) selectively target the cancerous cells and 

can be used lbr eliective in-vivo detection and decimation of these cells (I). Similarly, 

gold nanoparticles conjugated by fluorescent heparin are ulilised lbr 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 folie acid. 



2.1.3 Challenges of using gold nanoparticles in bio-medieine 
11 

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 evlotoxieitv, aggregation tendency and issues with bio-

compatabilttv 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 elliciently 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 tip 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 

coatin(IO also induce cellular cytotoxicity (31). CTAI3 capped gold nanorods have been 

- adludged to have as high as 80% cell deaths in HeLa cell assays. To counter the 

cytotoxie eliCcis, PEG modified gold particles have been used which have showed 

reduced cytotoxieitv by decreasing non-speeilic 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 

iianoparticics prepared by this are only stabilized by the ionic repulsions by the 

adsorbed AuCl2  ions. Gold nanoparticles already have a predilection to aggregate and 

in physiological conditions, when the gold nanoparticles are administered these 

surlbce 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-aceumulation 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 Ibrm 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 (brmation 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 

01' gold nanoparticles in polymerso mes. 

2.2 Polymersomes 

Vesicles present inside the cellular structure are composed ofa 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. Iherefore, they are involved in numerous bodily functions like transport of 

materials, enzyme and protein storage, metabolism and also as biological nano-

reactors. Owing to their multiple flinctionalities in biological processes, researchers 

have tried to create similar hio-mimetie structures known as liposoines and 

polymersomes (34). While liposomes are artificial vesicular structures composed ofa 

lipid hilayer, polvmersomes consist of artificially synthesized polymer membranes. 

2.2.1 Polymersomes - Basic introduction 

The bilayer membrane structure of liposomes consists of phosphatidyleholine-

enriched amphiliephospholipids by which they derive their name (35). The liposomes 

consist of a hydrophilic liquid enclosed by hydrophobic membrane with hydrophilie 

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 

of these liposomes. Since, trans-membrane diffusion is one of these vital aspects 

which determine the functionality ol' such vesicular structures, scientists have tried to 

create similar vesicles but with better membrane properties. 'Ihis has led to the 

synthesis of artificial amphiphilic (li-block or tri block copolymers which can attain 

vesicle like structures. These amphiphiles form nano-sized hollow sphercs called 

polymersomes, with a hydrophobic membrane and hydrophilic intcrnal and external 

corona (5). The block copolymers consist of both hydrophobic and hydrophilie 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 polymersornes than the conventional 

liposornes (36). Additional membrane properties like permeability, mechanical 

stability and elasticity are also tunable in case of polymersonies (36) (37). In short, 

Jiexihility to design the blocks of the synthetic amphiphilie polymers imparts 

flexibility in design of the polyn1ersome structure and its membrane (34). Due to such 

adjustability in its characteristics. polymersomes are at the forefront of research lhr 

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

Figure 2: Schematic representation of a polmersome. Green & Gray colored chains indicate 
hydrophilic & hydrophobic parts of the block copolynier chain. Red coloured structures indicate the 
crosslinker. 

The most exciting feature of polyrnersomes is the presence of both hydrophobic and 

hydrophilic flinctionalities on the same structure. This unique property has been used 

to encapsulate hydrophilic moieties in the hydrophilic interior cavity and embed 

hydrophobic molecules in the hydrophobic membrane of the polymersome. 

Additionally, the hydrophilic extenor of the polymersome can be used Jot 

litnetionalisation with other hio-moleeules 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 

polymersorne, a targeting molecule conjugated on the surthce 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 Polyniersome preparation methods 

In literature there are two generally reported methods for preparation ofpolymersomes 

by self-assenthly 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 hearing 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 concentration (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 self assembled system through a series of structures 

ranging from spheres to rods and ultimately at a particular point into well defined 

polymersonies (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 (5). 

The second method is the film rehydration method which is also known as the organic 

solvent fiee 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 self assembly process is triggered to generate 

polymersomes (42). This method ol polymersome preparation is also known as film 

swelling. A similar method called bulk swelling is also employed for polymersome 

lormation 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. I lowcver, such vigorous stirring inadvertently (ltsturhs the self assembly 

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

All the above mentioncd methods for preparation of self assembled polymersomes 

systems are tedious, time consuming and economically less viable (44). Moreover, the 

polvmersomes 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 copolyniers can attain a range of varied shapes and morphologies 

on self assembly. Most prominent among these are spherical mieclles. rods, vesieles, 

disc like micelles, toroids etc. Likewise, polymersomes which are also broadly 

speaking artificial vesicles, can assume morphologically varied forms like simple 

vesicles. onion-like vesicles, multi-layer vesicles, tubular vesieles, flower-like vesicles 

and numerous other complex shapes (5). 

The packing flictor (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 ofihe hydrophobic block 
a interface area ola single molecule 
= hydrophobic length perpendicular to the interlace 

Table I: Packing Ilictor to determine vesicular shape 

Range ofpcking factor 
-- 

Morphological shape 
p 1/3 Sphere 

1/3 p 5 1/2 Cylinder 
l/2<psl I3ilayer 

Although thetors like copolvmer concentration, p11 of the system, solvent/water ratio, 

type of solvent and temperature influence the morphology, the 

hydrophohie/hydrophilic block length ratio plays the key role in determining the final 

morphology (5) (41). 



Table 2: Block copolvrner characteristics influencing morphological shape 

Hydrophohic:l-Ivdrophulic Morphological 
ralio_(x)  

x> 1:1 micelles 
x <I :2 

_______ Vesicles 
- ____________x< 1:3 Vesicics, inverted structures. 

Likewise, polymersome size can be by tuned by modifying the copolymer block 

lengths, solvent ratios and concentration of the polymers. Polymersonie sizes 

generally range from tOO - 400 ninand their corresponding membrane thickness can 

vary from 5 tim to as high as 30 tim. depending on the block length ratio (46). 

Polymersome formation mechanism is also of keen interest to researchers so that the 

sellassembly process can be controlled and tunable morphological strucwres 

obtaiied. It is generally assumed to be a two step process wherein first the block 

copolymer forms a bilayer membrane which then rearranges to obtain a hollow closed 

structure (47). However, such a simplistic mechanism failed to explain the more 

complicated polyniersome structure. hence after numerous theoretical simulations 

which take into account the various molecular dynamics and l3rownian dynamics, two 

models have been proposed. The mechanisms are represented in Fig. 3. 
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Mechanism II 
Figure 3: Mechanism lbr seliassembly process iticolving polymersome formation (48) 

In mechanism 1, at first small spherical micelles are formed which then create larger 

micelles by inter-micellar collision (48). These disc-like or cylindrical micelles 

subsequently Ibrm closed vesicular strttcttires. Mechanism II 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 polymcrsome or vesicle. 



2.2.4 Stimuli responsive polymersomes 

To efièctivcly function as miniaturized bio-rnedical devices and broader) the scope of 

their use, it is imperative that stimuli responsive polyrnersomes are created. Drug 

loading ability of polymersomes has already been discussed in previous sections. The 

polymersomes that we have discussed until now can only release their payload by 

dilThsion that is not highly controllable. However, if the drug loaded polymersome 

undergoes spontaneous seliasseinbly triggered by external stimuli, then the efficacy 

olsuch therapeutic devices is largely enhanced. 

in this light. several smart polvmersomes, which respond to a variety of stimuli like 

light. p11, temperature, reduction/oxidation have been extensively studied (5). Light 

responsive polymersomes. incorporate a light sensitive moiety (chrornopliore) like 

azobenzene in the copolyrner backbone. On UV-irradiation this ehromophore induces 

trans— cis conformations in the vesicle causing morphological changes (49). 

fhermo-responsive polyrnersomes operate on the principle of changing hydrophilicity 

or hydrophohicity of the block copolymer component units, tinder the influence of 

altering temperature (5). The most widely used thernio responsive agent is N- 

isopropylacrylanride (NIPAM), which is soluble in aqueous systems below its lower 

critical solution temperature (ICST) 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]-h-PNI PAM(PAMPA-b-PNI PAM) (50). 

But the status of the most important class of smart or stimuli responsive 

polymersonies is attributed to p1-1 responsive polymersome, which will also serve as 

the system for this study. A detailed description of this category is undertaken in the 

bollowing section. 

2.2.5 p1  1 responsive polyniersomes 

The human body hosts a wide range of p1! environments like the p11 of blood is 7.4. 

our digestive tract has a p11 gradient from I 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 p1-I tunable characteristics. The underlying 

concept is to incorporate a pH responsive Ilinctional group like a weak base or a weak 

acid which can be protonated or de-protonated at differing pH, in the block eopolynier 

(5). 

Liu et.ai. reported the first occurrence of p1-I triggered inversion of polyniersomes 

formed by triblock, poly(acrylic aeid)-b-polystyrcne-b-poly(4_vinyl pyridine)(PAA26-

h-PS59 -b-P4 VP40) in DMF/TUF/1-120 mixtures (51). In their investigation, at acidic 

pH oil, the polymer vesiele was stable when the P4VP chains were on the outside and 

PAA chains on the inside, due to repulsive interactions. However, in an alkaline p1-I of 

14. the PAA chains due to larger sterie repulsions, switched to form the external layer 

olUe polvmersome with the P4VP chains in the interior of the polymcrsome. 

In 2005, Du and Armes, reported a class of polymersomes with p11 tunable membrane 

properties along with shape persistent characteristics (52). The pH sensitive 

polyinersomes were formed by self assembly of poly(ethylene oxide)-b-poly[2-

(dietlwlamino)ethyl methaerylate-s-3-(trimethoxysilyflpropvl methacrylate.[PEO-

hP(DEA-s-TMSPMA)], in THE/water mixtures. The tertiary amino group in the 

PDEA unit at deprotonated at alkaline p11 and was insoluble. Deprotonation closed the 

membrane pores reducing the membrane 'vail thickness as well as permeability. 

Subsequent protonation caused swelling or the vesicics, thereby imparting p1-i tunable 

membrane pernieability.Shape persistence was conferred due to the cross-linking by 

self-catalysis avoiding dissociation oftlie vesicular structure at acidic pH. 

In 2011.Voit et.al. reported the formation of' photo-crosslinkabie pH sensitive 

polvinersomcs using the block copolymer P[LU45-h-PDEAENI-s-PDMTEM structure 

(37). After dissolving the block copolymcr in acidic solution, the polymersome 

structure lbrniation Was initiated by increasing the pH to deprotonate the tertiary 

amino group of PDEAF.M. Crosslinking under UV irradiation and subsequent 

investigation of polyrnersomes tinder varying p1-I conditions by DLS proved the 

r 
formation of stable, robust polyinersonies with hydrodynamic diameter of 100 nm(at 

p1  1=9) which increased at lower pH. Uptake studies with hydrophobic and hydrophilie 

dyes where carried out to prove p11 triggered entrapment as well release of the (lye 



molecule. PEl-Mal The same group investigated p1-I swelling behaviour of photo-

crosslinkcd polyrnersornes 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-sta(-BMA)) photo-crosslinkablc and pit sensitive structure (54). This 

class of photo-crosslinkable polymersomcs were stable over multiple pH switching 

cycles even with shorter cross-linking times. Successftil investigation olplt dependent 

F)oxorubicin uptake, retention and release mechanism soundly established that photo-

crosslinked polymersornes could also used as tunable nano-carriers dependent on p1-I, 

erosslinking time and shear rate. 

In light of these advances in the field of p1-t responsive polyniersornes, it can be 

concluded that successful encapsulation of nanoparticles in polyniersomes can he 

carried out. As discussed in the previous sections, gold nanopartieles due to their 

LLncortunate tendency of agglomeration have limited bio-medical applications. 

Therefore, it was conceived that incorporation of gold nanoparticics in polyrnersomes, 

would provide an excellent solution to this problem. Additionally, the presence of 

PEG moiety would provide biocompatihility as well as increase circulation time in the 

blood stream due to the large size of the polymersomes (100-200 urn). Due to these 

lucrative advaniages, gold nanopartieles incorporation in polyinersomes is a separate 

and extensive held in itseli 

2.3 Gold nanoparticles uptake in polyrncrsomes 

'anopartiele incorporation in artilicially designed nanocarriers finds extensive 

applications in catalysis, drug delivery, hio-sensor devices, etc (55). Polyniersornes 

owlig to their robust naRire and unique property of having both hydrophilic and 

hydrophobic legions serve as perfect hosts for these nanoparticles. There are two 

different approaches reported in literature for incorporation of such nanoparticles in 

polymersounes which are discussed in the following sections. 



2.3.1 In-situ fbrmation and encapsulation of gold nanoparticles 

The Jirst approach involves the use ()]'the polymer vesiele as a reaction compartment 

lbr Ibnmation of the gold nanoparticles. Polymersomes are formed wither using film 

rchydration technique or solvent switch method. The metal salt that is HAuCI:, is then 

soluhi I ised within the hydrophobic membrane of the polymersome (56). Ion-exchange 

technology is sometimes employed to ensure the formation of the nanoparticics inside 

the polymersome (57).Reduction is carried out by introducing sodium borohydride and 

gold nanoparticles are fbrmed within the polymersome. 

In 2005, Du et.al  formed pt-1 sensitive photo-crosslinkable polymersomes by self-

assembly of poly - [2-(1 ethaeryloyloxy) ethylphosphorylcholine] - block - poly - 12-

(diisopropylamino) ethyl methacrylate] (PMPC-h-PDPA) in purely aqueous solution 

(5$). Addition of l-1AuC14solution proto ated the amino group and the AuCl4' ions 

were incorporated in the membrane as counter ions. In-situ reduction produced gold 

nanoparticles of —4nm embedded in the polymersome membrane. 

This method can only be used for incorporation of gold nanoparticles within the 

hydrophobic membrane. This is mostly because the gold nanoparticles are by nature 

hydrophobic and since the membrane itself is hydrophobic, the nanoparticles are 

Cki  selectively embedded in the membrane wall. Moreover, the stability of the 

polymersome membrane is greatly reduced thereby limiting the potential applications 

oF tins hybrid structure. There is also lesser control over the growth and morphology 

of the in-situ prepared gold nanoparticles (59) (60). 

Hydi opliob.c tiotdNan,tidc 

Figure 4: Schematic OIALJNI' cnibcdcled in poImersome membrane 



2.3.2 incorporation ofgold 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 invariably 

pre-tbrmed. This provides an added advantage of modit ing the hydrophobic AuNP 

surface with hydrophilic capping agents like citrate, etc. to produce hydrophilic 

AuNPs which Cal) then be guided selectively even into the hydrophilic corona of the 

polymcrsomes. 

ftydrovhdlc Gold Nau,oiuifiic 

Polvinasti,ne 

FigureS: Schematic ol AuNP inlernalised wilhin Ihe hydrophilic polyinersome cavity 

in 2007, Sachsenhofer et.al. produced AuNPs by I3rust-Schiffin method and mixed 

them with a stock solution of PE030-PB036  copolymer followed by solvent 

evaporation (61). The hybrid film generated was then rehydrated forming multi-

lamellar polyrnersomes embedded with .AuNPs. The nanoparticles were again 

embedded in the hydrophobic membrane and no occurrence of partial inclusion of the 

nanoparticles was reported. The resultant polyniersomes had a hydrodynamic size 

varying from 300 - 400 nfl). 

For the purpose of this study, we require to incorporate sufficiently larger sized 

AuNPs than previously reported in literature. Since, the thickness of the membrane 

wall varies from 5-30 run 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 polyrnersomes 

Successflul encapsulation of nanoparticles although has been widely reported, the 

process causes a destahilisation 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 mu), hydrophilic AuNP(12 mu) 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 polvmersomes. However, they fbund that in the case of 

hydrophilic gold nanoparticles were evenly distributed on either side of the membrane 

structure. The vesicles so Lbrmed consisted of weak membranes and were more 

inhibiting 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 

structure.Therefbre. our theoretical basis of eneapsulathig larger sized (50-70 nrn) 

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 ofencapsulated AuNP in polymersonies, 

Xii. ci. al. perlhrnied 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 

etnhalpic and entropic calculations, gold nanoparticle uptake was found to be size 

dependent. They concluded that the ratio of the diameter of' the AuNPs (Do) to the 

vesicle wall thickness (dw) was an important parameter to determine the location of 

AuNP in the spherical vesicle. A D3/dw0  ratio greater than 0.5 was found to result in 

3 
expulsion of the AuNP from the vesicle wall and its subsequent relocation in the 

interior of the nucelle. Such an arrangement led to the formation of an energetically 

and entropically favourable system. 



Cittate stabilised AuNPs with sizes of '  0 and 60 nni will be utilised for this study. The 

size ofour polyniersome will be about 120-140 nm with a vesicle wall thickness o120 

tim. Iherefore there would be two factors responsible for guiding the location of the 

used AuNPs in the polvniersomc. The first is the hydrophilic nature of the AuNPs, 

which will encourage the nanoparticles to form favourable interactions with the 

hydrophilic core of the polyniersome. 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 D0/dw0  ratio by a factor of 3, and hence to lbrni an 

energetically stable polymersorne structure, again the polyniersome cavity will be the 

preferred location. 

In spite of these two strong motivating Ihctors there might be another very real 

possibility that the size oithese AuNPs will prove too large for even the polymersome 

cavity 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 specilic interactions between the polyrnersome 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 polyrnersomes, 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 polyniersome. Therefore, it might be prudent to introduce 

moieties bearing specific recognition capabilities to selectively guide the gold 

nanopartieles to 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 

Surlitce coatings Consisting of hiopolymcrs or synthetic macromolecules have been 

used fhr 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 ligands on the AuNP 

surlace to create hybrid aniphiphiles. To achieve these complex structures, three routes 

namely; ligand exchange, grafting to and grafting from methods have been reported in 

literature (65). Zhao ci. at grafted Polystyrene on gold nanoparticles to obtain organic-

inorganic hybrid particles.Thiol terminated hydrophilic poly(N-vinylpyrrolidone) 

(PVP-Sl-I) 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 vcsiele (65). 

.A similar approach involving grafting of polyethylene chains on the surface of gold 

nanoparticles will be adopted in this study. This is easily done because citrate 

stahilised 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 p1-I responsive block 

eopolvmer PF.045-b-P(DEAEMA-stat-BMA) used Jbr polymersome formation to form 

a PEG-AuNP hybrid. The PEG-PEG interactions might be due to thermodynamic 

ractors induced by similar miscibility, or there might also be physical entanglements 

caused by intermolecular chain digitations during the self-assembly process. 

Moreover, the hydrophilic nature of the PEG grafted AuNP might preferentially guide 

it to locate in the hydrophilic corona of the polyrnersome. 
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Figure 6: AuNP uptake by polymersonic due to PEG-AuNP hybrid formation 

2.4.2 Threading mteractions heiween Polyethylene glycol and Cyclodextrin 

Research on molecular recognition systems have been mostly focussed on low 

molecular weight entities (67). However, it is also possible to obtain such specific 

recognition abilities even in case of large macromolecules. Cyclodcxtrins are at the 

centre of such interesting supramokcular sstcms. Cyclodextrins are water soluble 

oligosaceharides formed by glucopyranose units linked iogether in a ring like structure 

(68). -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 polyethylene glycols and forms an inclusion complex (67). It 

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 ci-Cyclodextrin cavity to form a tight 

fit and precipitated due to the formation of the complex. Furthermore, it was suggested 

that neighbouring ri-Cyclodextrins threaded themselves in head-to-head or tail-to-tail 

configurations to form unique structures called rotaxanes. - 
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Figure 7: a) Chemical Structure of-CycIodextrin 
b) Schematic for adamantane 

- 3-Cyclodextrin host guest complexation mechanism. 
Adarnantane perfectly (its into the [J-Cyclodextrin cavity. 

Interestingly, rotaxane formation between a-Cyclodextrinandpolyethyleneglycol 

chains have been uilised to initiate self-assembly process in ease of block copolymer 

for polyrnersome formation. Jiet.al, introduced a-Cyelodextrin to the block copolymer 

system of poly(cthylene oxide)-b-poly(2-methaeryloyloxyethyl phosphoryleholine) 

F-.. (PEO-b-PMPC) in aqueous media (69). Rotaxane formation triggered the self- 

assembly process resulting in polymersonies between 100-200nm. 

Although a-Cvclodextrins forrii these complexes with many macromolecules 

including PEG. Ji-Cyclodextrins have not been so prolific. This is mainly attributed to 

the fact that 13-Cyclodcxtrin has a larger cavity than a-Cyelodextrin and therefore, the 

macromolecular chains do not lit snugly its cavity. However, investigations about 

possible formation ol' such complexes with higher molecular weight PEG have not 

been performed. 

Therefore. 13-Cyclodextrin grafted AuNPs will be introduced to the block copolymer 

system containing PEU chains and investigation of possible inclusion complexation 

and its influence as a guiding ligand will be carried out within the scope of this study. 

I 
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Figure 8: AtiNP uptake by polymcrsome (tile to PEG-  3-cyctodext6n threading interacdozi 

2.4.3 Adamantane - - Cyclodextrin host-guest complexation 

One of most important interactions in supramolecular chemistry is the host-guest 

complexation mechanism. En such complexes, two or more entilies are hound together 

by non-covalent forces to Ihrm a concerted system. Due in 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 gcnerall' 

rclèrred to as the hosL with the smaller molecule becoming the guest. 

f-Cyelodextrin has external surface is highly hydrophilic due to the presence of 

hydrophilic groups and it has a hollow hydrophobic cavity which serves a host Ibr 

other hydrophobic moieties (70). Adamantane (tricyelo[3.3. 1.1(3,7) jdecane, CIOH 16) 

is a crystalline compound with an arm-chair like conformation formed by the fusion of 

Ihur cyclohexanes (68). The highly hydrophobic nature of adamantyl moiety along 

with its diameter of 7 A fits tightly into the 3-Cyclodextrin cavity to form a strong 

inclusion complex. This hosi-guest complex is highly stable with an association 

constant of 104—E05  M . Therefore, this supramolecular complex has found extensive 



applications in hydrogeh, drug-delivery carriers, cyclodextrin based polymer systems, 

and hio-sensors etc. 

Ritter et.al.reported the formation of tubular vesicles by host-guest interactions 

between 13-cyctodextrinandadamantane modified poly(cthylene iminc) PEt (71). The 

morphologies of these structures were similar to that ol' liposomes and the vesicles 

were stable over a range of pH. I-la et.al. used a similar mixed polymer approach to 

form Adamantyl43-Cyclodextrin host guest complexation induced vesicles (72). They 

produced cyclodextrin capped AuNPs which were eomplexcd with Ada-terminated 

PNIPAM/PEG which Ibrmed amphiphilic AuNPs. At a temperature lower than the 

LCST of PNJPA1vI, the amphiphules seliassembled into vesicular structures. 

Mono Substimred Btt3(P)-Cvclodextrjn 

Au-NP 1 Polvmersoine 

p 

((tu.NP & 

NP/4' 

Adainantyl Moeity 

Isgure 9: AuNP uplake by polymcrsorne due to I-eycIodextrin-A&trnantane host guest interaction 

To incorporate this host-eoniplexation process into our AuNP-po!ymersomc system, 

we will adopt a different approach. It is well known that thiols and arnines form self 

assembled monolayers on a gold surlhce. The amphiphiles are adsorbed on the metal 

surface by chemisorption through a terminal functional group to create a stable 

I interface (73). Our concept is to modify the gold nanoparticles by amino-substituted - 

Cyelodextrin by covalent chemisorption ol the amine functional group on the gold 

surläce.Adainantyl moiety will he present as an end group in the hydrophilic PEG 



• - unit of the block copolymer used for polymersome formation. On self-assembly, the 

aclamantyl moiety will statistically locate itself on the interior as well as exterior of the 

plymersome structure. On introducing the gold nanoparticles during self-assembly, it 

njiht be possible for the J3-Cyclodextrin modified AuNPs to form inclusion 

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



3 Experimental Section 

3.1 Polyrnersorne preparation 

pH sensitive block copolymer poly-(ethyleneglycol)-block-poly_[24jethylamjno 

ethylmethacrvlate-stat-benzophenone tPF.Gt5-b-P(DEAEMA-Ma!_BMA)] was 

obtained from it co-worker and used for preparation of pH responsive polymersoines. 

The polymersonie preparation protocol described by Yassin et.al. was adopted (74). 

To briefly describe, the block copolymer solution with concentration of! tng/nil was 

prepared by dissolving it in an acidic solution ofpH 2 along with constant stirring. For 

initial investigations, two dillcent acid mediums, one citric acid and the other 

hydrochloric acid solution whose pH were adjusted to 2 were used fbr block 

copolymer dissolution. The basic motivation being that citric acid is a weak acid and 

would therciore not thteract strongly with the gold nanoparticles which would he used 

in subsequent encapsulation methods. After complete dissolution of the block 

copolymer, the solution was filtered with an 0.2 l.xm Nylon filter to remove any 

impurities which might disturb the sell' assembly process. Thereafter, the p1-I of the 

solution was gradually increased to 10 with drop-wise addition of IM NaOH solution. 

tIydrophiIlc pa; 

Hydrophobic part 
Cross-linker 

pH responsh 
amino group 

Figure tO: Chemical Structure of pt-I sensitive block copolymer polv-(erhyleneglycol)-block-poty-[2-
(Ileihylamino ethvlmethacrvlatc.stat-benzophenone] [PEG45-b-F'(DEAEMAx-scat-UMAv)] 

The polymcrsome solutions were then stirred at 430 rpm at room temperature for a 

minimum of three days to allow sufficient time Ibr self-assembly process.. To create 

shupe-persistent and stable polvmersomcs, the samples were then crosslinked for 30 

f 
minutes under U \/ irradiation. Prior to cross-linking, the polymersomc samples were 

filtered with an 0.8 pm Nylon jilter to remove large aggregates if any. The irradiation 



'S process was performed using UVACURE 100 (Honle U\ cc1o1()gies, Germany) 

equipped with a low intensity (0.1 Vflem) iron lamp as UV source. 

Block copolymer at 
pH=2 (HCI) 

Increased pH 

Bloominess 
observed 

Polymersome formed 
atpH> 7.4 

p 

Figure ii: Schematic diagram showing pH-responsive polymersorne fbrTnation 

Fable 3: Sample inlhrniation for polyniersonte preparation 

Sample Id Cone, of block Acid used for Observation Polymersome 
copolymer used dissolution fonnation 

Sf1 0.5 Citric acid Blooinincss Yes 
I observed 

S02 I Citric acid No bloominess No 
observed 

Sf3 0.5 hydrochloric acid Blooininess Yes 
observed  

SO4 I Hydrochloric acid Bloominess Yes 
observed 

The size dimensions and the polydispersity index of the prepared samples were 

measured by dynamic light scattering (DES). For Iürther preparation of polvmersomes 

acidic solution of hydrochloric acid was used lbr reasons discussed in section 4.1. 

3.2 Direct encapsulation of gold nanoparticles in polymersornes 

3.2.1 Preliminary trial encapsulation Rn 12 nm gold nanoparticics 

After the initial polymersome lormation protocol with citric acid was discarded as 

unsuitable, hydrochloric acid was consistently used for polymersome formation as 

described by Yassin et.al (74). As method previously, the encapsulation of gold 

nanoparticles was to be carried out during the self-assembly process of the 

polymersomes. Since, a p11 sensitive environment was utilised for preparation of 



polyinersornes. it was also imperative to determine a suitable pH in which the gold 

nanoparticles would he introduced into the system, since they have a tendency to 

agglomerate in 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. 

Iherefore, the block copolymer with an initial concentration of I mg/tn!, was 

dissolved in acidic solution (HO) 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 polvmersomes. the pH of 

the solution was slowly increased to 10 lollowed by stirring for three (lays and then 

cross-linking br 30 minutes. Since, the hual concentration of the block copolymcrs in 

the solution was different following the addition of the gold nanopartictes, 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). 

Dissolution of BCP Addition of AuNP 
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Figure 12: Schematic diagram showing direct encapsulation ol 12 nm AuNV in polymersomes 

Table 4: Sample information for encapsulation ol 12 urn AuNP in polyuicrsome 

Sample Id SPOI SP02 

Initial BC: I' cone. (mg/mi ) I 

—inall T BCP cone. (tngimL) 0.5 0.7 

AuNP: I3CP molar ratio 1:1 
[ 0.5:1 

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

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

4,  



molecular weight cut-oil (MWC'O) 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 nibar was maintained during 

the liltration process in order to ensure that the potymersomes were not damaged. UV-

vis spectra analysis was performed for the blank polymersomes (which had no 

additionat gold nanoparticles), the 12 nm gold particle encapsulated polymersomes 

and the sample after filtration by HEF. The results are discussed in section 4.2. 

3.2.2 Encapsulation of 30 nni 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 pol mersomes were not very conclusive owing to the different final 

coticentralions of the block copolymer in the samples. Therefore, for subsequent 

encapsulation experiments, the initial concentration of the block copolymer was so 

adjusted that after the addition of the gold nanoparticles to the system, a final block 

copolymer concentration of I rng/mL was achieved. 

The gold nanoparticles used for encapsulation were 30 nni in diameter, with a 

concentration of 53.1 mg/I. and were obtained by Strcm Chemicals Inc. Although the 

gold nanoparticles were stahitised by citrate ligands (surfactant cone. = 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....ter the initial block copolymer dissolution and pH increase to 5, the gold 

nanoparticles were incorporated to the block copolymer solution. Polymersome 

formation was facilitated by increasing p11 to 10 followed by stirring for a nunimuni 

of 3 days and cross-linking of the samples for 30 nunutcs under 15 V-irradiation. Blank 

polymersome with a final block copolymer concentration of 1mg/mi. was also 

prepared in the same conditions for comparison. As seen in the UV-vis analysis for 12 

tim encapsulated polymersomes, the absorhance maxima peak for the samples was too 

tow owing to the low concentration of the stock gold nanoparticles solution. 

I Therefore, two samples with AuNP:BCP molar ratio of 1:1 and 5:1 were prepared for 

in vcstigat ion. 



The hydrodynamic diameter and the polydispersity index of the samples were 

measured by dynamic light scattering (DLS). However, separation of the 30 mu non-

encapsulated AuNPs frorri the polyniersome sample was not possible. This was 

because when a control cxperinient with the gold stock solution was perfbrmcd 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 MWCO. HFF filtration 

could not be performed for the 30 nrn AuNP encapsulated polvmersomcs. tJV-vis 

spectra analysis of' these samples would therefore have been insufficient to 

conclusively prove the encapsulation of the gold nanoparticles within the 

polyrnersomes. Hence, Ibr 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/I. were obtained by Strem Chemicals Inc. The gold nanoparticles were also 

stahilised 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. After the preparation of the samples, DIJS 

analysis was carried out to determine (heir hydrodynamic diameter and the 

polvdispersity index. However, as in the case o130 nm AuNP. hollow Fibre Filtration 

o 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. 

Thereibre the first strategy adopted to selectively guide the gold nanoparticles towards 

the polyrnersomes was the use of PEG-PEG interactions as discussed in section 2.4.1 

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



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

(PEG),-Sl-! [M.W. = 356.48 u/moll and ?vlcO-( EG)8-SH (M.W. - 2000 g/mo1. 

Prior to carrying out the modifications. it was essential to determine the ligand 

Concentration required to saturate the available gold surface. For this purpose, the 

estimated binding surthce area of MeO-(PEG)y-SH gathered from literature was found 

to he 20 A2  and that for the ligand MeO-(PEG)-SI-I was 40 A2. Theoretical 

calculations were performed to calculate the ligand concentrations. Using these values. 

a series ol titration plans for surlice modification were generated using the in-house 

L.'V-vis Tools software. Since the saturation ligand concentrations were only 

theoretical values, modification experiments were also carried out at ligand 

concentrations below and above the calculated values to ascertain their practicality. 

For the modification experiments, I mL of the gold nanoparticles solution was placed 

in a 1.5 mL quartz cuvette and was sealed with a septum. According to the titration 

plans, measured volumes of the ligand solution were injected into the cuvette with a 

S- microlitre syringe. After every titration step, the system was homogenized and kept for 

5 minutes to attain equilibrium. UV-vis spectra was measured in the wavelength range 

of 400-650 nm (hr every titration to monitor the surface modification process, since 

addition of ligand solution would affect the surface plasmon resonance hand of the 

gold nanoparticles. The individual spectra for each of the titration steps were plotted 

and the wavelength corresponding to their absorbanee 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 PEC)ylated 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-(PECi)rSI1 [M.W. = 2000 g/mol] was found suitable for surface 

modification of the gold nanoparticles. Final ligand concentration 014.2x 10' M was 

employed for preparation of modified AuNPs and their subsequent incorporation in 

polyniersomes. Two different samples SF 63 and SP76 were prepared with all the 

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

( 



TableS: Sample Information for PECJ-AuNP hybrid 

Sample Id S1163 SP76 

MIt. % of unflinetional BCP 100 100 

Final BC P cone. (mnWm!) I 

AuNP : 13CP ratio 

Lieand concentration (M) 

'1:1 

4.2x10' 

41 

4.2xl0 

Method of AuNP addition During selttassembly Pretbrmed polyniersotnes 

DLS measurements were performed for both the samples to determine the 

hydrodynamic diameter and polydisperity index. UV-vis analysis was performed to 

check Ibr possible shift in plasmon resonance band due to the formation of a potential 

AuNP-PEG hybrid structure. Gold nanoparticle incorporation in polymersomes was 

investigated by Cryo-TEM for sample SP63. but not for sample 8P76 due to 

insufficient time. 

-' 3.4 Threading interaction between PEG and f3-cyclodextrin 

The lbnnation of inclusion complex by threading interaction between PEG chains and 

13-cyclodextrin cavity has already been discussed in section 2.4.2. The first step in this 

approach was the surIäce modification of the gold nanopartieles with amine 

flinctionalised 3-Cye1odextrin. It is well known that an amine group has comparatively 

lesser aflinity fbr gold than thiol ligand. Therefore, two different amine-funetionalised 

[3-Cyclodextrins were used for AuNP surface modification. 

Hcptakis-(6-amino-6-deoxy)--cvelodextrin tCDexB053J - filly substituted - 

Cyclodextrin 

6-Monodcoxy-6-monoani4no-J3-eyelodextrin [CDexR0 13] - mono substituted f3-

Cyclodextrin. 

V 
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Figure 13: Ajuinaed P -Cyclodextrin Ligands used for Au-NP surface inodiricalion 

13o1h the Ji-Cyclodextrin ligands were obtained from AraChem Cyclodextrin Shop. 

The estimated binding surihee area of CDexBOl 3 gathered from literature was found 

to be 40 A2  and that for the ligand CDexl3053 was 400 A2  and theoretical calculations 

were perlormed to determine the saturation ligand concentrations. As described in 

section 4.3, titration plans were created for each of the ligands and 1W-spectra was 

analysed alter each titration step. 

For the modification experiments, I mL of the gold nanoparticles solution was placed 

in a 1.5 niL quartz cuvettc and was sealed with a septum. Since, the -Cyclodextrin 

ligands were supplied in the form of chloride salts it was necessary to deprotonate 

them and thus activate the amine &netional groups before carrying out the surface 

modification of the gold nanoparticles. Therefore, the ligand solids were dissolved in 

phosphate buffer saline (PBS) solution olpfl 8 and 10 mM strength for a minimum of 

2 hours to allow for complete deprotonation of the -Cyclodextrin. 1'itration 

experiments were perfbrmed as described in the previous section. After every titration 

step, the system was homogenized and kept Jbr 5 miiutes 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 to 

absorhance 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 rtanoparticles were surface modified with both the 

ligands. CDex13Ol3 and CDexl3053. The hydrodynamic diameter and polydispersity 

index of the samples were measured in comparison to the unmodified blank AuNPs 

alier overnight equilibriation. As discussed in section 4.4.1, the gold nanoparticles 

modified with CDexBO13 were deemed unsuitable for use in encapsulation 

experiments. Fherelbre, for the  incorporation of gold nanopartieles in polyniersomes, 

the heptakis-(6-amino-6.deoxy)-lj-cyclodextrjn [CDexB053] - mono amino 

substituted 11-C'yclodextrin was used. 

For polymersonie formation, the un-functional block eopo!yrner [PE045-h-

P(IEAEMA-sIw'-BMA)] was used. The motivation behind this concept was that the 

PEG chains comprising the block copolymer would fit inside the j3-Cyelodextrin 

cavity to form inclusion complex and the gold nanoparticles attached to the 1-
Cye!odextrin moiety would be incorporated in the polymersome. Again a two-pronged 

method was adopted to study this possible interaction. -Cyclodextrin modified gold 

nanopartieles were added both during self-assembly process of the polymersomes and 

also to pre-fbrmed polymersomes. 

Fable 6: Sa'iplc lntbrniatuon for threading interaction 

Sample Id SF62 5P75 

Wi. % of unfuiictional BC!' 100 100 

F nat I3CP cone. (mg'inl) l 1 

AuNP: 13CP ratio 4:1 4:1 

Method of AuNP addition During self-assembly Preformed 

polyniersomes 

DLS measurements were perlbrnied fbr both the samples to determine the 

hydrodynaniic diameter and polydisperity index. IJV-vis analysis was perthrmed to 

check for possible shift in plasmon resonance band owing to inclusion complexation. 

Gold nanopartieles incorporation was investigated by Cryo-TEM for sample SF62. 



3.5 Gold nanopartiele uptake in polyrnersomes using host-guest 

complexation 

Host-guest complexation of Adamantane with 13-Cyclodextrin to selectively guide the 

gold 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 Cdex.13053 ligand. 

For the polymersome formation a mixture of the un-functional block eopolymer 

[PEG4s-b-P(DFi\FMA-swt-l3MA)J and the same block copolynier with Adamantane 

end groups(Ada-BCP) was used. In our system, during polymersome formation, the 

block copolymers would selltassenible statistically where-in some of the Adamantane 

groups would he on the periphery of the polymersome and some on the inside. The 

mono-ammo substituted -cvelodextrin is used for moditication of the gold 

nanoparticles. however if complete surface modification is carried out then the 13-
cyclodextrin: Adamantane molar ratio would shoot up to 10:1 if a mixture containing 

80 wt. % unthnctional BCP and 20 i% Ada-I3CP is used. Since the concentration of 

the gold nanoparticles stock solution is fixed, the only option is to go for partial 

modilceation of the gold nanoparticles surface resulting in a lower ligand 

concentration. Thereibre, finally the 3-cyclodextrin ligand concentration is fixed at 

6.5x10 5M leading to a [3-evclodextrin: Adamantane molar ratio of3:l 

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 0-

cyclodextrin modified AuNPs were added during self-assembly process. For 

subsequent experiments using host-guest chemistry, three different samples with I-
cycloclextrin: Adamantane molar ratio of 1:1, 2:1 and 3:1 were prepared to study the 

effect of host-guest coniplexation on gold nanoparticles uptake in polymersomes. In 

these experiments, the 13-cyclodextrin modified gold nanoparticles were added to 

pretbrnied polymersomes comprising 80 wi. % unfunctional BCP and 20 s'i% Ada-

I3CP. The samples were stirred for a period of 20 hours at 430 rpni to allow sufficient 

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

n 



1 able 7: Sample in fbrmation for host-guest complexation 

Sample Id SP6I 5P72 SP73 SP74 
Wt. % of unfunctional - 80 80 80 80 

BC P 

Wt % of Adaniantane - 20 20 20 20 

I3CP 

Final BCP cone. I I I 

(mu/nil) 

3-cvclodextrin: 3:I 1:1 2:1 3:1 

Adamatitane ratio 

Method of AuNP During self- Prelorrued Preformed Preformed 

add tt iou assembly polymersomes 
potvnicrsomes 

- 
polvmcrsoines 

The samples were analysed by DI.S br measuring the hydrodynanuc diameter and 

polyctispersity index. UV-vis spectra of the samples were measured to investigate 

possible change in plasmon resonance of the gold nanopartieles due to the host-guest 

complexation. Finally, Cryo-TEM analysis was performed for the sample SP6I to 

investigate the gold nanoparticles incorporation in the polyniersomes. However due to 

insufficient time. Cryo-TEIVI analysis of the samples SP72, SP73 and SP74 could not 

be performed. 

16 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 7.etasizer 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 1730. 

For the polymersome samples along with the gold nanoparticle incorporated 

polvmersomes, the material used in the standard operating procedure (SOP) was set 

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



were used in the calculations. But for Dl.S measurement of the blank gold 

nanoparticles as well surlace modtried gold nanoparticles, the material specified in the 

SOP was gold. However, since all the systems were in aqueous phase. water 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 (he peak sizes calculated were z-averaged over all the measurement values. 

3.6.2 tJV-vis spectroscopy 

For the UV-vis spectroscopy measurements, a two-beam spectrometer Lambda 800 

(PerkinElmer, lisA) spectrometer was used. For the polvmersome samples, a spectral 

wavelength range from 900-200 tim was used. In case of the gold nanoparticles as well 

as the Ligand modilied gold nanoparticles, measurements were performed in the range 

of 650-400 nm. A scanning speed of 375 rintirnin with an integration time of 0.012 

seconds was used for all the measurements. For all the measurements, 10 mm quartz 

euvettes were used. 

3.6.3 IBM measurements 

For the 1EM measurements of the gold nanoparticles as well as Cryo-TEM 

measurements of the polymersome samples, Libra 120 microscope (Zeiss. Germany) 

with an operating acceleration voltage of 120 key was used. Samples were mounted 

on copper Quantifoil Grids with 1.3 micrometers holes....S p1 of the solution were 

placed on the grid and blotted from the back side fbr 3.2 seconds at relative humidity 

88%. For the Cry-TEM analysis, an additional step involving flash-freezing in liquid 

ethane at a temperature of - 178°C was performed. All images were taken in Bright 

Field at - 172°. 

3.6.4 UV irradiation 

Cross-linking of the polmersome samples by exposure to liv irradiation was 

l)erlorined using UVACUBE (honle LIV 1echno1og1es). A low intensity (0.1 W/em2) 

iron lamp served as the ti\ source. 



3.615 Hollow fibre filtration 

hollow fibre filtration (HPF) of the 12 tim encapsulated polymersonies was 

rmed using a KrosFlo Research Hi (SpectrumLabs, USA). A polysulfone-based 

ation module (MWCO: 500 kDa, Spectrum Labs, USA)) was employed as the 

ation membrane along with a trans-membrane pressure (IMP) of 150 mbar. 
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4 Results and discussions 

4.1 Polymersorne formation 

4.1.1 Dynamic light scattering results 

The samples SO!. S03 and SO4 were analysed by Dynamic tight 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 SO4. which has a BCP 

carte. of t ng/mL prepared in HCI solution. The curves of the three measurement 

trials are well overlapped and with sharp narrow peaks, which indicates that the 

polvmersonics formed have a homogeneous size distribution. The low Polydispersity 

index value (PDI) also corroborates this observation. 

lable 8: DLS investigation results ofpH responsive Polymersomes formed. 

Sample td Cone. of block Acid used for I Z Diameter of Polydispersity 
copolymer used dissolution polymersonie index (PDI) 

168.4 0.17 so) 0.5 Citric acid 

503 0.5 Hydrochloric 109.1 0.16 
acid 

SO4 I Hydrochloric 152.7 0.17 
acid  
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Figtzre 14: Intensity averaged diametcr plot for polyrnersonies lorrned in various acid environments 
obtained using DES 



A polydispersity index value around 0.15 generally indicates a sample with a narrow 

size distribution as in the case of these polyinersomes. It was already clear from the 

absence of hloominess in case of sample 502 that polymersome formation did not 

occur. This same experiment was repeated twice, but with 110 positive results. 

Iherefore 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 copolymcrs 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 increasing of p11. It also results in 

dilution of the polyrnersonie solution because large volume of the base (NaOiI) is 

required to change the p1l of the system. Moreover, a sudden pH transition is observed 

at 6.8 in case of' citric acid leading to possible experimental errors in polynlersomc 

formation. l'hercfore, the previously well established protocol of using hydrochloric 

acid solution for preparation of further polymersome samples was adopted. 

Subsequent preparation of polymersomes with 1 mg/mL concentration yielded 

polymersonles with sizes ranging from 110-140 nm And for a BCl' cone. of 0.5 

nig/mL the sizes were in the range of 75-90nm. Since, these polymersome samples 

were the first trials, thereibre their comparatively larger sizes might attributed to 

experimental errors. 

4.2 Direct encapsulation of gold nanoparticics in Polymersomes 

4.2.1 Encapsulation for 12 nm gold nanopartieles 

4.2.1.1 Dynamic light scattering results 

The gold nanopartieles encapsulated polymersome samples along with the similarly 

concentrated blank polymersome samples were investigated by DLS using the same 

set of parameters as before. 
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Fable 9: t)IS results of encapsulation for 12 nm Au NP 

Sample Id Cone. of block 
copolymer 
used (mg/inL) 

AuNP:BCP 
molar ratio 

Zavg. Diameter 
of 
polymersome 
(nm)  

Polydispersity 
index (PD!) 

SPOl 0.5 1:1 88.4 0.22 

5P0113 0.5 NA 77.9 0.16 
SP02 0.7 0.5:1 92.2 0.20 

SPO2B 0.7 NA 90.4 0.15 

—spoiu* 
A SPO1 crncapsulatod 

SP02bIank 
- - SP02 encopsu!aed 

I? t 
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Hydrodynarnic diameter (nm) 

Figure IS: Intensity averaged diameter plot for 12 nm AuNP encapsulated polyinersome & blank 
polyniersome obtained using DlS 

Thus, it was observed that the hydrodvnamic diameter of the potymersome 

encapsulated with AuNP is larger than that of the blank polymersome. 'l'lus increase in 

size is more substantial in case of sample SPOI than in case of sample SP02. This 

might be due to the fact that SPOI has larger amount of gold nanoparticles 

incorporated in the system which also improves the encapsulation efheieney. 

However, the size difference between 5P02 and its blank sample is barely noticeable. 

Therefore, it cannot be conclusively said from the Dl.S results that the gold 

nanoparticle is encapsulated in this case. however, the polydispersity index of both 

the encapsulated polymersorne samples is higher than the blank polymersomes larger. 

This might be either due to the fitet that the encapsulation is successful thereby 

increasing the PD! or it might also be heaeause 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 

polyniersome also increases. 

To suninlarise. investigation by Dynamic Light Scattering could not provide solid 

evidence of gold nanoparticle encapsulation within the polymersome. Moreover, the 

different linal concentration of the block copolymer in the samples after gold 

-. 
nanoparticle addition makes it difficult to derive worthwhile conclusions ftoni the 

L)L.S investigations. Keeping this in mind, for luther encapsulation experiments 

involving the larger gold nanoparticles, the final block copolymer concentration in the 

system was always maintained at I mg/mL. 

Therefore, the samples were filtered by HFF as described in section 4.2 and tJV-vis 

invest igat ions were performed for conclusive evidence of gold nanoparticle 

encapsulation. 

4.2.1.2 UV-vis spectroscopy results 

As previously stated. Hollow fibre litration was perfbrmed 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 nanopartieles encapsulated polymersome prior to FIFF and lastly, of the gold 

nanoparticle encapsulated polymersome after purification by H FE. 

As can be seen from graph in fig. 16, the 12 nin gold nanopartieles exhibit their 

characteristic surface plasmon resonance at a wavelength (Ainax) of 519 nm 

corresponding to maximum absorhanee. The sample SPOl shows this same peak at 

519 urn in ease of both. bclbre HFF which is obvious, but even after purification by 

HIT. This clearly shows the presence of gold nanopartieles even after filtration. To 

discount the possibility that there might he stray gold nanopartieles present after HIT. 

a control experiment was performed with just the gold nnaopartiele stock solution 

purification by 11FF. 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. Therefbre it would be logical to say that the 

peak observed after HIT of the eneapsulted polymersome sample. is due to the gold 



nanoparticles that are present within the polvmersome. Additionally, there is a 
N 

decrease in absorbance at X after 11FF which also conclusively proves the removal 

of the non-encapsulated gold nanoparticles. However, the peak observed at 519 nrn 

aller puriuication is a distinct but mild peak indicating that few number of gold 

nanoparticles are encapsulated within the polyniersorne. 
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Figure 16: Absorbance vs. Wavelength for SPOI blank polymersorne, SPOI after LIFE. SPOI before 
i-IFF and blank AuNP obtained using UV-vis speetroscopy 

L.pon performing HFF of the sample SP02 and its subsequent 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 ease of 

SPOI. Therefore, even though there might be some gold nanoparticles which are 

encapsulated within the polyinersomes, their number is so few that they do not show a 

distinct peak at 519 nni. I lenee, for later encapsulation experiments with the 30 nm 

and 60 rim gold nanoparticles, larger AuNP:13CP molar ratios were used. 

4.2.2 Encapsulation for 30 nin gold nanoparticles 

4.2.2.1 Dynamic light scattering results 

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 

before. 
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Table JO: DLS analysis of30 nm AuNP encapsulated 

Sample Id Final cone, of AuNP : Zavg. Diameter Polydispersity 
BCP(mg/mI) BCP molar ofpoiymersome index (PDI) 

ratio (nm)  

SP21 I 1:1 85.8 0.24 

5P23 I 5:1 73.8 0.33 

Blank I NA 115.7 0.16 

polyniersome 

Surprisingly, the DLS investigations revealed a decrease in the size of the gold 

nanoparticle encapsulated polymersomes in comparison to the size of the blank 

polvrnersome. Sample SP23 which had a higher gold nanoparlicle molar ratio showed 

a larger size reduction than sample SP2I with equirnolar gold nanoparticle 

concentration. 1-lowever, the polydispersity index of the encapsulated samples was 

higher than the blank polymersome similar to the trend observed for the 12 urn gold 

nanoparticle encapsulated polymersomes. A possible explanation lhr the seize 

reduction. might be that addition of gold nanopaflicles to the polymersome system 

causes possible disruptions in the polymersonic self-assembly process. Although, it 

might also be argued that why such a trend is not observed in case of the 12 nm gold 

nanopartieles. 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. Therefbrc, it may be postulated that the large size ol'the gold 

nanoparticles as in case of the 30 urn 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 

NI WCO. 11FF filtration could not be performed for the 30 nm AuNP encapsulated 

poly merso nics. Therfore, investigation by I.JV-vis would not have provided any real 

clue about the encapsulation efficiency of the gold nanoparticles by the 

polymersomes. Ilence. for conclusive evidence about the extent of AuNP 

incorporation within the polymersonies. Cryo-lEM analysis was performed for the 

samples. 

4.2.2.2 Cryo TEiM results 

The samples SP2I 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 S112 I had a AuNP:I3CP molar ratio of 1:1. The blue arrows in Fig ISa 

show the polymersonies. The bilaver membrane structure of the polymersomcs is 

clearly visible in this image. The two dark, opaque spheres are the 30 urn gold 

nanoparticles. The gold nanoparticle marked by the green arrow is completely 

encapsulated within the internal hydrophilic cavity of the polymersome. 

In fig. I Sb. the encircled region marked by red arrow shows an example of a gold 

iianoparticle partially engulléd by the polymersome membrane. In all the images, the 

number of the polymersornes far exceeds the number of the gold nanoparticles on the 

lEM 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 polyniersome membrane. 
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Figure 19: Cryo-TEM images of SP23- 30 am AuNP interacting with Polymersonie. a) shows An NP 
engulfed in polymersonie and 1,) shows An NP interacting with bilayer membrane of poiymersonie. 

Similarly 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 

are still vast number of polymersomes. The gold nanoparticles are however well 

dispersed within the sample and do not show any visible aggregation tendency. 

Moreover, 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 

I polymersomes. However, there are still many gold nanopartieles 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 

nanopartieles were added to the block copotymer solution at p11  4, with the 

assumption that it might improve encapsulation elliciency of the gold nanopartieles. 

Further investigations however revealed that 110 such improvement was observed. This 

might be because even at p11 4. there exists some level of pre-organisation in the 

niicellar structure which undergo re-organisation during self assembly at increased p1-I 

to !hrni polymersomes. Due to the large size of the gold nanopartieles with respect to 

the polyniersome membrane wall which has a thickness of about 13-1 8nm. 

encapsulation by diffusion through the membrane is not possible. 

4.2.3 Encapsulation Ihr 60 urn gold nanopartieles 

4.2.3.1 Dynamic light scattering results 

The hydrodynaniie diameter and polydispersity index of the 60 nm gold nanopartieles 

encapsulated polymersoine samples as well the blank polymersonie sample were 

measured by dynamic light scattering. 'l'lie parameters used during the analysis are 

already mentioned in section 3.6.1. 
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table II: ULS analysis oroo mu AuNP encapsulated polvmersomes 

Sample Id Final cone. of AuNP : Zavg. Diameter Polydispersity 
BCP(mg/mL) BCP molar of polymersome index (PDI) 

ratio (nm)  

SPSI I 5:1 92.7 0.24 

-- .51W I 1:1 101.3 - 0.21 

Blank I NA 132.3 0.14 

polymersome 

The hvdrodynamic diameter and the polydispersity index for (lie 60 mu AuNP samples 

followed the same trend as shown by the 30 nm AuNP samples. The size of the 

encapsulated 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. I lowever, 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 pohymersomes could also not be filtered by Hollow fibre filtration 

method due to unavailability of sufficiently larger pore sized membranes. 'l'herefbre, 

the samples were investigated by Cr o-TEM to determine if the encapsulation of the 

gold nanoparticles within the polymersomes was successful. 

4.2.3.2 Cryo ELM results 

The samples 5P51 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 

SP51 has higher AuNP:BCP molar ratio of 5:1 in contrast to the equimolar sample 

SF53. Fig. 21a of the sample SP51 shows a vast number of well-lbrmed bilayered 

polymersomes. 
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Figure 21: COo-TEM uticrograph oF sample Sf'S I. a) shows vast number or hilayered polmersotnes. 
h) shows partial engulFment of/ui-NP in bitayered membrane oipotymersonie. 

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

entrapment of the 60 nrn 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 instances 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 

encapsulated within the polymersome or even partially entrapped by the polymersome 

membrane. Therefore, in this case too we see that increasing the AuNP:I3CP 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. Moreover, the complete lack of complete internalisation of 

the 60 nm .AuNP in comparison to the 30 tim AuNP is also an important observation. 

This might be explained by the fact that the large size of the gold nanoparticle would 

create an entropieally 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 nanopartieles by in-situ addition during self-assembly is not a very ellicient 

process. Even though complete encapsulation within the polymersome might be 

difficult, partial engulfment or even gold nanoparticle interaction with the 

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



spccitic interactions to selectively guide the gold nanopartieks to the preferred 

location on the polymersome. The results lbr three such strategies mentioned in 

section 2.4, have been discussed in the Ibilowing sections. 

4.3 Gold nanopartieJe uptake by PEG - AuNP hybrid 

As discussed in section, the 60 nm AuNPs were modified with thiolated PEGs with 

dillèrent molecular weights and the effect of the ligand capping was investigated via 

UV-vis, ULS and TEM analysis. 

4.3.1 SurJhc.c modification of 60 nm AuNP with thiolated PE(;s 

4.3.1.1 LJV-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 

ligand concentration of 7x10 M. A mild shill in the plasmon resonance band as well 

as asorhance is seen after every titration step. fig. 23 which plots the wavelength 

corresponding to maximum absorhance (X x) against the solution concentration 

shows a plateau region indicating that the saturation of the available gold surface has 

been attained. A shill of 1.45 nm in plasinon resonance band of the gold nanopartieles 

was observed aller modification. 
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Figure 22: IJV-vis spcclra of 60 run AuNP suriäce modification with MeO-(PF(;)7-S}-1 
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Figure 24: of X,, against ligand cone. for MeO-(PEG)n-Sl I modified 60 nm AuNP 

MeO-(FEG)-SH was then used for surlàce modification experimenLs with the 60 nrfl  

gold nanoparticles. Fig. 23 which shows the Xflax plotted against the solution 

concentration again shows a plateau region indicating the achievement of gold 

nanoparticle surface saturation with the thiol ligand. However, a maximum plasmon 

resonance band sluil of 2.3 nrn is achieved at the end of the surface modification 

expericment. This larger shill in plasmon band is due to the fact that the MeO-(PEG)-

SI-I ligand has a much longer PEG chain than McO-(PEG)y-SI-I ligand. Therefore, if 



even though both the ligands are covalently connected to gold by thiol linkage, the 

MeO-(PEG)-Sl-1 ligand has a larger interaction with the nanoparticle owing to the 

longer PEG chain. 

4.3.1.2 Dynamic 1 ight Scattering results 

After allowing the samples to equilibrate overnight, the PEGylatcd 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 polydispersity 

index. 

Table 12: DLS analysis of I'EGylated 601)1)1 gold nanopariicics 

Sample Id Hvdrodynamie diameter (nm) Polydispersity index 

Blank 60 nm AuNP 63.6 0.38 

MeO-(PEG)7-SII 

modified AuNP 

71.8 0.31 

MeO-(PEG)-SH 

modified AuNP 

80.4 0.28 

As expected, there is a consistent but small increase in the size oithe ligand modified 

gold nanoparticles with respect to the blank 60 nrn AuNPs. Moreover, the MeO-

(PEG)0-SII modified AuNP has a larger hydrodynamic diameter than the McO-

(PE(i)7-SH modilied 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 nanopartiele has. Hence, MeO-(l F.Ci),rSII modified AuNP is 

more solvated than the ?vlco-(l EG)7-SH modified AuNP. Consequently it has a larger 

hydrodynamic diameter. 

4.3.1.3 IFM Analysis 

It has already been discussed that grafting oIPEG chains onto the gold nanoparticles 

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

Fj 
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stcric repulsion and reduce the aggregation tendency of gold nanoparticles. To 

iscer(ain if the such behavior is shown for our samples, 1CM analysis was performed 

for the ligand modified gold nanoparticles and also the blank 60 urn AuNPs Rn 

comparison. 
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/ 
Fig. 25 shows (lie TEM micrograph of the blank 60 nm gold nanoparticles after 

sonication for 5 nunutes. Fig. 26a and fig. 26b are UM micrographs of McO-(PECi)- 



SH modified AuNP and MeO-(PLi(;)-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 after 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 

hg. 26a we see gold nanoparticles which are widely spaced apart from each other and 

unilormly dispersed throughout. Iherelore. it can concluded that as the PEG chain 

length or molecular weight increases, the sterie repulsion between the chains is larger, 

leading to greater stability of the grafted gold nanoparticles. Thereibre. after taking 

into account the DLS. IJV-vis and TEM investigations, it was concluded that the 

MeO-(PE(;)11-SH ligand would he used for surlhce modification of the AuNPs. 

Moreover, the presence of longer PEG chains would also increase the chances of inter-

chain digitations between the PEG chains grafted on the AuNP and the PEG chains of 

the polymersomc. to form a PEG-AuNP hybrid system. 

4.3.2 Gold nanopartiele uptake by PEG-AuNP hybrid 

4.3.2.1 IJV-vis spectroscopy results 

The MeO-(PEG),,Sll modified AuNPs were utilised for the investigation of possible 

PEC-AuNP hybrid structures. In sample SP63, the modified AuNPs were added 

durmg polymersome formation, whereas in sample SP76, the modified AuNPs were 

added to preformed polymcrsomes. UV-vis analysis was performed for both the 

samples along with the blank polymersome sample to compare fhr possible plasmon 

band shift of the gold nanoparticles, due to aggregation induced by PEG-AuNP 

hybrid. 

/ 
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Figure 27: LJV-vis spectra ofplasinon shift due to PECJ-ALINP hybTid 

Fig. 27 shows the UV-vis spectra of the samples in the spectral range of 400-650 rim. 

The shift in the plasmon hand 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 sec a negative shiftin 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 shift 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 ease may be due to the presence ofpolymersomes. Since, tJ\'-vis results 

do not provide its with it solid reason for the plasmon shifts, the samples were the 

analysed by Dl.S to cheek for any size increase induced by aggregation. 

I able 13: UV-vis analysis aiplasinon shifl due to PEC)-AuNP hybrid 

Sample Id Mode of surface modified AuNP X, Shift in Xflu\: 

addition to polymersome (nm) (nut) 

MeO-(PEG),rSI I 

modified 60 nm NA 535.2 NA 

AuNP 

5P63 During self-assembly 532.2 -3 

SP76 Preformed polymcrsome 530 -5.2 



4.3.2.2 Dynamic Light Scattering Results 

The samples 51163, 8P76 as well as the blank polyrnersomes were analysed by 

dynamic light scattering to investigate the fbrmation 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 ofthe samples. 
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ligure 28: Intensity averaged diameter plot for AuNP PEG hybrid obtained using INS 

Table l'l: ULS analysis &r PEG-AuNP hybrid 

Sample Id Mode olsurlitce modified AuNP 

addition to polymersonie 

Hydrodynamic 

diameter (nm) 

128.2 

Polydispersity 

index 

Blank 

polyniersome 

NA 0.19 

SP63 During self assembly 89.6 0.26 

SP76 Preformed polymcrsornc 99.5 0.32 

Flic S1163 sample has a hydrodynamic diameter smaller than that of the blank 

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

the gold nanopanicles. However, surprisingly, even the sample 81176 where the 

modilied gold nanopartieles are added post polyniersome 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 polyrnersome self-assembly by gold 

nanoparticle addition. I lie only possible explanation for this reduction in size might 

that the inter chain dighations 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 Cryo I'EM results 

Fig. 29 shows the Cryo-1FM image of the sample SPG3 where the PEG modified 

AuNPs were added in-situ during polymersome sel Itassembly. 

The dark spheres marked by blue arrows show the location of the gold nanoparticles 

on the Cryo-iEM 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 

ihere existed any interaction of the gold nanoparticles with the polymersome 

periphery, which might have been the result of PEG chain entanglements. Neither was 

(here 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 unsuccessful. A possible 

explanation mr this might be that the critical nucellar concentration required for such 

interchain digitation induced hybrid lhrmation. has not been achieved yet. 

Similar Cryo-TEM analysis for the sample SP76 could not be perfbrmed due to lack of 

time. But coupled with the negative plasmon resonance shill by UV-vis analysis, size 

reduction by DLS investigation and the lack of PEG interchain digitation observed in 

Cryo-lEM fbr S1163, it might not be too wrong to assume a similar fine for sample 

SP76. hence, investigation of gold nanoparticle uptake using a stronger 

supramolceular interaction is required. For this pupose, the threading interaction 

induced inclusion complex between 3-eyelodextrin cavities and PEG chains was 

investigated as the next step. 
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Figure 29: Cryo-TEM micrograph olsample SP63 

4.4 Threading interaction between BCD-PEG 

As explained in section 3.4, in this approach the surface of the 60 nm gold 

nanoparticles was first with the two amine-functionalised li-cyclodextrin ligands, 

CdexBo13 and CdexBO53. The surface modification experiments were monitored by 

uv-vis spectroscopy alter every ligand titration step. 

4.4.1 Surtbce modification of 60 inn AuNP with I3-cyelodextrin hgands 

4.4.1.1 UV-vis spectroscopy results 

Fig. 30 shows the UV spectra of the 60 tim gold nanoparticles during the surface 

modification experiment with the 6-Monodeoxy-6-monoamino-f3-cyclodextrin 

[CDexR013J ligand. 

rj 
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Figure 30: UV-vis spectra o160 nrn AnNE' surface inodiflcazion with CDexBOl3 

A shift in the plasmon resonance band as Nvell as asorbance was noticed after the first 

titration itsell and the gold nanoparticle solution changed its colour lorm reddish 

P. brown to blue. 'l'liis in itself indicated a strong shift in the resonance band which can 

also seen in fig. 3 I which plots the wavelength corresponding to maximum absorbance 

(Xnia) against the solution concentration. The gold nanoparticle surfitce was saturated 

at a concentration lower (3x104  M) than the calculated theoretical value(3.3x1O 5  M). 

This can also he observed in the Fig. 31 where the Xmax  attains a maximum value and 

then flattens into a plateau region finally ending with a dip in the resonance 

wavelength. At 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 fi-cyclodextrin ligand with the gold nanoparticles. 

Similar surface modification experiments were perlbrmed with the mono amino 

substituted heptakis-(6-arnino-6-deoxy)--cyclodcxtrin [CDexB0531. Due to the 

presence of a single amino group to bind covalcntly with the gold surthce, a weaker 

plasnion shift was observed. Moreover, there was still an increase in the plasmon 

resonance band beyond the calculated saturation concentration (2.2x10 M). This 

indicated that the complete saturation of the available gold surface had not yet been 
I 

achieved. Finally, surface modification of the gold nanoparticles with a final ligand 
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LV-vis spectra of the modified gold nanoparticle solution was measured after 

overnight equilibration. But no additional plasmon shift was obuatned. however 

suprisingly. the CdexB0l3 modified gold nanoparticles had Ibrined large aggregates 

and had precipitated out of the suspension. Dynamic light scattering was employed to 

investigate the site change in gold nanoparticles caused by surface modification. 

4.4.1.2 Dynamic Light Scattering results 

The gold nanoparticles modified by both CdcxlI0l3 and CdexB053 igands as well as 

the blank 60 urn gold nanoparticles were investigated by Dynamic light scattering with 

parameters as described in section 3.6.1. 

table 17: I)LS analysis 0fj3-cyclodextrin niodiried 60 nrn gold nanoparticles 

Sample Hydrodynamic diameter (run) PDI 

(1)cxl0 13 modified 60 run AuNP 408.6 0.76 

CDcxH053 modified 60 nm AuNP 67.8 0.41 

60 urn AuNP 63.6 0.38 

It is evident from the DLS investigations that the gold nanoparticles afier modification 

with the Cdexl3013 ligand, that is, the f3-cyclodextrin filly substituted with amino 

groups. causes the gold nanoparticles to form large aggregate which then settle down 

by precipitating from (lie suspension. Flic Ibrination of large clusters was also the 

reason belund the strong shill in the plasmon resonance band observed during UV-vis 

investigations. Since, the stability of these gold nanoparticles was compromised, the 

cdexl3ol3 ligand was deemed unsuitable and the mono substituted CdexB053 ligand 

was used Ibr Iiirther surface modification experiments. 

4.4.2 Gold nanopartiele uptake by threading interaction between I3CD-PF.( 

4.4.2.1 UV-vis spectroseopic results 

The 13CD modified gold nanoparticles were added during polymersome self-assembly 

for preparation of sample SP62 and in case of sample SP75, they were interacted with 

preformed polyniersomes. IJV-vis analysis was performed for these samples to check 



for shift in plasmon resonance band oithe gold nanoparticle due to possible Ibrrnation 

of threading interaction induced inclusion complexes. Fig. 13 shows the UV-vis 

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

table 16. 
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Figure 33: UV-vis spectra of }3C1) functionalized AuNP- PEG lhrcading interaction 

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

Sample Id Mode of IJCD-AuNP addition to 

polymersome 

X 13  

(nm) 

it in Xni (nm) 

[JCD rnodifled 

60 tim AuNP NA 533 NA 

- SP62 During self-assembly 524.7 -8.3 

SF75 Preformed polymersome 537 4 

For sample SF62 a negative shift in plasmon resonance is observed whereas in case of 

sample SP75, a positive shift or red shift in plasnion band is observed. As (liseussed 

previously, a negative shift in plasmon band most probably means a weakly 

interacting system or ahsenee of interactions involvhig ligand on the gold nanoparticle 

surface. But to eliminate either of the explanations, DI.S and Cryo-TEM analysis is 

required. 



Surprisingly for the flrst time, a positive shift in plasmon resonance is obtained in 

sample 5P75. 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 13C1) modified AuNPs is around 

68 nm from the DLS in vest igat ions which shows that there is no possibility of 

aggregation due to surUice modification. Moreover, previous Cryo-'l'E.M 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 thereibre left with the other alternative 

involving the possibility of aggregation induced by threading interactions involving 

the 3CD that is grauled on the AuNP surface and the PEG chains on the polyniersome 

surface, which causes the positive shift in the plasmon resonance band for sample 

5P75. 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 5P62, SP75 along with the blank polyniersome samples were analysed 

by dynamic light scattering using parameters described in section 3.6.1. Fig. 34 shows 

the intensity plot versus the hydrodynamic diameter of the measured samples. The 

hydrodynaniic 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 tim AuNP incorporation in polymersomes, we have seen a size 

reduction in case of the AuNP encapsulated polyinersomes. However, this set of DLS 

results is the first such instance of all 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 f3CD 

modified AuNPs have been added in-situ (luring polymersorne 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. 
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Figure 34: Intensity averaged diameter plot for host-guest complexation polyniersonie samples 

Table 17: OLS analysis for host-guest complexatiori polmersomes 

Sample Id Mode oI13CD-AuNl' addition Ilydrodynainic Polydispersity 

to polymersorne diameter index 

(nm) 

Blank - 128.2 0.19 

polyniersome 

SP62 During sellassembiy 130.7 0.23 

SP75 - Preformed polymersonie 286 0.39 

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 speerns is 

more than twice that of the regular blank polyniersomes. In addition to the strong red 

shill 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 13C1) cavity. 

4.4.2.3 Cryo 1'EM results 



/ 

Fig. 35 shows the Cryo-TEM image of the sample SF62 where the 13CD modified 

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

Figure 35: Cryo-TEM inicrogiaph oFSI'62 for threading interactions 

The dark spheres in the image are the 60 nm gold nanoparticles. located on the TILM 

grid. The polymersomes are visible along with (heir membrane structure. As can be 

seen there are a large number of polyrnersornes throughout the grid. By comparison, 

there are only a iëw gold nanoparticles which are dispersed unilbrmly except br the 

encircled region. We see a seeming aggregation of gold nanoparticles which are 

although spaced a little apart from each other. Since, there are a large number of '  

polymersomes, it is difficult to distinguish individual eases of interaction ol a single 

gold nanoparticle with the surrounding polymersomes. however, the arrangement of 

the gold nanoparticics is quite similar to the expected theoretical model for threading 

interaction. Thereibre, in absence of positive evidence of AuNP-PISG chain 

interaction, we can only postulate that there is some positive influence due to addition 

of [CD modified AuNP which balances the possible detrimental effect of the in-situ 

gold nanoparticle incorporation on polymersome sell-assembly. 

Due to insufficient time, the ('ryo-TF.M analysis of sample 5P75 could not be 

perlorrued. But keeping in mind the UV-vis and DLS results it is hypothesised that the 

[CD forms a dimeric inclusion complex in this ease as depicted in fig. 36b, which 

explains its large size. 
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Figure 36: Schematic diagram for tbrmauon of a) 1:1 inclusion complex between PEG and PCD b) 
dimeric(2:1) inclusion complex between PEG and OCID 

For the sample SF62, a similar inclusion complex of DCD is proposed with a single 

polyrnersome to account I hr its more moderate size dimension. However, I irther 

experiments need to he perlormed 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 nanopartiele uptake in 

polymersomes even with a weak inclusion complex system such as PE.G-3CD. 

Therefore to proceed ftirther in this direction, the last strategy for gold nanoparticle 

uptake in polymersome, involved the strong host-guest compkxation behaviour 

shown by Adamantane and JiCD. 

4.5 Gold nanoparticles uptake using host guest chemistry 

As explained in section 3.4.3. 1iCD modified .AuNPs were used br host guest 

interaction with unflinctional BC? and Ada-I3CP. Detailed analysis of the JiCD 

modilied AuNPs has already been provided in the previous section. Thereibre, we 

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

/ 



4.5.1 UV-vis spectroseopic results 

The samples 5P72, SP73 and SP74 which were prepared by adding the J3CD modified 

AuNPs to prefhrmed Ada-polyrnersomes and the sample S116 I prepared by in-situ 

addition of modified AuNP during polymersome lbrmation were analysed by UV-vis 

spectroseopv to check for possible shift in the plasmon resonance band of the gold 

nanopartieles (tue to host-guest interactions. 
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Figure 37: UV-vis spectra of plasmon shift due to host-guest comptexation 

Table 18: LJV-vis analysis of ptasnion shift due to host-guest complexation 

Sample Id iJCD:Ada 

molar ratio 

Mode OJ[3CD-AuNP____  

addition to polymersome 

Ilnux  

(nrn) 

Shift in 

(nrn) 

13CD modified 60 

run AuNP 

- - 533 - 

SPoI 3:1 During self-assembly 526 -7 

SP72 1:1 Preformed polymcrsome 529.5 -3.5 

5P73 2:1 Preformed polyniersome 536.8 3.8 

SP74 3:1 Preformed polymersome 539.8 6.8 

It can noted from fig. 37 that there is a clear decrease in the absorbance at A11 along 

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



more pronounced with an increase in PCD content. The table IS shows the shift in the 

plasmon band observed in case of each of the samples. 

In the samples when J3C1) modified AuNP is added to preformed Ada-polymersonies, 

it is seen that for a 1:1 I3CD:Ada molar ratio, there is a negative plasmon shift or a 

blue shift(shiil to shorter wavelengths). But as the JJCD:Ada molar ratio increases a 

positive shift or red shift is noticed in the plasmon resonance band. An increased 

amount ol f3CD causes stronger shift in the plasmon band. Moreover, in the case of 

in-situ addition of I3CD 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 nanopartieles to form 

larger particles or due to the ellect of possible interactions on the interface ol the gold 

nanoparticles which cause aegregation. We have already seen that the size of the 

IJCI) modified AuNPs is around 68 nrn from the DLS investigations which shows that 

there is no possibility of aggregation due to surlace modification. Moreover, previous 

Cryo-TFM analysis images show that the gold nanoparticles concentration in the 

polmersome samples is already quite low and that the nanoparticles are uniformly 

dispersed. These observations therelore 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 surthce. which causes the positive shift in the plasmon resonance 

band for samples SP73 and SP74. 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. lherefore, 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 8P61 and SP72, the negative shift or blue shift it 

cannot be said that there is an absence of host-guest interaction. II has been reported 

that in certain eases 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 eases. hence, DIS investigations were perlormed to 

determine the size distributions of the samples. 

I 
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4.5.2 Dynamic i.ight 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: Intenshy averaged diameter plot for host-guest complexation polyniersome samples 

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

is provided in table 19. 

In all our previous I)LS investigations of 60 nm AuNP incorporation in 

polvmersomes, we have seen a size reduction in ease of the AuNP encapsulated 

polymersomes. However, in this ease. all the samples including sample SP61, where 

the JJCD modified AuNP is added during the self-assembly process of the 

polymersomes, show a significant increase in size. This result most defrnitely points a 

positive iniluence or interaction even during the self-assembly process which 

encourages the AuNP to stay in the vicinity of the polymersome in spite ofour earlier 

postulation that AuNP addition harms self assembly process. A similar trend relating 

to increased size is observed in all the samples SF72, SP73 and SP74. Moreover, 

there is clear increase in size of the polymersomes with an increase in the I3CD:Ada 

molar ratio. Therefbre, it might be said that there is a formation of host-guest 

complexes between I3CD grafted on AuNP and Adamantane moieties on the 

polyniersome periphery. This means that there is an uptake of gold nanopartieles by 

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



complexes. Additionally an increase in the I3CD amounts leads to increasing host-

guest complexation and hence, even bigger AuNP-polymersome structures. 

Moreover, an increase in the polydispersity index was also observed in all the cases 

when compared to the blank Ada-polymersome. 

Table 19: DLS analysis for ho - uuLst coniptexation polymersontes 

Sample Id f3CD:Ada Mode ofCD- Hydrodynamie Polydispersity 

molar ratio AuNP addition diameter index 

to polymersome (nm) 

Blank Ada- NA NA 102.4 0.19 

polymersome 

SF61 3:1 During self- 143.5 0.20 

assembly 

178.3 0.31 SF72 1:1 Preformed 

polymersoinc 

SP73 2:1 Prelormed 204.5 — 0.44 
polymersome 

5P74 3:] Preformed 248.8 0.40 
polvmersornc 

4.5.3 Cryo-TEM results 

For conclusive evidence of gold nanoparticle uptake in polymersomes by host-guest 
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As can he seen in fig. 39a, the encircled regions are ol' interest to investigate the 

uptake of gold nanoparticles by the polymersornes. The red arrows point to the gold 

nanoparticles which can he seen is having clear interactions with the polvniersome 

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

polymersomes. 
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Figure 40 a) & b) C'ryo-TEM rnicrograpli oISP6I lbr host-guest complexalion 

Similarly, Fig. $9b shows a single AuNP interacting with the periphery ofa number of 

polymersornes. which form a cluster around it. Likewise, in fig. 40a the encircled 

regions show further instances ofAuNP-polymersomc peripheral interaction. 

Fig. 40b is also interesting because the gold nanoparticle marked with a green arrow 

looks to he encapsulated within the interior cavity of the polymersorne. This is 

possibly the sole instance where we have noticed complete engulfment of a 60 nm 

gold nanoparticic within a polymersorne. In the same figure, we also see other gold 

nanoparticles which are marked in red interacting with the polymersome periphery. 

Such instances ol AuNP-polymersome aggregation had not been noticed in any of the 

previous Cryo-TWvI analyses lbr the 60 nm AuNPs, where we had rare examples of 

interaction between a single gold nanopartiele with a single polymersome. Therefore, 

from the above images, it can he conclusively stated that there is a marked interaction 

between the gold nanoparticles and the outer shell of the polymersomes. This 

interaction can now be positively attributed to the host-gicst complexation between 

The 13C'D grafted onto the gold nanoparticle and the Adarnantanc moieties that are 

exposed on the outer shell of the polymersonie structure. 



Keeping in mind the negative plasmon 511111 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 suceessiuil 

uptake of the gold nanoparticles by the polymersomes due to host-guest complexation. 

I lence. it would be logical to expect even better host-guest complexation induced 

aggregation between AuNPs and polymersonies for the other saniplc., that is, SP72, 

SP73 and SP74. These samples have already shown better plasmon band shills in UV-

Vis investigation and larger sized polyniersome entities in DLS charaeterisation. 

Moreover, these samples have the added advantage that the modified AuNPs have 

been added to pre-formed polymersornes. Thereibre, the chance of detrimental etièct 

to polymersome sell-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. 



S Conclusion 
-'I 

Encapsulation of small sized (1-10 nrn) gold nanoparticles in polymersomcs had 

already 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 lbr bio-rnedical 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 polvrncrsomes with hydrodynamic diameter ranging from 110-140 nm 

were used to perform these encapsulation studies. 

For initial investigations relating to the encapsulation ofpre-forined gold nanoparticles 

within p1-1 responsive polymersomes, 12 nm gold nanoparticles were employed. An in-

situ or direct encapsulation protocol was designed wherein the gold nanoparticles were 

introduced into the block polymer solution at pH 5, followed by subsequent p1-I 

increase to aid in self-assembly of polymersomes. Although this direct encapsulation 

method was successful in the ease of 12 nni AuNP, similar experiments with the 30 

nni and 60 im 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 engulIiiient by the polymersome. Moreover, with an 

increase in the AuNP:RCP nmlar 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 polyrnersome by partial 

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



important fhctor 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 polynicrsonies. Much 

is still not understood about the nanoparticle incorporation mechanism in 

polyniersomes along with the self-assembly process governing polymersonie 

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 flrst strategy in this 

direction was investigating the formation of PEG-AuNP hybrid caused by inter chain 

digitations between PECiylated AuNP and PEG chains on polymersonies. Modified 

AuNPs were added both in-situ and also to prc-formcd polymersomes. But. 

subscquent investigations by DLS. UV-vis and Cryo-TEM revealed that the formation 

of the proposed hybrid was unsuccessful. 'Ibis might be because the critical micellar 

concentration required for this structure has not been attained yet even though the gold 

nanoparticle surfbcc had been completely saturated with PEG ligands. 

Therefore, supramolecular chemistry of threading interactions between PEG chains of 

the polymersome and the cavity of 13-Cyclodextrin grafted 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 polymersonies, although there was 

a size increase in DLS analysis, Cryo-TEM could not positively conlirm the formation 

of an inclusion complex. However, signiFicant size increase in DLS and a strong red 

shifi in plasnion hand by UV-vis analysis for pre-formed polymersornes show 

promising results prompting the possibility of a formation of a postulated dimcric 

complex. Cryo-TFM analysis 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 1-
Cyc1odextrin was utiliscd for selective uptake of the gold nanopartieles by 

polyniersomes. By thr, the results of this strategy have been the most encouraging. 

Size increase was observed in DLS analysis of both the in-situ and pie-formed 

polymersome samples. Moreover, increased J3-CD:Ada molar ratio showed a 

concurrent trend of increased hydrodynamic diameter. UV-vis analysis also showed 

first a blue shift and then an increasing red shill in plasmon band Ibrther solidified the 



possibility of host-guest interactions. Finally, Cryo-TEM analysis of the in-situ 

polymersomc-AuNP sample, revealed the first instance of a 60 tim AuNP completely 

encapsulated within the hydrophilic internal cavity of the polymersorne. 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 polvmersorne surtäce and 

the gold nanopartiele. Thereibre, host-guest complexation hduced 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, stibsequent investigations can now be undertaken to 

niodiry this system for suitable bio-medical applications. 
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