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Abstract

It has been over a  decade since evidence w as adduced for the enhanced translocation 

o f  nanoparticles through Peyer’s patches o f  the gut associated lym phoid tissue. In  the 

search fo r a  biodegradable drug carrier w ith enhanced translocation from  the gut, 

dendrim ers o f  2-7nm  diam eter and lipidic ex terior w ere studied. These lipophillic  

dendrim ers, synthesised using Fm oc solid  phase peptide techniques, were 

characterised using m ass spectrom etry, N M R , IIPL C , m olecular m odelling and 

m onolayer form ation. The dendrim ers proved to be poorly  soluble o r insoluble in 

aqueous m edia and the opportunity  was taken to form ulate the dendrim ers as 

nanoparticles by precipitation from  solution in dichlorom ethane. The effect o f  

concentration and surfactant on the diam eter and stability o f  dendrim er-derived 

nanoparticles form ed from  tw o short hom ologous series o f  dendrim ers - one  5th 

generation and one 6th generation series and w ith  surface C 4 , C 1 0  o r  C 12 g roups - was 

investigated w ith photon correlation spectroscopy. U sing pyrene (excitation 340nm ) 

as a  hydrophobic fluorescent probe, by m easuring zeta potential and  by studying the 

dendrim er at the air/w ater interface the packing o f  dendrim er-derived nanoparticles 

w as assessed. C om bined they m ade the basis for som e calcu lations fo r the packing o f  

dendrim er-derived nanoparticles. C alculations suggested a concentration  and  lipidic 

chain length dependent effect on packing density  resulting  in variab le  com pact form s 

w ith hydrophobic interiors. The aggregates, derived from  the 5th generation 

dendrim ers w ith C 10 or C 12 surface lipidic chains, w ere studied in  purified  intestinal 

and stom ach fluid, in w hich physical stability w as assessed. Further aggregation o f  

the dendrim er-aggregates occurs, m ore predom inant in stom ach flu id , because o f  an 

effect o f  pH  and presence o f  salts, proteins and enzym es. Furtherm ore the dendrim er 

cytotoxicity  w as assessed in vitro  using C aco-2 cells and red b lood  cells and  m ade 

the foundation o f  the oral biodistribution study in  anim als using  a  radiolabelled 

dendrim er. The biodistribution w as com bined w ith  histology to  evaluate the uptake 

o f  the orally  adm inistered dendrim er. The study dem onstrates tha t surface 

hydrophobicity , flexibility  and concentration o f  the dendrim ers, determ ines the  size 

o f  the nanoparticles and their targeting  to Peyer’s patches and eventual translocation 

to the  system ic circulation.
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Chapter one

Introduction

D endrim ers are th ree dim ensional hyper-branched m acrom olecules (T om alia 1990) 

w ith  great potential as carriers because their surface properties can be m odified to 

m eet a variety o f  design criteria. Even though m any structurally  different dendrim ers 

have been synthesised, the full potential o f  dendrim ers has yet to  be realised. Som e 

dendrim ers can self-assem ble. I f  dendrim ers are to  be used as delivery system s, it  is 

im portant to understand the nature o f  self-assem bly and controlled  aggregation with 

and w ithout encapsulated  drug. It has been well docum ented tha t physical 

characteristics including size and surface natu re  affect nano- and  m icro-particulate 

translocation in vivo (Florence 1997). Even though  it has now  been  several decades 

since the first provided evidence o f  translocation o f  po lystyrene nanoparticles (<  1 

pm ) through the Peyer’s patches o f  the gut associated lym phoid tissue (GALT) 

(LeFevre et al. 1978a,b, 1980; Jani et al. 1989; LeFevre et al. 1989; E ldridge et al. 

1990; Jani et al. 1990, 1992 a,b; Rolland 1993), it has created m uch debate and the 

evidence has been difficult for som e to accept. It is now  generally  accepted that
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nanoparticles (<  1 pm ) are taken up by  the P eyer’s patches (PP) o f  the gut associated 

lym phoid tissue (G A LT) but the search for an optim al size and a biodegradable 

carrier w hich is translocated in sufficient am ounts is still on going. In  th is thesis the 

properties, characterisation and ultim ately the oral uptake o f  lipidic dendrim ers 

aggregated into nanoparticles will be assessed.

1.1 G e n e r a l  in tr o d u c t io n

N anoparticle  uptake from  the gut has been suggested to be im portant as an  additional 

route o f  entry to the system ic circulation (H ussain et al. 2001). Potential applications 

include vaccine delivery, gene delivery and drug delivery, although the true  potential 

o f  these applications depends on the progress in understanding particulate uptake 

from  the gastrointestinal (G I) tract.

V arious routes for m ucosal delivery are  being researched. The oral route o f  delivery 

is the m ost attractive and acceptable, but it is also th e  m ost challenging. In addition 

to  oral delivery, intranasal delivery is also attractive w hereas alternative routes, 

w hich m ight be successfully  exploited  in certain  circum stances, include pulm onary 

inhalation, rectal and ocu lar delivery (O ’Hagan 1998).

N anoparticle/m icrospheres/nanocapsules can p ro tect encapsulated  labile m aterials 

against proteolytic enzym es, stom ach acid  (N orris et al. 1998) and nuclease 

degradation (D em aneche et al. 2001). Even surface adsorption onto  nanoparticles has 

been show n to protect adsorbed m olecules against degradation. Particulates m ay be 

taken up albeit in sm all quantities by the Peyer’s patches o f  the gut associated 

lym phoid tissue to  induce an  im m une response o r reach the system ic circulation.
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1 .2  T h e  m u c o s a l  s y s te m

The bulk o f  lym phoid tissue that is found in association w ith  m ucosal surfaces is 

called the m ucosal-associated lym phoid tissue (M A LT). The m ucosal surface area is 

~400m 2, and is the site  o f  first encounter o f  im m une cells w ith  antigens en tering  via 

m ucosal surfaces. Thus the lym phoid tissues are associated w ith  surfaces lining the 

intestinal tract (gut-associated lym phoid tissue, o r G A LT), the respiratory  tract 

(bronchus-associated lym phoid tissue, o r BA LT, w hich  also includes the nasal- 

associated lym phoid tissue, o r N A L T ) and  the genitourinary trac t (R oitt et al. 2000).

The epithelial surface covering the m ucosal lym phoid tissue is nam ed the follicle- 

associated  epithelium  (FA E). T his epithelium  contains m em branous epithelial (M) 

cells that are specialized for endocytosis/transcytosis o f  antigens and m icroorganism s 

to  the organized lym phoid tissue w ithin the m ucosa (Y eh et al. 1998). A fter entering 

into the M ALT, the antigens are rapidly internalised and processed by antigen 

presenting cells (A PC ), such as subepithelial dendritic cells and m acrophages, and 

presented to  B and T cells located in the M ALT. E xploiting these m echanism s, it has 

also been suggested, that colloidal carriers can be absorbed by w ay o f  gut associated 

lym phoid tissue (LeFevre et al. 1978a,b, 1980; Jani et al. 1989; LeFevre et al. 1989; 

E ldridge et al. 1990; Jani et al. 1990, 1992 a,b; R olland 1993; H illery et al. 1994; 

Sakthivel et al. 1999; F lorence et al. 2000).

1.2.1 G ut-associated  lym phoid  tissue

M ore than  50%  o f  the body ’s lym phoid tissues are  found associated w ith the m ucosal 

system , especially  the GALT. A natom ically , the G A LT consists o f  the P eyer’s 

patches, the appendix, and the solitary lym ph nodes in the gastrointestinal tract. The
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Peyer’s patches are  found in the low er ileum . T he in testinal ep ithelium  overly ing  the 

P eyer’s  patches has been nam ed fo llic le-associated  ep ithelium , specia lized  to  allow  

the transport o f  pathogens into the  lym phoid  tissue. This p articu lar function is carried 

o u t by epithelial cells ca lled  M -cells (m em branous epithelia l ce ils), w hich  contains 

d eep  invaginations o f  the  basolateral p lasm a m em brane w hich  form  pockets 

con ta in ing  B and T  lym phocytes, dendritic  ce lls  and m acrophages (F igure  1.1). 

T here  a re  few  defensin  and  lysozym e producing  P aneth  ce lls  in the FAE (G iannasca 

e t al. 1994) and low  levels o f  m em b ran e-asso c ia ted  d igestive hydro lases (B halla and 

O w en. 1983). T hese charac teristics tend to  encourage local contact o f  intact antigens 

and  pathogens w ith the FA E  surface.

O nce in the  secondary  lym phoid  tissue, the lym phocytes m ove to  o th er lym phoid 

organs v ia  the blood and lym ph (F igu re  1.2).

Figure 1.1. Endocytosed antigens are passed via intra-epithelial pockets into the 
subepithelial tissue (Roitt et al. 2000).

e n ta r o c y te B a n d  I  ly m p h o c y te s

d e n d r i t ic  ce ll
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Payer's p a tc h e s , bronchi 
a n d  o th e r  m u c o sa l s ite s

th o ra c ic  d u c t

Figure 1.2. Lymphoid cells which are stimulated by antigen in Peyer’s patches (or the 
bronchi or other mucosal sites) migrate via the regional lymph nodes and the thoracic duct 
into the blood stream. Therefore lymphocytes stimulated at one mucosal site can be 
distributed throughout the MALT system (Taken from Roitt et al. 2000).

1.3 P a r t icu la te  u p ta k e

T he ab ility  o f  in tact m icropartic les and  nanopartic les to be absorbed  th rough  the  gu t 

wall have been d ifficu lt to accept, even though the top ic  has a  history o f  at least a 

cen tu ry  (F lo rence 1997). In a  rev iew  in 1997, F lo rence suggested  that the oral 

absorp tion  o f  m icropartic les and  nanoparticles w as neither exceptional nor unusual, 

and  to d ay  it is generally  accep ted  that nano-partic les below  ab o u t 1 pm  in d iam eter 

are taken  up  by the gut wall although  in sm all am ounts. In th is section , particu la te  

delivery  afte r oral adm in istra tion  is rev iew ed, s tarting  from  the  buccal cav ity  and 

through to  the system ic circu lation . Physical stab ility  o f  collo idal carriers and  

m ethods to  protect particu la tes from  degradation  in the  buccal cav ity , s tom ach  and  in 

the in testine , w ill be discussed. T he in teraction , m ovem ent, size  and surface 

chem istry  o f  particu la tes for targeted  delivery  to  the M -cells o f  the P eyer’s  patches
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will also be reviewed. Peyer’s patches are  areas o f  intestinal epithelial lining, 

contain ing less m ucus on the apical surface while also having  low  level o f  hydrolase 

activity. T hese features provide a  possible route o f  entry for particulate delivery 

system s for drug, gene and vaccine delivery.

1.3.1 Factors affecting particulate uptake in the gastrointestinal tract

Prio r to transcytosis and translocation o f  particles in the intestine, several factors 

influence the m ovem ent, accessibility and interaction w ith the m ucus (Table 1.1).

Table 1.1. Factors p rio r to transcytosis and translocation

♦ Physical stability o f  carriers in the gut, bu t also in the buccal cavity 
and the stom ach

♦ Chem ical stability o f  carrier and drug

♦ T ransit tim e dow n the GI tract

♦ Residence tim e in regions o f  particle uptake

♦ Interaction w ith  the gut content, e.g. adsorbing m olecules

♦ Transport through m ucus

♦ A dhesion to  epithelial surfaces

♦ Stim ulus fo r cellular uptake

Taken from Florence and Hussain (2001).

In o rder to  form ulate a particulate delivery system , that will successfully target M- 

cell Peyer’s patches and internalise particles, it is im portant to  study the factors listed
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in Table 1.1. Particle stability in the gut depends on their interaction w ith the gut 

contents, which changes their physical nature, size and possibly surface 

characteristics, therefore affecting the interaction w ith  the Peyer’s patches and hence 

internalisation and m igration through Peyer’s patches.

Targeting o f  particulates has been under thorough investigation and will be discussed 

in section 1.3.4. Effective targeting is im portant, because it can result in increased 

adhesion to targeted tissue and hence affect factors such as transit tim e and residence 

tim e in the regions o f  uptake. H ow ever, effective targeting  can only be achieved if  

there is significant stability o f  the carrier in the buccal cavity, stom ach and the gut.

A nother process that affects particulate uptake is the turn over or renew al tim e o f  the 

FAE in the intestinal epithelium . The total epithelial lining is norm ally replaced 

every  3-4 days (Sm ith et al. 1980; B halla and O w en 1982) in studies w here repeated 

doses are given over a  period o f  tim e, the natural renew al o f  the FA E m ust be 

considered o f  im portance.

1.3.2 Stability  o f  particles in the buccal cavity

It is im portant to  note that after oral adm inistration it is the buccal cavity  that 

particulates first encounter, then the stom ach and the gut. Even though the contact 

w ith the buccal cavity  is brief, it m ay determ ine the subsequent fate o f  particles. 

M ost oral uptake studies bypass the buccal cavity  as particles are often  adm inistered 

directly  in to  the stom ach. The stability  in the buccal cavity, how ever, w ill be o f  

im portance i f  and w hen particles are given to hum an volunteers for delivery studies, 

m ost notably because salivary proteins and oral bacteria  binds to  hydrophilic and
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hydrophobic surfaces. Lassen et al. (1994) show ed that m aterials rendered 

hydrophobic by m ethyldisiloxane absorbed salivary constituents 25 tim es m ore than 

pegylated  surfaces. The exact m ode o f  interaction betw een particles or bacteria  with 

saliva and m ucus is still being studied. Enzym atic activity o f  peptidases, m ainly 

am inopeptidases (W alker et al. 2002, N ielsen and R assing 2000) but also 

carboxypeptidases (D outy et al. 1992), carboxypeptidase A  (N ielsen and Rassing, 

2000), dipeptidyl carboxypeptidases (Kashi and Lee, 1986), serine endopeptidase 

(Y am am oto et al. 1990) has been found. The enzym atic activ ity  in the buccal cavity 

is low  com pared to the gastrointestinal tract, and therefore buccal adm inistration 

could be o f  advantage for drugs and particles susceptible to  degradation. Because 

particles only  reside in the buccal cavity  no m ore than  5 to  10 m in after oral 

adm inistration, the effect o f  enzym es and the m ucosal lining is m inim ised. How ever, 

the stability in the buccal cavity  is a prerequisite i f  oral delivery and uptake is to be 

successful. W hether it is local o r intestinal delivery, it is an  area still to be addressed.

1.3.3 Stability  o f  particulates in the stom ach.

The harsh  environm ent in the stom ach provides another b ig challenge for particulate 

delivery. The low  pH  com bined w ith a high enzym atic activity , renders particles and 

pathogens susceptible to  degradation. It is the body’s first m ajor defence and a 

d ifficult one to  overcom e. How ever, m any dissolution studies have been conducted, 

and enteric coating o f  tablets w ith polym ers provides one o f  the m ost com m on ways 

to protect against the low  pH. A n alternative m ethod to  im prove pH  barriers and 

hence im prove oral bioavailability  o f  poorly w ater soluble drugs is form ation o f  pH 

sensitive polym eric m icelles (Sant et al. 2005). S e lf assem blies form ed from  pH  

sensitive  polym ers com posed o f  poly(ethylene glycol)-block-poly(alkyl acrylate-co-
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m ethacrylic acid) (PEG -b-P(A LA -co-M A A ), w ere nanoaggregates at pH  values 

below  4.7. A t pH  values above 4.7, the polym eric m icelles dissociated, explained by 

th e  ionisation o f  carboxylic groups present in the hydrophobic part o f  the copolym er 

chains. U sing this system  the assem bly w ould rem ain  intact at the low  pH  o f  the 

stom ach and  therefore prevent release o f  entrapped drug. A s the polym eric m icelles 

reach  the sm all intestine, they w ould dissociate as an effect o f  the high pH  (>5). This 

provides an in teresting concept for oral particulate delivery and if  adapted to  other 

aggregated  system s i.e. by incorporating structurally  sim ilar polym ers or functional 

groups, could increase particles stability. T he enzym atic degradation o f  these 

polym eric m icelles was no t studied. It, how ever, seem s to be o f  im portance as it 

could  influence results.

Enzym atic degradation o f  particles and drugs in gastric fluid has been studied. M ost 

com m only sim ulated gastric  fluid contain ing  pepsin (USP Pharmacopoeia). 

V enkatesan and V yas (2000) stabilised  liposom es m ade o f  egg phosphatidylcholine, 

cholesterol and phosphatidylethanolam ine in sim ulated gastric fluid, by coating them  

w ith  the polysaccharide o-palm itoylpulluan. Pepsin  digests peptide bonds (-CO-NH-) 

but as the liposom es described, do not contain  any peptide bonds, the obvious effect 

is therefore a  pH  effect. In vivo how ever, the gastric content w hich also contains bile 

salts renders liposom es susceptible to  d issolution and degradation in the  gastro

in testinal tract (O ’H agan 1994), and therefore also affects particulate stability. 

U tilising  system s containing bile  salts o r system s using purified gastric fluid (Singh 

et al. 2003) m ight provide m ore inform ation and hence help  im prove particulate 

delivery system s susceptib le fo r degradation.
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A nother interesting concept o f  protecting a  delivery system  is observed using 

hydrogels. Based on  n-alkyl m ethacryloylam ino esters o f  various chain lengths, 

acrylic acid, and acrylam ide crosslinked w ith  4,4-di(m ethacryloylam ino)azobenzene. 

The sw elling degree o f  the hydrogel in buffered pH  7.4, w as show n to  be very low  

com pared to the low  pH  o f  the stom ach (Y in et al. 2002). It w as show n that the 

degradation o f  the hydrogel, w as related to the degree o f  swelling. As the hydrogel 

sw ells the entrapped drug will be released.

These pH  sensitive system s are one w ay o f  overcom ing stability problem s in the 

stom ach, and hence targeting  the  gastro-intestinal tract. I f  particulates can be 

controlled  to behave in a sim ilar w ay to  pH sensitive system s, it m ay provide another 

in teresting concept in stabilising particulates against degradation in the stom ach. For 

particulates, besides the properties o f  the polym eric build ing block, stabilisation 

could  be provided by altering the density  o f  w hich the build ing block is packed 

together thus providing a resistance against degradation.

W hat is then the effect o f  particulates on  M -cells a fter en tering  the gut? In order to 

understand the concept o f  targeting and particulate uptake, it is im portant to try  to 

com prehend the nature o f  M -cells in  different anim al species and the factors 

influencing their differentiation.

1.3.4 T argetin g  particu lates to M -cells  in the gastrointestinal tract

The num ber, size and distribution o f  Peyer’s patches varies am ong species (Griebel 

and H ein, 1996). In rodents, approxim ately 5-10 P eyer’s patches are found fairly 

evenly d istributed in the in testine (A be et al. 1977). In rabbits, Peyer’s patches are
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approxim ately 1 cm  in d iam eter and contain 40-50 follicles (Faulk et al. 1970). 

Therefore, evaluation and discussion o f  data should be done keeping in m ind the 

species o f  anim als used as m odels. Furtherm ore, the abundance o f  M -cells in the 

FA E varies in different m ucosal tissue and species. In hum ans, the sm all intestinal 

M -cells represent ~ 5%  or less o f  the FA E (C uvelier et al. 1994), in rodents -1 0 %  o f  

FA E and in rabbits 50%  o f  the FA E (Sm ith et al. 1980; Pappo et al. 1988). Because 

M -cells norm ally only represents subpopulation o f  FA E cells, and the fact that the 

cum ulative surface area o f  M -cell apical m em branes throughout the intestine is 

estim ated  to  be less than 1/10000th o f  norm al enterocytes, effective targeting is a 

prerequisite for delivery o f  m icroparticles to m ucosal sites. How ever, the 

differentiation o f  M -cells has been show n to  be induced by m icrobial or 

environm ental stim uli (Savidge et al. 1996). The increase in the num ber o f  M -cells 

has been show n during neonatal developm ent (R oy et al. 1987), and following 

incubation o f  Peyer’s patches w ith Salmonella spp. (Savidge et al. 1991). 

A dditionally , in vivo studies have show n that bone-m arrow  transplantation in severe 

com bined im m unodeficient syngeneic m ice induced the form ation o f  M -cells, hence 

dem onstrating that M -cell genesis is im m unoregulated (K em eis et al. 1997; Sharma 

et al. 1998). It has also been show n that short tim e exposure ( l-3 h )  o f  a non- 

in testinal bacterium  induced alteration o f  the FA E, including a m arked increase in 

the  num ber o f  fully operational M -cells (M eynell et al. 1999; Borghesi et al. 1999). 

Theses studies show  that factors stim ulating the differentiation o f  M -cells need to  be 

investigated, in order to fully understand and exploit M -cells fo r drug and particulate 

delivery.

Particulate interaction w ith  M -cells is greatly influenced by the surface properties o f  

cells, w hich exhibit species related variation, and the particles (Jepson et al. 1996;
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Florence et al. 1997; D ibiase et al. 1997; O ’H agan 1996; Florence et al. 1995; Zho et 

al. 2002; Yeh et al. 1998). W hile it is clear that M -cells possess the capability  to 

transcytose synthetic particulate system s, absorption is variable betw een different 

m odel system s and in m any cases occurs at very  low  levels. There is also very  often 

considerable variation in  the ex ten t o f  particle interaction w ith FA E betw een 

d ifferent anim als, Peyer’s patches, dom es and even different regions o f  FA E 

overlying a  single lym phoid follicle (Jepson et al. 1993, B eier et al. 1998, Sm ith  et 

al. 1995, C lark et al. 2001). In the follow ing section the different strategies utilised 

fo r targeting  P eyer’s patches is discussed. Factors such as surface charge, 

hydrophobicity , particle size and adsorption o f  targeting agents such as adhesions, 

invasins and lectins has been studied and has show n to influence targeting  and 

particulate uptake across the intestinal epithelium .

1.3.5 P articu late  uptake across the gut

Figure 1.3 represents three possible routes o f  particulate entry identified, 1) through 

M -cells, 2) through norm al epithelial cells (enterocytes) and 3) by paracellu lar m eans 

(F lorence 1997). The degree to which particles are taken up by each o f  these 3 

d ifferent routes after oral adm inistration o f  m icro- and nanoparticles is no t fully 

determ ined. The m echanism  o f  transepithelial transport o f  propranolol-dendrim er, 

has been proposed to  be m ainly v ia an endocytotic transcellular route (D ’Em anuele 

et al. 2004). Several factors have been show n to effect the ex ten t o f  uptake across the 

gut (T able 1.2).
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F igure 1.3. Representation o f  the three possible routes o f  entry o f  microparticulates into the 
lymphatic system or blood supply. Via ; ( I ) M-cells o f  the Peyer's patches o f  the GALT; (2) 
Transcellular routes involving intestinal enterocytes; and (3) paracellular avenues through 
the tight junctions between cells (Florence 1997).

T able 1.2. Factors affecting the extent o f  uptake o f  m icroparticles across the gut.

Particle size (<5 pm and preferably in the submicron range)

Polymer composition

Particle hydrophobicity (adsorbed hydrophilic materials e.g. poloxamers reduce uptake) 

Particle surface charge (lack o f  surface charge, charged particles less well absorbed)

Dose o f  particles

Administration vehicle

Animal species used for evaluation

Age o f  animals

Fed state o f  the animals

Use o f targeting agents on particles (lectins and invasins increase adhesion and 

internalization)

Stability o f  the particle in the gut lumen 

(Florence 1997)
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Experim ents have show n that particle absorption by the FA E m ay be m odified  by 

altering particle size (E ldridge et al. 1989, 1990; T om izaw a et al. 1993; Jan i et al. 

1989, 1990; E bet et al. 1990; Dam ge et al. 1996; Desai et al. 1996), hydrophobicity 

(Jepson  et al. 1993a,b; E ldrigde et al. 1990) and surface charge (Jani et al. 1989).

The m ain  physical characteristics that affect particulate translocation are  size  and 

surface nature; the sm aller the particle size, the greater the translocation. Charged 

surfaces reduce particle  absorption, w hereas increasing the hydrophobicity  results in 

g reater translocation. Particles w ith diam eters from  3- 10pm  seem ed to  be 

sequestered w ithin the Peyer’s patches and do not m igrate to  the m esenteric lym ph 

nodes, w hereas 1 OOnm particles diffuse throughout the subm ucosal layers (E ldridge 

et al. 1989). Experim ents using rabbit Peyer’s patch tissues and a range o f  cholera 

toxin  B subunit (C TB ) conjugates dem onstrated that the glycocalyx acts as a  size- 

dependent barrier w hich lim its the interaction o f  particulates w ith  the apical 

m em branes o f  intestinal epithelial cells (Frey et al. 1996). W hereas FITC -conjugated 

C T B  nanoparticles o f  6.4nm  in diam eter, adhered equally  to  M -cells and enterocytes, 

the relatively  thick glycocalyx overly ing enterocytes prevented the interaction o f 

collo idal gold- and latex m icrosphere-conjugated CTB (28.8nm  and 1.13 pm , 

respectively) w ith  the apical m em branes. T he interaction o f  collo idal gold- 

conjugated CTB w ith the g lycocalyx in the M  cell apical m em branes, w as m ediated  

by the thinner M cell glycocalyx, although this g lycocalyx still inhibited the access 

o f  latex m icrospheres to  the M  cell apical m em branes. These observations suggest, 

that the glycocalyx m ay restrict, in a  size dependent m anner, the access o f  reagen ts to 

receptors in the apical m em branes o f  the intestinal epithelial cells. It has been 

suggested, that th is problem  can be avoided by restricting delivery vehicles to  the 

nanom eter size range or by selective targeting.
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In the intestine, the k inetics o f  particle translocation  depends on diffusion through 

m ucus, contact w ith enterocytes or M -cells, cellu lar trafficking and post translocation 

events (H oet et al. 2004). Szentkuti (1997) show ed that cationic latex nanoparticles 

in teracted  w ith the negatively charged m ucus, w hereas carboxylated fluorescent latex 

nanoparticles w ere able to  diffuse through. Furtherm ore, they  show ed that 14nm 

polystyrene nanoparticles penetrated through the m ucus in 2 m in w hile 415nm  

particles took 30 m in. Sm aller particles perm eated the m ucus faster than  larger 

particles, suggesting that translocation begins as soon as contact w ith  the target area 

is m ade and therefore depends on  transit tim e through the intestine.

M any different particles have been studied for oral uptake e.g. biodegradable 

polym eric particle, polystyrene, dead bacterial cells etc, m ost extensively poly(D ,L- 

lactide-co-glycolide)(PLG ) polym er but also w ater-soluble biodegradable polym ers 

such as chitosan, starch, dextran, alginate and dendrim er. A ll these particles have 

show n potential as m ucosal drug or vaccine carriers. A lso lipid particles have been 

used for oral delivery but, as m entioned previously, stability problem s have lim ited 

the use due to d issolution by intestinal detergents, and to  degradation by intestinal 

phospholipases (C hen 2000). Latex nanoparticles (H ussain and Florence 1998; 

F lorence et al. 1995), liposom es (C hen et al. 1996) and m icroparticles (Jenkins et al. 

1994) have a lso  been studied.

Several studies have show n that attachm ent o f  bacterial and plant ligands, such as 

invasin  (H ussain and Florence 1998) o r tom ato  lectin  (Lehr et al. 1992; H ussain  et 

al. 1997; W irth et al. 1998; C arreno-G om ez et al. 1999; R ussell-Jones et al. 1999; 

C lark  et al. 2000; Ertl et al. 2000) further enhances absorption. M any lectins have 

been studied and has show n great potential for targeted delivery. Furtherm ore, lectins
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seem  to  enhance uptake o f  particulates a t the targeted areas. H ow ever, m ost o f  these 

studies have been conducted  targeting sugars from  the in testine o f  rodents. Because 

o f  the specificity o f  the lectins, identification and studies o f  sugar m oieties specific 

fo r the hum an intestine is a  requirem ent if  particulate uptake is to be successful in 

hum ans. Identification o f  sugars specific fo r the hum an intestine w ould  restrict the 

use o f  lectins to  those that w ould  specifically target the hum an intestine (R oth-w alter 

et al. 2005).

The ex ten t o f  uptake so far has not been great. M any studies have been conducted 

w ith  latex particles, so the need for biodegradable carriers or o ther alternative carrier 

system s, such as dendrim ers, ex ist fo r the oral delivery o f  pharm acological active 

agents e.g. oral vaccines.

In  the search for a better carrier w hich is m ore extensively taken up  by the gut, 

com pounds such as dendrim ers have been synthesized in our laboratories (Sakthivel 

et al. 1998). D endritic po lym ers have a  prom ising future as drug delivery vehicles. 

T he hope is that dendrim ers will enhance efficacy by im proving delivery issues such 

as targeting, stability and  bioavailability .

T his thesis is p rim arily  concerned  w ith  the synthesis, characterisation and study o f  

hydrophobic dendrim ers based on the lipidic am ino acid  structures w hich have been 

the staple o f  our laboratory (Sakthivel et a l 1999; A l-Jam al et al. 2003, 2005; 

Ram asw am y 2003)
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1.4 D en d r im ers

All essential biological structures (e.g. cells) required for life have been based on the 

building blocks derived from controlled organic nanostructures. The first step 

involves m olecular evolution from atom s to small m olecules. These building blocks 

provide the base for more complex nanostructures and define the size dim ensions 

that determ ines m olecular level factors required for initiating and sustaining life. 

Figure 1.4 (Tom alia, 2005) show s a nanoscale com parison o f  poly(am idoamine) 

(PAM AM ) dendrim ers with a biological cell, proteins, DNA, lipidic bilayer, atom s 

etc. therefore constructing system atic nanoscale structures with exact controlled size, 

shape and surface nature seem s essential (Tom alia et al. (2003).

c e n t im e te r  |c m )  
v ( h u n d r e d t h * !

S  m illim e te r  |m m | 
'  S  ( th o u s a n d th * )
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P r e c is e  S y n th e tic
N j n o t d l e  S tru c tu re *
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P rc o to e  B io lo « lo « i 
fv a n o s c a le  S tru c tu re *

D u ck y  0 * 1 0  
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p ie o m a ta r
I tn ik o n th a )l i p i d  B i t ty e r

Figure 1.4. Nanoscale dimensional comparison o f PAMAM dendrimers (generation 0-7) 
with a biological cell, proteins, DNA, lipid bilayer, bucky balls, small molecules and atoms 
(adapted from Tomalia, 2005)
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D endrim ers arc curren tly  being  developed  by m any labora to ries as new  particu la te  

delivery  agents. T he optim al synthetic d e livery  system s are ones that have:

Pro tection  from  enzym es 

E ffective transport to the cells

A vo idance o f  sequestration  by the  endosom al/lysosom al com partm ents 

D rug release at the required site 

- T he ab ility  to target specific  cell types 

D endrim ers are highly  branched and reactive three-d im ensional m acrom olecules, 

w ith all bonds em anating  from  a  central co re  (F igure  1.5).
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group

Figure 1.5. Showing the structure o f  a 4lh generation lysine based dendrimer, with a glycine 
initiator core (Modified from Al-Jamal et al. 2005).
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Since their introduction in the m id-1980s, th is novel class o f  polym eric m aterials has 

attracted considerable attention because o f  their unique structure and properties. 

C om pared w ith traditional linear polym ers, dendrim ers have m uch m ore accurately 

controlled structures, w ith a  globular shape, a  single m olecular w eight rather than a 

d istribu tion  o f  m olecular w eights, m onodisperse size and a large num ber o f 

controllable ‘peripheral’ functionalities (Tom alia e t al. 1990). M any d ifferent types 

o f  dendrim ers have been synthesised as show n in  1.3.

Table 1.3. D ifferent types o f  dendrim ers

PA M A M  (Polyam idoam ine dendrim ers) (Tom alia et al 1985)

Denkalwalter (Polyam ide dendrim ers) (D enkew alter et al. 1981) including 

Polylysine- based dendrimers (Sakthivel et al. 1998)

Polyethyleneimine (Tom alia et al. 1990)

Hydrocarbon (H art et al. 1986)

Polyether (Padias et al. 1987)

Polypropyleneimine (Jansen et al. 1994)

Dendritic acryl (Hall et al. 1987)

Polyamidoalcohol (N ew kom e et al. 1985)

I f  these dendrim ers are to  be used successfully  pharm aceutically , the dendrim ers 

m ust be biodegradable. U nfortunately m ost o f  the in teresting dendrim er structures 

created  by the chem ists are not. Therefore efforts have been m ade to  generate 

dendrim ers using naturally  occurring reactive species like am ino acids (Sakthivel et

a l 1999).
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D endrim ers can be used as potential d rug  delivery agents in a t least tw o different 

ways:

1) D rug m olecules can be physically  entrapped inside the dendritic  structure. There 

are three m ain strategies for encapsulation i) physically  entrapm ent in the 

internal ‘carvity’ o f  the dendrim ers, ii) m ultip le noncovalent chem ical 

interactions, such as hydrogen bonding betw een guest m olecule and the dendritic 

structure and iii) hydrophobic interactions.

2) D rug m olecules can be covalently  attached onto  the surface o r other 

functionalities to afford dendrim er-drug conjugates. V arious m olecules have 

been  conjugated such as antibodies, sugars, platinate, folic acid  and PEG  (L iu et 

al. 1999, D 'Em anuele et al. 2004).

O verall, these sim ple early  designs have dem onstrated  that com ponents can be varied 

to  optim ize capacity, solubility and rate o f  release as well as o ther physical and 

pharm acological properties. B y carefu lly  selecting the surface chem istry  o f 

dendrim ers, it is possible to  construct dendrim er-drug  conjugates and prov ide the 

conjugates w ith a  targeting  feature by incorporating  targeting  m oieties (L iu et al.

1999).

A t the Centre o f  D rug delivery R esearch (C D D R ) our group has focused on  i) the 

p resence and/or num ber o f  am ino groups (P uroh it et al. 2001), ii) the position o f  any 

lipid chain (Ram asw am y et al. 2003), iii) dendrim er drug interaction (heparin, 

penicillin) (A l-Jam al et al. 2003), iv) D N A  interaction (R am asw am y et al. 2003) v) 

self-assem bly o f  dendrim ers (Sakthivel et al. 1998) vi) m ovem ent o f  dendrim ers 

inside cells (R uenraroengsak et al 2005). D endrons (partial dendrim ers) contain ing  a 

nuclear localization signal (N LS) sequence have been studied in  vitro (T oth  et al.
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1999) fo r gene delivery and as a  function o f  the charge ratio  o f  D N A (Shah et al.

2000). Furtherm ore the oral uptake and translocation o f  hydrophobic dendrim ers has 

been studied (Sakthivel et al. 1999; Florence et al. 2000). The assem bly o f  

hydrophobic dendrim ers into controlled  aggregates has been  studied and is described 

in th is thesis.

A ssem bly o f  dendrim ers into various structures has recently been the subject to 

intensive study. V arious w ays o f  interaction and structural form ations are described 

in follow ing section.

1.4.1 D en d rim er self-assem bly

Self-assem bly is a very interesting concept. The possibility  o f  designing dendritic 

bu ild ing  b locks that can assem ble into an array o f  different structures provides a  tool 

that can be used in w ide range o f  technologies, from  m aterial science to  m olecular 

bio logy (W hitesides and G rzybow ski 2002).

Self-assem bly relies on non-covalent interactions such as electrostatic interactions, 

hydrogen bonds, van der W aals’ forces and solvophobic effects (Beer et al. 1999; 

Steed and A tw ood, 2000). These forces provide the basis fo r controlling self- 

assem bly w ith relative little synthetic input, w hich is a  com paratively  easy  and 

therefore an  attractive option  w hen com pared w ith  the m any synthetic  steps needed 

for the synthesis o f  the sim ilar structures. The synthesis o f  dendritic structures 

therefore provides the basis for assem bly into m ore m ultifaceted  structures (Figure 

1.6 ) (Sm ith et al. 2005)
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Figure 1.6. Schematic illustration o f  the self-assembly o f dendritic building blocks. (A) 
Untemplated assembly o f  dendrons. (B) Templated assembly o f  dendrons. (C) Nanoparticles 
with assembled dendritic surface groups. (D) Fibrous, gel-phased assemblies o f dendritic 
molecules. (E) Liquid crystalline assemblies o f  dendritic molecules, (from Smith et al.
2005).

A s show n in F igure 1.6, assem bly  o f  dendritic  s tructu res can form  a  m ultitude o f  

d ifferen t structures. The assem bly  o f  dendritic  structures can be defined in 3 different 

groups:

1. Self-assem bly  o f  well defined su rpram olecu lar dendrim ers (A . B).

2. Self-assem bly  o f  dendritic  m atter into nanoscale  structures, w hich  ex ist as 

statistical d istribu tions (C).

3. Sel-assem bly  o f  dendritic  m atter w hich can  ex tended  into m acroscopic 

structu res (D , E).

- T hese will be described  in m ore detail in the  fo llow ing  section .
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1.4.1.1 Self-assem bly o f dendritic structures into well defined supram olccular 

dendrim ers (1)

S elf-assem bly  o f  dendritic  m atter into well defined supram olecu lar dendrim ers, has 

m ain ly  been achived  using, i) hydrogen  bonding  as m eans o f  in teraction  betw een 

dendritic  structures (Z im m erm an  e l al. 1996; G illies et al. 2004), ii) organic 

m o lecu les a s  tem plate (W ang e t al. 1997), iii) m etal ions as a tem plate (N ew kom e el 

al. 1997; 2003). R ecently  R oy e l al. (2003) used dendrons con tain ing  a bipyridine 

co re  w ith  surface saccharide functionalities. T hese w here assem bled  around copper 

(II) ions see F igure 1.7 below . T he lectin b ind ing  ac tiv ity  o f  the saccharide w as 

investigated  and show ed greater activ ity  than single dendrons. T his underlines the 

potential o f  self-assem bly  to  enhance biological potency.
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Figure 1.7. Copper (II) templated assembly o f  dendrimer with multiple saccharide groups on 
the surface exhibits enhanced lectin binding activity when compared with the individual 
dendron building blocks (from R oy e t al. 2003).
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1.4.1.2 Self-assembly o f dendritic matter into nanoscale structures, which exist 

as statistical distributions (2)

Such assem bly has recently been reported by T om alia  et al. (2000) and U ppuluri et 

al. (2 0 0 0 ) w ho form ed core-shell tecto(dendrimers) w hich w ere form ed using  a  self- 

assem bly step. The PA M A M  dendrim ers used for the study contained carboxylate 

and am m onium  functionality, w hich had a negative (3 rd generation) and positive (5lh 

generation) surface charge, respectively. By utilising an  excess o f  third generation 

anionic dendrim er, in the presence o f  LiCl in w ater, a  controlled  core-shell assem bly 

can be generated (F igure 1.8). These dendrim ers could be covalently  cross-linked 

together by addition o f  l-(3-dim ethylam inopropyl)3-ethylcarbodiim ide 

hydrochloride. The form ation o f  nanoclusters from  the 7th and 5th generation 

PA M A M  dendrim ers w as investigated by B etley et al. 2002, and again show ed that it 

was possible to form  controlled assem blies. The problem s faced when assem bling 

these dendrim ers, is the additional form ation o f  im perfect structures and aggregates.
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Figure 1.8. Hierarchy o f construction components: (a) monomers, (b) branch cells, (c) 
dendrons, (d) dendrimer and (e) Core-shell tecto(dendrimer) assembled as a consequence o f 
controlled electrostatic interactions (modified from Tomalia et al. 2000 and 2005).

T he assem bly  o f  dendritic  m atte r is not on ly  lim ited  to spherical structures. K im  et 

al. (2003) assem bled  cy lindrical dendritic  porphyrins to  form  ho llow  nano tubu lar 

structures. Sakthivel e t al. (1998) observed  lip id ic dendrim ers in aqueous m edium  

form ing  asym m etric  fibre-like structu res (F igure 1.9) and  m onolayer form ation  at the 

a ir/w a ter in terface o f  lip id ic  dendrim ers.
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Figure 1.9. Possible models o f  self assembled lipophilic dendrimers (A) in aqueous 
dispersions. A typical tubule (B) with the dimensions o f l40-200nm in length and 24 nm 
thickness with the possible association in filaments, (from Sakthivel el al. 1998)

M ore conven tionally  am phiph ilic  dendritic  m atter can  assem ble into m icellar 

agg regates in aq ueous so lu tion  (G itsov  and  F rechet 1993; A l-Jam al e t al. 2005a). 

D endron charac teristics fo llow  to  a  g reat ex ten t conventional su rfactan t behaviour, 

w here w ate r so luble m atte r w ill form  m icelles, w hereas poorly  w ater so luble m atter 

w ill form  m ore stable vesicu la r structures (A l-Jam al e t al. 2005).

1.4.1.3 Self-assem bly o f dendritic matter which can extended into macroscopic 

stru ctu res(3)

A  schem atic  represen ta tion  o f  possib le  self-assem bly  o f  dendritic  m atter w hich can 

be  ex tended  into m acroscop ic structures is show n  in F igure 1.10.
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Figure 1.10. Schematic representation o f  the self-assembiy o f  12-ABG (3.4,5 tris(4 alkyl-1 - 
oxy)benzyloxy benzoate) dendrons into supramolecular cylindrical shapes (left) and 
spherical (right) structures and subsequent formation o f columnar hexagonal and cubic liquid 
crystalline assemblies, respectively (from Balagurusamy el al. 1997)

A s show n, depend ing  on the physical and chem ical p roperties, the dendrons can 

arrange into an array o f  d ifferen t s tructu res from  cylindric  to spherical and then 

fu rther arrangem ent o f  these into hexagonal, cubic s tructu res o r  crysta lline structures. 

P ercec el al. (2000a ,b ) found that using Frechet type dendrons w ith hydophobically  

m odified  surface groups, the P 1 and the 2nd generation  dendrons assem bled  into 

cy lindrical s tructu res w hich  then packed hexagonally , w hile the 3[d generation 

dendron  assem bled  in a spherical structure and packed in a cubic m anner.

A s m entioned  above self-assem bly  o f  a  m ultitude o f  dendrons and dendrim ers is 

ex tensive ly  studied. H ow ever, the  structures form ed afte r in teraction  w ith  drugs or 

D N A  is also  o f  interest a s  d iam eter, shape and  structural arrangem ent m ost probably 

w ill affec t flow  properties  and  in teraction w ith the targeted  areas. O ne  w ould  expect 

to  en trap  drugs inside the voids the  dendritic  s tructu res and  therefore only to  a  lesser 

ex ten t affect the assem bly  o f  these. H ow ever, one o f  the  m ost ex tensive ly  studied is 

dendritic  m olecule-D N A  assem bly , w ith elongated  oval shaped  form ation
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(dendrip lexes) ob ta ined  from  lysine based dendrim ers and  D N A  (R am asw am y 2004) 

(F ig u re  1.11).

F igure 1.11. Molecular model o f dendriplexes using a 32 base pair segment o f DNA. (A) 
lysine based dendron (CigbLys7(NH2)8, (B) DNA. (C) and (D) two different orientations o f 
the dendriplex (Ramaswamy 2004).

S elf-assem bly  o f  dendritic  m atter is in itse lf  an in teresting  concep t, how ev er w ithout 

po ten tial app lica tions it is o f  no use. T he potential o f  dendritic  m atter is d iscussed  in 

the  fo llow ing  section.

1.5  D e n d r im e r  a p p lic a tio n s

T he full po tential o f  dendrim ers, p e r  se, is not to be underestim ated . R ecently  

associa tion  o f  dendritic  m atter w as contro lled  to m im ic p ro te in  structu res. Percec el 

al. (2004) assem bled  am ph iph ilic  dendritic  d ipep tides into helical pores w hich m im ic 

the  structu re o f  natural pore form ing proteins. B ecause a  c lose link is found betw een 

p ro tein  function and protein  structu re assem blies o f  dendritic  m atter w ill a llow  a
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design o f  a variety o f  biological inspired system s. The full potential o f  these system s 

is still to  be studied.

Several approaches, such as site-specific delivery system s, chem ical m odification o f 

peptides, bioadhesive system s, and concom itant adm inistration o f  penetration 

enhancers o r protease inhibitors have been investigated fo r oral delivery o f  peptides. 

The use o f  dendritic system s m ay also be a  w ay to  im prove delivery v ia the oral 

route. U ntil now  m ost studies have been carried ou t in vitro using intestinal m odel 

system s (W iw attanapatapee et al. 2000). A s m entioned the preferred adm inistration 

o f  drugs is v ia the oral route. Entrapm ent o f  peptides and proteins in dendritic 

structures m ight help im prove their stability in gastric and intestinal fluids as well as 

im prove poor absorption in the gastrointestinal tract (GIT). In the case o f  therapeutic 

com pounds, the m olecules have to  rem ain intact w hen they reach the system ic 

circulation and therefore stability is o f  im portance. B iodistribution o f  dendrim ers 

after oral adm inistration by itself, as controlled aggregates and dendrim er-drug 

conjugates needs to be m ore thoroughly investigated i f  dendrim ers are  to  be 

successful as carriers. The stability , drug interaction, interaction w ith lipidic 

m em branes and flow  properties also needs to be studied. H ow ever, Jevprasesphant et 

al. (2003) show ed that surface engineering o f  PA M A M  dendrim ers reduced 

cytotoxicity  and enhanced the rate  o f  transport o f  dendrim ers across epithelial cells.

A t the m om ent the field  is possib ly  still in its infancy and the current understanding 

o f  how  dendrons and dendrim ers interact, e.g. w ith bilayer m em branes (Z hang et al.

2000), liposom es (Purohit et al. 2001), colloidal gold  (G arcia et al. 1999, S ingh e t al. 

2003), drugs such as piroxicam  (W iw attanapatapee et al. 1999), 5-flurouracil 

(K hopade et al. 1999), ibuprofen (M ilhem  et al. 2000), indom ethacin (Liu et al.
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2000) and  penicillin  G  (A l-jam al et al. 2003) are the first step  in o rder to  optim ise 

delivery system s. O nce a  com plete understanding o f  the m echanism s involved is 

reached the potential applications are m ultiple- vaccine delivery, gene delivery , drug 

delivery and generally  in m aterials science. The nature o f  interaction is naturally 

dependent on the functional groups o f  the dendrim ers and the size, shape, charge and 

hydrophobic/hydrophilic nature o f  the vehicle.

1.5.1 S tab ility  o f  d en d rim er com p lexes

Incorporation, encapsulating or surface adsorbing peptides in polym eric structures 

have all been show n to  protect against degradation by the substances found in the 

gastrointestinal tract (GIT) (A llem ann et al. 1998). Studies have show n that 

adsorption o f  plasm id D N A  onto  m ineral surfaces (Rom anow ski et al. 1991) such as 

clay  m inerals (D em aneche et al. 2001) protects the D N A  against degradation. 

Furtherm ore, studies have show n that adding dendrim er to D N A , p ro tects the 

p lasm id D N A against nuclease activity  (T oth  et al. 1999; B ielinska et al. 1997).

The area has still not been thoroughly studied and therefore it is still not know n i f  all 

classes o f  dendrim ers have a  nuclease protection effect. Tw o hypotheses have so far 

been proposed to  explain  the protection m echanism . F irst, that certain  particles such 

as dendrim er and clay  could  be considered as providing plasm id D N A  physical 

protection from  nuclease. The second and an  alternative hypothesis, proposed  by 

D em aneche et a l (2001) is that nuclease itse lf adsorbs onto the clay thus reducing  its 

enzym atic activity . A dsorption w ould  physically  separate plasm id D N A  and the 

nucleases on the clay  surfaces. T his how ever needs to be studied m ore thoroughly  in 

order to  fully exploit the possible use  o f  dendrim ers for oral gene delivery.
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O nly a  few  studies have been  m ade on the physical properties o f  dendritic com plexes 

in cell culture m edia. O ne such study by Pouton et al. (1998) show ed that cationic 

poly  (am ino acid)/D N A  com plexes when diluted in to  opti-M EM  m edia, were 

unstable to electrolyte challenge. The particle size increased and it w as suggested 

that the particle  grow th m ight have represented aggregation due to  changes in the 

electrical double layer by low ering the zeta potential, com pressing the electrical 

diffuse layer, leading to reduced charge repulsion betw een the particles. A nother 

paper by Singh et al. (2003) investigated the effect o f  physiological m edia on the 

stability  o f  surface-adsorbed D N A -dendron-gold nanoparticles. W hilst gold-dendron- 

D N A  nanoparticles m aintained their original state in term s o f  size and surface 

poten tial, there was a  rapid and drastic alteration in  the size o f  the adducts w hen high 

concentrations o f  salt or cell culture m edia w ere used. This flocculation w ould  not 

only decrease release o f  drug/D N A  but w ould also affect particulate uptake o f  the 

carrier.

N o t only electro lytes affect particles. Proteins such as serum  album in has been 

show n to bind to poly-L-lysine/D N A  com plexes form ing a ternary poly-L- 

lysine/D N A /album in com plex (D ash et al. 1999). T his indicates that cell culture 

m edia, w hich contains a  w ide range o f  salts, horm ones, growth factors, vitam ins and 

serum  pro teins is a com plex m edia and there are therefore a  m ultitude o f  factors that 

determ ine the physical properties o f  the com plexes. Therefore, characterising drug 

delivery  system s in the presence o f  relevant physiological fluids and  m edia p rio r to 

in vivo studies is im portant, and m ay be one reason that in vivo and in vitro 

correlations in  gene transfection studies are so lim ited.
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1.5 .2  G ene delivery

A lthough the form ation o f  dendriplexes (com plex form ed betw een cationic dendrons 

and polyanions) has been characterised (Ram asw am y et al. 2003), transfection in 

vitro in a range o f  cell lines has only shown a lim ited degree o f  success (T oth  et al.

1999, Shah et al. 2000, B ielinska et al. 2000). Therefore efforts have been m ade to 

optim ise the transfection efficiency. T oth  et al. (1999) used nuclear localization 

signal (N LS) sequences in pursuit o f  this, but did not find any enhanced transfection 

efficiency, possibly because o f  steric hindrance and aggregation o f  the com plexes. 

M ore studies need to  be conducted w ith N LS sequences to  determ ine the effect o f  

these. H ow ever, Q iagen has tw o transfecting agents on the m arket, nam ely SuperFect 

and PolyFect (Tang et al. 1996) and therefore the potential for u tilising dendrim ers 

as carriers fo r gene delivery definitely  ex ist and is an area w hich  is currently  under 

investigation.

A lthough the m echanism  for dendrim er-based transfection rem ain  obscure, it is 

likely that a  variety  o f  param eters such as plasm id D N A size and  structure (w hether 

the D N A is circular, linear o r supercoiled), the chain length and position  o f  the lipid 

(for cationic lipidic dendrim ers), the dendrim er/D N A  ratio  and the resulting size o f  

the com plex, the com position o f  the bulk  m edium , storage tim e and conditions, 

m odes o f  adm inistration and target cell types m ay determ ine the extent o f  transgene 

expression (Toth et al. 1999).
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1 .6  A im s  a n d  o b je c t iv e s  fo r  th e  th es is

This thesis describes the synthesis and characterisation o f  lipidic lysine based 

dendrim ers and the study o f  controlled aggregation o f  these dendrim ers into w hat we 

term  dendrim er-derived nanoparticles. The cytotoxicity  and haem olytic activity  in 

selected cell lines in vitro  w as then  studied and prior to  oral uptake and translocation 

studies o f  these nanoparticles, the stability o f  these w ere assessed  in relevant 

biological media.

The aim s o f  the w ork described in this thesis w ere as follows:

Aim  1:. To synthesise various lipidic dendrim ers using F m oc solid  phase peptide 

synthesis.

Aim  2: T o form ulate and study dendrim er-derived nanoparticles for oral uptake 

studies.

Aim  3: T o assess in vitro dendrim er-derived nanoparticle cytotoxicity  using 

Caco-2 and haem olytic activity  in red blood cells.

Aim  4: To investigate the stability o f  dendrim er-derived nanoparticles in purified 

and sim ulated stom ach and gastric fluid.

Aim  5: To assess the biodistribution o f  dendrim er-derived nanoparticles after 

oral adm inistration.
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Chapter two

Dendrimers synthesis

2 .1  In tr o d u c t io n

M any different particulates have been assessed as carriers fo r oral adm inistration. In 

the search o f  an alternative carrier which w ould potentially  target Peyer’s patches, 

dendrim ers are  an  in teresting prospect because o f  their versatility. The dendrim er 

architecture provides the basis for a variety o f  d ifferent structural designs through the 

control o f  com position, functionality and geom etry. In our laboratory w e designed a 

series o f  lysine based dendrim ers w ith  lipidic functionalities. B y varying the 

generation as well as the length o f  the surface functionalised lipidic chains, 

dendrim ers w ith  various hydrophobicity and size w ere synthesised. These 

dendrim ers can theoretically  act as a delivery system  for a  m ultiplicity  o f  different 

drugs, hydrophilic or hydrophobic. H ow ever, d rug  carrying potential is outside the 

scope o f  th is thesis and therefore the dendrim er carriers alone have been studied in 

th is thesis.
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O v er the years s ince their d iscovery  a s  a  c lass m any d iffe ren t dendrim ers have been 

syn thesised , u sing  e ither liquid phase peptide syn thesis (I.P PS ) o r so lid  phase peptide 

syn thesis  (SPPS). T he approach used in o u r labora to ries is S PP S  and  therefore will 

be  the  techn ique described  in m ore detail in th is thesis. SPPS w as first p roposed  by 

R .B . M errifie ld  in 1962 w ith a full p ap er published  in 1963. S ince, the  techn ique was 

w idely  unchanged for m any years. In 1985 D. A . T om alia  first reported  dendrim ers 

syn thesised  using  SPPS. T om alia  used an approach later term ed as  the d ivergent 

m ethod . T he d ivergen t m ethod (T om alia  et al. 1985) builds the  dendrim ers from  the 

core  to the su rface  (F igure  2 .1). S tarting  from the reactive core, a  generation  is 

g row n, and  then the new  periphery  o f  the m olecules is activated  for reaction w ith 

m ore m onom ers. T he o th er m ain  synthetic approach  developed  for the syn thesis  o f  

d endrim ers w as the  convergen t m ethod (H aw ker and  Frechet 1990), bu ild ing  the 

d endrim ers from  the ex terio r (F igure  2.1) o f  the dendrim ers, and w orks a s  show n 

d iagram m atically  in F igure 2.1 g radually  linking surface un its  together w ith m ore 

m onom ers. W hen the  g row ing  w edges are  large enough, several a re  attached  to  a  

su itab le  core  to  g ive  a com plete  dendrim er.

i) Convergent growth

#

Two step 
synthesis

ii) Divergent growth

F igure 2.1. Shows the two basic approaches to dendrimer synthesis i) the "convergent' 
growth (H aw ker and Frechet 1990) and ii) the "divergent" growth (Tomalia el al. 1985).
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D esigning dendritic  m olecules through the selection o f  the  cores, branching units, the 

linkages used to connect the branching units and also the synthetic m ethod are  o f  

im portance. Som e o f  the com ponents m ost com m only used fo r solid  phase peptide 

synthesis and dendrim er synthesis are discussed here.

2 .2  S o lid  P h a se  P e p t id e  S y n th e s is

2.2.1 P rin cip les o f  solid  phase peptide synthesis

The principle o f  solid phase peptide synthesis is to expand a  grow ing chain, peptide, 

o ligonucleotide or o ther suitable oligom er, while it is attached to a  stable solid 

particle. It rem ains attached to  this particle throughout all the synthetic steps and is 

separated  from  soluble reagents and solvents by sim ple filtration and washing. 

F inally  the product is detached from  the solid support and purification and 

characterization is carried out.

The separation process is quick and sim ple and can be m achine-aided. C om pared to 

the corresponding operations in solution chem istry there is a  significant tim e and 

labour advantage. Solid phase peptide synthesis, w as a  m ajor breakthrough allow ing 

fo r the chem ical synthesis o f  peptides and sm all proteins. The general schem e o f  

solid  phase peptide synthesis is illustrated in (Figure 2.2).
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2 .2 .2  Solid  supports

The solid support in solid  phase peptide chem istry consists o f  a  m aterial that is 

insoluble, have good sw elling properties in the m ain solvent used and chem ically 

unreactive to all o f  the com pounds utilized in the synthetic process. The m ost 

com m only used resins available are derivatives o f  d ivinylbenzene (1 %  o r 2 %  w/w) 

cross-linked polystyrene. The m ost im portant part o f  the resin  is the linker as this 

determ ines the functional group after cleaving the resin. B elow  som e exam ples o f 

linkers are listed according to their functional group after cleavage (Figure 2.3). The 

m ost w idely used resin  for Fm oc SPPS w ith  a peptide am ide linker is the 4-(2,4- 

dimethoxyphenyl-Fmoc-aminomethyl)-phenoxyacetamido-norleucyl- 

methylbenzhydrylamine(Rink Amide MBHA resin). In this thesis Rink Amide MBHA 

resin  was chosen fo r the Fm oc solid phase peptide synthesis, as it had excellent 

sw elling properties and because one o f  the structural features o f  the dendrim ers to  be 

synthesised w as an  am ide group in the core. The Rink Amide MBHA resin form ed a 

am ide after cleavage o f  the peptide from  the resin.
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P ro te c te d  p e p t id e

P e p t id e  a m id e

P e p t id e  a lc o h o ls

P e p t id e  N - a lk y la m id e

P ro te c te d  p e p t id e

P e p t id e  e s te r

P e p t id e  a c id

Figure 2.3. Examples o f  linkers listed according to their functional group after undergoing 
cleavage (Novabiochem 2003). Example o f resins with a peptide amide linker, 4-(2, 4- 
dimelhoxyphenyl-Fmoc-aminomethyl)-phenoxyacetamido-norleucyl-methylbenzhydrylamine 
(Rink Amide MBHA) resin (used in this thesis), protected peptide amide linker, 9-Fmoc- 
arnino-xanten-3-yloxy-chloromethylpolystyrene-divinylbenzene (Sieber Amide resin), peptide 
thioester linker, 4 -Sulfamylbulyryl aminomethylated polystyrene (AM) resin , peptide 
alchohol linker, 4-hydroxymethylbenzoic acid (HMBA) 2-acrylamidoprop-l-yl-(2- 
aminoprop-l-yl) polyethylene g lyco lm  and dimethyl aery I amide cross-linked with bis 2- 
acrylam idoprop-I-yl polyethylene glycolgoo■ (PEGA), peptide N-alkylamide linker 4- 
Sulfamylbulyryl A M  resin, protected peptide acid linker, 2-Chlorotrityl resin, peptide ester 
linkers. HMBA PEGA and peptide acid linker, p-benzyloxybenzylalcohol (Wang) resin.
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2 .2 .3  D en d rim er cores

W hen designing dendrim ers the core selected plays an im portant role as it m ay 

provide rig id ity  and conform ational influence on the over all structure o f  the 

dendrim er (Sadler and Tam , 2002). M ost cores em ployed fo r the synthesis o f  

dendritic structures are  sim ple sm all organic m olecules w ith  a  m olecular w eight less 

than lK D a. M ost o f  these cores are  com m ercially  available which has enabled m any 

research groups to  study peptide dendrim ers. A selection o f  core m olecules are 

show n in Figure 2.4. The m ost com m on cores utilized for the synthesis o f  peptide 

dendrim ers are  sim ple am ino com pounds, such as am ino acids and dipeptides. One 

o f  the m ost sim ple am ino cores used for the synthesis o f  peptide dendrim ers are  o f  

the ethylene diam ine am m onia type. H eterocyclic com pounds such as porphyrin and 

unusual am ino acids have also been utilised  (Sasaki and K aiser, 1989). Som e 

m olecules do not have a distinct core as defined in the original concept o f  dendrim er 

synthesis by Tom alia et al. (1985). M olecules such as dendrons or ‘partial 

dendrim ers’ have a  starting point w hich m ay be term ed the core o f  the dendritic 

structure (R am asw am y et al. 2003). I f  these structures are  then  further branched they 

will result in a  m ore spherical structure w ith  the focal point being in the center o f  the 

m olecule (Sakhtivel et al. 1998), g iving a m ore obvious core to the dendritic 

structure. Several cores has been used w hich w ould assist folding into structures such 

as a-helices, P-sheets (Schneider and K elly 1995, Jefferson et al. 1998). These cores 

are o f  interest in the design o f  artificial proteins.

In th is thesis glycine w as used a t the focal point, term ed the core, to which lysine 

was added as a branching unit to  m ake up the dendritic structure.
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Figure 2.4. Structures o f commonly used amino, carboxylic and hydroxylic core molecule 
utilized for the synthesis o f dendritic structures (Sadler and Tam , 2002).

2 .2 .4  S ide -  chain  -  p rotecting  groups

Solid phase peptide synthesis using the base labile a-am ino  protecting group, 9- 

fluorenylm ethoxycarbonyl (Fm oc), w as introduced in by C arpino and H an (1972). 

G enerally in Fm oc SPPS the a-am ino  group is protected by Fm oc, w hile the side 

chain functionality is protected by the acid  labile t-butyl type protecting groups. 

Fm oc-based SPPS provided an  alternative to  the t-B oc SPPS and has the advantage 

o f  using a m ilder acid for the cleavage process. a -A m in o  group deprotection o f  the 

Boc protecting group is achived by trifluoroacetic acid  (TFA ) and the Fm oc
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protecting group w ith the w eak base piperidine. Final cleavage o f  the peptidyl resin 

and side chain  deprotection requires strong acid, such as hydrogen fluoride (H F) or 

trifluorom ethanesulfonic acid (TFM SA ), in  the case o f  Boc chem istry and TFA  in 

Fm oc chem istry (Chan and W hite 2000). D ichlorom ethane (DCM ) and N , N- 

dim ethylform am ide (D M F) are the m ain solvents used for resin deprotection, 

coupling and w ashing (N ovabiochem  2004/5). The side chain protecting group 

defines the synthesis procedure used and therefore either Fm oc SPPS o r Boc SPPS 

can be utilised. For the synthesis o f  lipidic dendrim ers in th is w ork, Fm oc SPPS was 

used.

2.2 .5  F orm ation  o f  the peptide bond, coup ling

In recent years, activating reagents have becom e w idely used because o f  their 

catalysing properties even  betw een sterically hindered am ino acids, and their general 

lack o f  side reactions. M ost are based on phosphonium , am inium  o r diim ide salts 

which in the presence o f  a  tertiary base (N -ethyldiisopropylam ine, DIEA) can 

convert p rotected  am ino acids to a  variety  o f  activated species. The m ost com m only 

used, (benzotriazol-l-y loxy)tris(d im ethylam ino)-phosphonium  hexafluorophosphate 

(BOP), phosphonium  hexafluorophosphate (PyBO P) (M artinez et al., 1985) and  N- 

[(lH -benzotriazol-l-y l)(d im ethylam inom ethylene)]-N -m ethylm ethanam inium  

hexafluorophosphate N -oxide (H BTU ), 2 -(lH -B e n z o tr ia z o le -l-y l)- l,1,3,3- 

tetram ethyluronium  tetrafluroborate (TB TU ) and 1-hydroxybenzotriazole (HOBT) 

(K norr et al., 1989) (classification and chem ical nam e stated in Figure 2.5). 

A m inium -based activation reagents should not be used in excess relative to the 

carboxylic acid  com ponents as this can lead to capping o f  am ino term inus through
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guanidine form ation (Gausepohl et al., 1992). H BTU  was chosen as the coupling 

reagent for the synthesis o f  all dendrim ers in this work.

O PH [N (C H 3)2]3

B O P P yB O P

o ------

N

-I 3

N©

PF.

H B T U

(H3C)2N N(CH3)2

©
BF4

n o
T B T U

H O B t

F ig u re  2.5. Different classes o f some commonly used coupling reagents. 1- 
hydroxybenzotriazole (HOBT). Aminium type coupling reagents: N-[(lH-benzotriazol-l- 
yl)(dimethylaminomethylene)]-N-methylmethanaminium hexafluorophosphate N-oxide 
(HBTU) and 2 -(lH -B enzo triazo le-l-y l)-l,l,3 ,3 -te tram ethy lu ron ium  tetrafluroborate 
(TBTU). Phosphonium-type coupling reagents: (benzotriazol-l-yloxy)tris(dimethylamino)- 
phosphonium hexafluorophosphate (BOP), phosphonium hexafluorophosphate (PyBOP).
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The form ation o f  an  am ide bond betw een tw o am ino acids requires energy. 

C urrently, activation o f  the carboxyl group rem ains the principle o f  all coupling 

m ethods in use. Efficient peptide-bond form ation requires chem ical activation o f  the 

carboxyl com ponent o f  the N -a-pro tected  am ino acid. Conversion o f  the carboxylic 

acids to  a  pow erful acylating agent is achieved by  substitution o f  the hydroxyl group 

for an electron w ithdraw ing substituent w hich polarises the carbonyl group and 

renders its carbon atom  sufficiently electrophilic to facilitate the nucleophilic attack 

by the am ino group. A  tetrahedral interm ediate is form ed and is stabilised by the 

elim ination o f  the electron w ithdraw ing substituent.

2.2.6 P eptide chain  assem bly

Peptide chain assem bly is possible because the peptide is covalently  linked to a  solid 

support. O nce sw ollen in an  appropriate solvent, the solid support provides an 

interpenetrating polym er netw ork, w ithin which the synthesis can take place. The 

first step in peptide chain assem bly is rem oving the Fm oc protecting group from  the 

a-am ino group using 20 %  (v/v) piperidine in DM F. In the case o f  incom plete Fm oc 

deprotection, which can occur for long peptides even in presence o f  high 

concentrations o f  piperidine (Fontenot et al., 1991), the tim e required for 

deprotection can be increased (from  2 0  m in to an appropriate tim e) or a stronger base 

such as l,8-diazabicyclo[5 .4 .0]undec-7-ene (D B U ) w ith 2%  piperidine can be used. 

The resulting  trifluoroacetate salt o f  the peptide resin is then neutralised w ith  the 

hindered tertiary am ine diisopropylethylam ine (DIEA). The use o f  h ighly purified  

tertiary am ine helps m inim ise side reactions (Tam  et al., 1979). The activated am ino 

acid is then added to  form  a  peptide bond. In th is thesis DIEA w as used to  neutralise
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the trifluoroacetate salt and the po lar solvent dim ethylform am ide (D M F) (Applied 

B iosystem s, Cheshire, UK) w as utilised as the sw elling solvent as it m axim ises 

solvation and rapid coupling.

2.2 .7  M onitoring  reactions

D uring solid phase peptide synthesis, interm ediates can be rem oved by repeated 

filtration and w ashing by organic solvents. The purity  o f  the com pound depends on 

the efficiency o f  the stepw ise washing. Therefore each reaction involved in the 

peptide chain assem bly should  be m onitored until the synthesis is com pleted. The 

inform ation obtained a t each step o f  the chain assem bly is im portant so that the 

chem istry can be optim ised. M onitoring the efficiency o f  the chain assem bly is o f  

im portance to ensure the synthesis o f  a  m olecule o f  h igh purity  and know n structure.

The efficiency o f  coupling and deprotection steps o f  the chain assem bly was 

evaluated utilising the resin test know n as the ‘K aiser’ o r ‘ninhydrin’ test (K aiser et 

al 1970). This test is a  sim ple, quick, sensitive and  accurate test (>99.9% ) w ith  good 

reproducibility. T his is the m ost w idely used qualitative test fo r the presence or 

absence o f  free am ino groups (deprotection/coupling).

The K aiser test (ninhydrin test) com prises o f  3 d ifferent solutions:

i) 80 g liquefied phenol (purity, 99.5% ) dissolved, by heat, in 20m l absolute 

ethanol.

ii) 2m l o f  a 0.001 M  aqueous solution o f  potassium  cyanide plus 98 ml

pyridine (purity, 99% ).

iii) 5 g  o f  ninhydrin (purity, 99% ) in 100 ml ethanol (purity , 95% ).
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Follow ing deprotection o f  the am ines w ith  20%  piperid ine and w ashing w ith  D M F, a 

m inute am ount o f  the peptide-resin sam ple are  taken and w ashed several tim es (five 

o r six) w ith  DCM /M eOFI (1:1 ratio) and transferred to  a  sm all glass tube. Tw o drops 

o f  each solution are added to the sam ple and the tube placed in an oil bath at 110°C 

for 5 m in. 5m l 60%  ethanol is then  added to the tube and  the colour observed. A  dark  

blue coloured solution indicated the presence o f  free prim ary am ino groups. The 

sam e m ethod w as utilised to m onitor the coupling o f  Fm oc protected am ino acids. A  

clear solution indicated that all free am ino groups had undergone coupling. For the 

com parison a  b lank sam ple w as prepared using the ninhydrin reagents and 60%  

ethanol. It, how ever, should  be noted that som e deprotected am ino acids do not show  

the expected dark blue colour typical o f  free prim ary am ino groups (Fontenot et al., 

1991). G lycine and lysine which w ere used for the dendrim er synthesis in this thesis 

did show  the expected dark blue colour and therefore the ninhydrin test w as u tilised  

to m onitor the coupling and deprotection reactions during the dendrim er synthesis.

2.2 .8  C leavage from  th e resin  support

Prior to  the cleavage o f  the resin, any N -term inal Fm oc groups m ust be rem oved 

using piperidine. The peptide should then be thoroughly w ashed, particularly  w hen 

DM F is used during synthesis because it is non-volatile and because residual basic 

DM F can have an inhibitory effect on T FA -acidolysis (N ovabiochem  2004/5). A fter 

w ashing w ith D M F several tim es, the peptide resin should be w ashed w ith D C M  

several tim es to get rid o f  residue D M F and to  shrink the resin. The peptide resin  w as 

then dried under high vacuum  for 4h o r overnight over potassium  hydroxide (K O H ).
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The m ost favourable cleavage conditions depend on the  individual am ino acid 

residues present, their num ber and sequence, the side-chain protecting groups, and 

the type o f  linker attached to the resin. A pproxim ately 10-25 ml TFA /g resin (95%  

TFA , and 5%  deionised w ater or alternatively 95%  TFA , 2.5 %  w ater and 2.5%  

scavengers (triisopropylsilane, T IS) should be used to  cleave the peptide from  the 

resin. Scavengers are useful as they can react w ith the linker o f  the resin to  prevent 

side reactions, especially im portant w hen the product contains nucleophilic groups 

susceptible to  alkylation by the linker (Fields et al. 1990). The cleavage tim e and 

hence the reaction tim e varies depending upon the choice o f  am ino acid  building 

block and scavengers used. Therefore optim isation o f  the cleavage conditions before 

use is essential. The cleavage reaction should be left at room  tem perature with 

occasional stirring, the reaction tim e is dependent on the peptide sequence. The resin 

is then  filtered under pressure and w ashed again w ith  TFA . The filtrates are 

com bined and 8  to 10 fold volum e o f  cold e ther was added drop-w ise. Som etim es it 

is necessary to evaporate m ost o f  th e  TFA  to achieve a good precipitation o f  the 

crude peptide.

The dendrim ers utilised in this thesis w ere synthesised using  Fm oc solid phase 

peptide synthesis. Small changes w ere m ade in the synthetic procedure and w ill be 

discussed w here appropriate. U sing the divergent approach the dendritic structures 

aim ed to  be synthesised are  show n in Figure 2.6.
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F igure 2.6. T he general formula o f  lipidic polylysine dendrimer, R  indicating either butyric 
acid (1), decanoic acid (II), dodecanoic acid (III), lys-(butyric acid ) 2  (IV), lys-(decanoic 
acid ) 2  (V) or lys-(dodecanoic acid ) 2  (VI).

G lycine w as used as the focal point and lysine coupled to m ake up a  branched 

m olecule. A t the 5th and 6 th lysine generation, lipidic chains (C 4 , C 10 or C 12) were 

coupled to the external am ino groups w hich  result in dendrim ers w ith  surface 

hydrophobicity. These h ighly hydrophobic m aterials w ere constructed because 

hydrophobic particles are taken  up m ore readily  by Peyer’s patches o f  the G A LT 

(chapter 1, section 1.3.7). The dendrim ers have been synthesised tow ards the use in 

the field o f  oral delivery.
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2 .3  M a te r ia ls  a n d  M e th o d s

2.3.1 M ateria ls

Rink A m ide M BH A  resin (substitution 0.78m m ol/g) and Fm oc-G ly-O H  was 

purchased from  C albiochem -N ovaB iochem  U K  Ltd, N ottingham , UK. Fm oc- 

lys(Fm oc)-O H  w as purchased from  A dvanced C hem Tech Europe Ltd, 

Cam bridgeshire, U K  and H BTU  (O -B enzotrizol-N , N , N 1, N 1- tetra-m ethyl-uronium - 

hexafluoro-phosphate from  Severn B iotech Ltd, W orcestershire, UK. D CM  

(dichlorom ethane), ethanol, m ethanol and ether purchased from  BD H , Leicestershire, 

UK and D M F (N ,N  dim ethylform am ide) obtained from  R athbum  C hem icals Ltd, 

W alkerbum , UK. TFA  (trifluroacetic acid) was obtained from  K M Z C hem icals Ltd, 

Surry, U K  and glacial acetic acid, phenol, potassium  cyanide, pyridine w ere all 

purchased from  A ldrich, D orset, UK and ninhydrine 99%  from  A vocado Research 

C hem icals Ltd, Lancashire, UK. DIEA (N -Ethyldiisopropylam ine), piperidine, 

butyric acid, decanoic acid, dodecanoic acid and Fluorenylm ethylsuccinim idyl 

(Fm oc) w ere obtained from  Lancaster Synthesis Ltd, Lancashire, UK. D odecanoic 

acid (C arboxy-l4 C) 0.8 m g w as purchased from  Sigm a-A ldrich, D orset, U K  and 

tritium  labelled lysine ([4,5 3H] L-lysine 1 m Ci in 1,0 m l sterile FI20) purchased from  

M oravek B iochem icals, CA , USA. All m aterials w ere used as purchased w ithout 

further purification.

2.3 .2  M eth od s

2.3.2.1 D endrim er synthesis

D endrim ers w ith lipidic surfaces w ere synthesised using a  solid phase procedure on  a 

Rink A m ide M BH A  resin  (loading: 0.78m m ol/g). Each generation o f  the dendrim ers
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was synthesized using a  three fold excess o f  H B TU  and D IEA  activated Fmoc- 

am inoacids in D M F (glycine as “core” and lysine as branching unit). 20%  piperidine 

in D M F w ere utilized to achive Fm oc deprotection.

T he coupling and deprotection o f  am ino acids w as m onitored using the ninhydrine 

test. A  few  resin  beads w ere w ashed 4  to 5 tim es w ith 1:1 D C M :m ethanol. 1 drop o f  

a  76%  w /w  phenol in ethanol, 2 drops o f  a  0.2m M  potassium  cyanide in pyridine and 

1 drop from  a 0.28M  ninhydrine in  ethanol w ere then added to  the resin beads. The 

sam ple w as heated on an  oil bath at 110°C for 5 m in after w hich 4m l o f  60%  aqueous 

ethanol w as added. Free am ino groups (deprotected) w ere indicated by the blue 

coloured solution and no free am ino groups w ere indicated by a clear solution.

The 5th and 6 th generation the term inal am ino groups o f  the lysine w ere coupled to 

butyric acid, decanoic acid  and dodecanoic acid. The carboxylic acids o f  the lipidic 

chains w ere activated using H B TU  as a  coupling reagent and D IEA  as activating 

reagent. A gain the reaction w as m onitored using the ninhydrine test

W hen the dendrim er synthesis was com pleted, the resin bound dendrim er was 

w ashed w ith DM F and DCM  several tim es (5-6) and dried over vacuum  for 4h. The 

resin w as placed in  a  round bottom  flask and 25m l TFA  (95%  v/v TFA , 5%  v/v 

w ater) per gram  resin  w as added. The solution w as left fo r 1.5h w ith occasional 

stirring. The resin  w as rem oved through filtration and w ashed again w ith TFA. The 

filtrates w ere collected and the TFA  was evaporated using rotary  evaporation. Cold 

ether w as added drop-w ise and left overnight in  the freezer. The ether w as then 

evaporated and acetic acid  (100 % ) added. D ouble distilled  deionised w ater w as then 

added to  the solution until precipitation was evident and the sam ple left overnight a t -
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4°C. The sam ple w as then frozen dow n using liquid nitrogen and freeze dried. The 

com pound was then w eighed and collected.

2 3 .2.2 Synthesis o f radiolabelled dendrimers 

2.3.2.2.1  Fmoc protection o f radiolabelled lysine

1 g  o f  tritium  labelled lysine w as dissolved together w ith  sodium  carbonate (1.46g) 

in w ater (17.8m l). Fluorenylm ethylsuccinim idyl carbonate (4.4g, 6 .70m m ol) 

d issolved in  acetone (17.8m l) was added in portions over a  period o f  60 m in. The 

briskly stirred solution w as kept at pH  9-10 by addition o f  1 M sodium  carbonate. 

A fter stirring overnight the acetone was evaporated. Ethyl acetate (2 x 20m l) w as 

added and the m ixture acidified w ith  2M  hydrochloric Acid. The ethyl acetate layer 

w as separated, w ashed w ith w ater (4 x 20m l), dried over anhydrous m agnesium  

sulphate and evaporated to approxim ately one th ird  volum e. The product crystallized 

on addition o f  hexane.

2.3.2.2.2  Synthesis o f radiolabelled lipidic dendrimer, GlyLys3i(Ci2)325

Lipidic dendrim ers (G lyLys3 i(C i2 )3 2 ) w ere synthesised using Fm oc solid phase 

peptide synthesis as described in  section 2.3.2.1. The only  alteration in  the synthesis 

procedure w as at steps w here Fm oc-am ino acid  lysine (branching unit) and the 

lipidic chains (dodecanoic acid) w ere added. The lysine w ere com bined w ith  tritium  

labelled Fm oc-[4,5 3H] L-lysine(Fm oc)-O H  before addition and the dodecanoic acid 

com bined w ith  carboxy-l4C labelled dodecanoic acid. The m ixtures w ere then  

coupled as described in section 2 .3 .2 .I. The radiolabelled lysine solution (1 m l) w as 

divided into four solutions (0.25 m l), and added w ith the 1st, 2nd, 3rd and 4 th lysine 

generation. Initially several attem pts w ere m ade to synthesise a dual labelled 

dendrim er, how ever, w hen the radioactivity  o f  the synthesised dendrim er was
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m easured, the tritium  w as not detectable. The tritium  label d id not seem  to be stable 

during the synthesis procedure and therefore the synthesised dendrim er 

(GlyLys3i(Ci2)32) w as only carbon labelled.

2.3.2.3 Mass spectrometry

Structural control o f  dendrim er synthesis was predom inantly  done through m ass 

spectroscopy. These m ethods only give structural conform ation o f  the synthesised 

product, and cannot be used to assess the purity o f  com pounds. Both electrospray 

m ass spectrom etry (ES-M S) and M atrix A ssisted Laser D esorption T im e o f  Flight 

(M A LD I-TO F) M ass Spectrom eter w ere used to  obtain the m ass spectra o f  

com pounds synthesised.

2.3.2.4 Electrospray ionisation mass spectrometry (ES-MS)

M ass spectra o f  Fm oc-[4,5 3 H] L-lysine(Fm oc)-OFl was obtained using electrospray. 

ES-M S was obtained using a Finnigan M asslab N avigator quadropole m ass 

spectrom eter under N 2 flow , 400  L/h; tem p, 150°C; cone voltage 25V ; capillary 

voltage 3 V.

2.3.2.5 M ALDI-TOF mass spectrometry

M ass spectra w ere run on a  A pplied B iosystem s V oyager-D E-Pro M atrix  A ssisted 

Laser D esorption T im e o f  F light M ass Spectrom eter (M A LD I-TO F) operating in 

linear m ode using a 337nm  laser. 2-(4-hydroxy-phenylazo)-benzoic acid (FLABA) 

w as used as a m atrix  (10 m g/m l in m ethanol). H A BA  is especially  suitable fo r non 

polar synthetic polym ers (V oyager spectrom etry w orkstation user guide). 4  p i o f  a 

dendrim er (I to VI) sam ple (dissolved in 20:80 acetic acid and DCM ) w as then 

m ixed w ith 4  pi o f  m atrix  (H A B A ) and 1 p i o f  the m ixture w as loaded onto  the
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sam ple plate. The sam ple w as allow ed to  dry  until all solvents w as evaporated and 

their spectrum  determ ined.

2.3.2.6 NMR

T he 'H -N M R  spectra o f  the lipidic lysine based dendrim ers w ere acquired  at a 

concentration o f  1 m g/m l in 100 %  d6 -D M SO . The data points w ere obtained over a 

period o f  3 h in the t2  dom ain using a B ruker A V A N C E 400 M H z spectrom eter at 

298 K and analysed by com puter using M estrec v459 softw are. C hem ical shifts were 

referenced to  DM SO.

2 3 .2.1 High Performance Liquid Chromatography (HPLC)

The H PLC equipm ent u tilised  was an  A pplied  B iosystem s 400 solvent delivery 

system  and A pplied  B iosystem s 1480 in jecto r M ixer (A pplied B iosystem s, Cheshire, 

UK). Solvent gradients w ere controlled by two m icroprocessor G ilson 302 single 

p iston pum ps. Com pound absorbance w as detected w ith an A pplied B iosystem s 

Progam m able A bsorbance detector and chrom atographs w ere recorded on an LKB 

2210 single channel chart recorder (Pharm acia B iotech Ltd, H erts, UK). A ll solvents 

w ere HPLC grade and filtered under vacuum  through a  25 pm  filter before running 

the solvents through the colum n. H PLC  separation w as carried out using a  Cis 

colum n (3.5 pm , 2.1 mm x 50m m ) obtained from  W aters, Ireland. The solvent 

system  used w as 40: 40: 20, m ethanol, D C M  and acetonitrile respectively .The flow 

rate was 0.6 m l/m in and the retention tim e m easured to  5.3 min.
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2.3.2.S Molecular modelling

C om puter generated m olecular m odels w ere constructed  using the program  RasM ol, 

version 2.7.2.1. The m odels w ere optim ised in  vacuum  for 3h using  the optim isation 

program  o f  the softw are. The m olecular m odels w ere m ade w ith  the assistance from  

Dr. S H aider from  the departm ent o f  C ancer research, London School o f  Pharmacy.

2 .4  R e s u lts

A s described the lipidic dendrim ers w ere synthesised using  Fm oc-solid phase peptide 

synthesis. O ur group has up until th is point, used Boc-solid  phase peptide synthesis, 

how ever because o f  the dangerous toxicity  o f  anhydrous H F, w hich has been used to 

cleave the peptide from  the resin in Boc-chem istry, the alternative Fm oc-chem istry 

w as used. Fm oc-chem istry does not require as harsh solvents as the alternative and 

therefore is preferable. The synthesised dendrim ers w ill be described in the follow ing 

section, along w ith exam ples o f  N M R , m ass spectrom ety and H PLC and a discussion 

o f  the obtained results.

2.4.1 D escrip tion  o f lip id ic  dendrim ers

Lipophilic dendrim ers w ere synthesised w ith  glycine as the dendrim er core  and 

lysine used as the branching unit. W hen the 5th and 6 lh generation o f  lysine were 

reached, lipidic chains (dodecanoic acid  (C 12), decanoic acid  (C 10) and butyric  acid 

(C 4)) w ere coupled to  the free lysine head groups, respectively 32 and  64 free 

term inal am ino groups. The theoretical m olecular w eight o f  the dendrim ers are
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show n in T able 2.1 an d  a  schem atic  represen ta tion  o f  the dendrim ers syn thesised  

u sing  Fm oc solid phase peptide synthesis show n  below  (F igure 2.7).

T able 2.1. Theoretically calculated molecular weights o f the synthesised dendrimers

Number M olecular formula M olecular W eight (Daltons)

I GlyLys3i(C4)32, 6290.4

1 1 GlyLys3i(C’io)32, 8975.6

II! GlyLys3 i(C 1 2)3 2 , 9881.2

IV G l y L y s 63 ( C 4 )64 , 12590.8

V GlyLys6 3 (C |0 )M. 18019.1

VI GlyLys63(C 12)6 4 , 19814.5

Figure 2.7. The formula o f  lipidic polylysine dendrimers synthesised. R indicating either 
lys-(butyric acid), (I). lys-(decanoic acid), (11) or lys-(dodecanoic acid),, (III) lys-lys,- 
(butyric acid ) 4 (IV), lys-lys2 (decanoic acid ) 4 (V) or lys-lys2-(dodecanoic acid ) 4 (VI) (Basic 
dendrimer structure taken from Al-Jamal el al. 2005).
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R egard ing  the size and shape o f  lipd ic  dendrim ers, experim ental ev idence such as 

m o lecu lar m odelling  suggests (the  d iam eter w as estim ated  from  m olecu lar m odelling 

by m easu ring  the d istance from  one side to an o th er using a  straight line), that the 

dendrim ers a re  som ew hat Hat, floppy and oval shaped  in the  low er generations with 

a  tendency  to becom e m ore spherical a t h igher generations. T he theoretical diam eters 

o f  dendrim ers 1 to VI a re  show n in T able 2.2.

T able 2.2. The theoretical diameter o f  dendrimers I to VI from molecular modeling.

Dendrimer Horizontal, a. 
diameter, nm

Horizontal, h, 
diameter, nm

I 2.5 4.7

II 3.8 6.0

III 4.2 6.6

VI 3.7 5.5

V 5.0 6.7

IV 5.6 7.2

Because o f  the ellipsoidal shape o f  the dendrimers two diameters are stated, (a) states the 
short horizontal diameter and (b) the longer horizontal diameter. Using three dimensional 
molecular modelling, the diameters were estimated, by m easuring the d istance from  one 
side to ano ther using a  straigh t line.

6

Figure 2.8 show s com puter based m odels o f  the dendrim ers IV. V and  VI. The 

dendrim ers have a very dense  structu re w ith  e ither 31 o r 63 lysine m olecu les form ing 

the basic branch. W ith the add ition  o f  32 o r 64 lip id ic chains respectively , the  density  

o f  the  structure is fu rther pronounced . E ven though  the  m olecu lar m odels show s an 

overall very dense  dendrim er structure , voids o r  cav ities in the  central part o f  the
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dendrim er still exist. PA N A M  dendrim ers (G 7) for exam ple , had cav ities  ranging  

from  0.5 to 1.5nm  (Petkov e t al. 2005). T hese cav ities provide spaces for drug 

en trapm ent and an alternative to  con jugation  and  adsorp tion  o f  d rug  to the 

dendrim er. The size  o f  the dendrim ers are in the nanoscopic range, w ith d iam eters 

ranging  from  ~  5nm  to  ~  7nm . T he d iam ete r o f  the  dendrim ers increases by abou t 0.6 

to 1.2nm per generation  (T able 2.2).

F igure 2.8. 3D images o f  lipidic dendrimers. In clockwise order, GlyLys63(C4)64,
GlyLys6.,(C|0)&4 and GlyLys63(C ,3)M.
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2.4.2 Radiolabelled dendrim ers

For the  oral delivery  stud ies (see chap ter 5) because o f  the ex ten t o f  w ork necessary  

one dendrim er w as chosen  (III, GlyLyS3 i(C |2)3 2 , M W  9X65.2). In itially  attem pts w ere 

m ade to synthesise a  dendrim er w hich w as rad ioactively  labelled in 2  separate  

positions. T his approach  w as possib le using tritium  ( ’H) as one label and carbon 

( ' *C) as the second. A single label cannot d eterm ine abso lu tely , i f  the d endrim er. or 

any  agent, is taken up in tact o r  broken dow n and their fragm ents taken up. Dual 

labelling  o f  the dendrim er w ould p rovide inform ation  regard ing  the in tegrity  o f  the 

dendrim er a fte r oral adm inistration .

G ly  - L ys*  -  L y s2* - L ys4* -  L ys« - L y s ,6-  (C ,2)J2

J .  t .L.
T he blue "  ind icates tritium  label and red “ ind icates carbon label.

F igure 2.9. The proposed tagging o f  the dendrimer.

Several a ttem pts w ere m ade in o rder to ach ieve a  dual labeled dendrim er. F igure 2.9, 

how ever non proved  successfu l. T he tritium  label d id  not seem  to be stable in the 

harsh  so lvent env ironm ent and  cou ld  not be a ttached . Therefore, on ly  a carbon

labeled d en d rim er (III, G lyL yS31 (C 1 2 >3 2 - M W  9X65.2), indicated  by the ( " )  in figure

2.9 , w as synthesized . T he stab ility  o f  the carbon  label on  the dendrim ers was 

therefore determ ined  in sim ulated  gastric  and  intestinal fluid and will be d iscussed 

m ore fully in chap ter 4. The MC  label dendrim er proved to be stab le  in sim ulated  

intestinal and gastric fluid. T he label did not detach itse lf  and the dendrim er broken 

dow n a t to slow  a rate to affect the absorp tion  o f  the dendrim er in the P ey e r 's  patches
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o f  the G A LT. Even though the dendrim er w as no t dual labelled, the stability  o f  the 

label and the dendrim er ensured, that m ost o f  the dendrim ers w ould be taken  up as a 

com plete particles.

2.4 .3  C haracterisation  o f  lipoph ilic  dendrim ers

The dendrim ers w ere characterized by, M S and H PLC w hile N M R  w as utilized to 

confirm  the structural conform ation o f  the dendrim er. From  the N M R , a  theoretical 

m olecular w eight could  be calculated, w hich w as confirm ed by m ass spectrom etry. 

M ass spectrom etry only confirm s the m olecular w eight o f  dendrim ers. The intensity 

o f  the peaks does not reflect the purity o r the am ount o f  dendrim er in the sam ples, 

only its presence. The problem s faced using m ass spectrom etry on these com pounds 

w as the suppression o f  the signal by the lipidic chains o f  the dendrim ers. Therefore 

the height o f  the signals should not be com pared w ith the o ther signals. The other 

signals in the sam ple reflects im purities, w hich m ight be easily ionised, and therefore 

show s up as a com paratively m ore intensified peak. HPLC w as then perform ed to 

assess the purity  o f  the dendrim ers. In the follow ing section, the N M R  and m ass 

spectrom etry findings are  discussed. U sing exam ple, the actual m olecular w eight o f  

the dendrim ers will be  determ ined, and are listed in A ppendix 1.

2.4 .4  N M R  sp ectroscop y  and m ass sp ectrom etry

For the assignm ents o f  N M R  spectra the lysines could  all be  categorised as interior 

residues as they are  branched together betw een glycine and lipidic chains. The 

interior lysine residues (1st, 2nd, 3rd, 4 th, 5th generation lysine (I, II and III) and  6 th 

generation lysine for dendrim ers IV, V and VI) are characterised by tw o types o f
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am ide bonds ( I I nu and I I ne)- B oth  these am ides are involved in form ing  a peptide 

bond. T he m ost external am ide bonds o f  the dendrim er are  coup led  to lip id ic chains, 

bu tyric ac id , decanoic acid and  dodecanoic acid . A ny  ex terio r lysine residues not 

form ing am ide bonds, incom plete reactions, will possess no Nn protons, but instead 

have N H 2  g roups bound to  e ith e r C a  o r Ce. T he structure o f  the lysine w ith  H ca-e 

groups is show n in F igure 2.10.

0 = C

H2 h , h 2 h 2
CH— C --- C- C------- C — NH-------

NH

a  B v 6 £

Figure 2.10. The structure o f  lysine with each proton sequence assigned its own colour and 
alphabetical number according to the position o f the carbon.

T he lip id ic chains that occupy the ex terio r o f  the dendrim er a re  charac terized  by  3 

d ifferent residues -C O -C H 2 -, -(C H 2)S- and a -C H 3  g roup  w hich  assign for 3 specific  

proton peaks (F igure  2 .12). A n analysis and d iscussion  o f  the N M R  spectra  o f  

dendrim er II w ill be show n as an  exam ple . T he resu lts for the o ther d endrim ers is 

listed w ith th e ir assigned  pro ton  peaks in A ppendix  1. T w o  differen t reg ions o f  the

ID  proton N M R  spectrum  o f  dendrim er II in 100%  dft-D M S O  are  show n in F igure

2 . 1 1  and 2 . 1 2 .
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F igure 2.11. 'H NMR spectrum o f  the HN region o f  dendrimer II in 100 % dft-DMSO at 
room temperature. T w o doub lets  w hich assign for U Nu pro tons, a. tw o trip le ts  w hich 
assign  for H nb. p rotons, b , and three sing lets, c, w hich  assign  for p rotons o f  glysine 
H n

A s m entioned , the in terio r lysine m oieties are characterised  by tw o  types o f  am ide 

bo nds H nu and  H nc- A s apparen t in F igure 2 .10, Hnu is nex t to  a  CH group and H ne 

nex t to  a CHb group. A ll except the m ost ex terio r am ide bonds, w hich are bound to 

decano ic  acid , ex is t in a  s im ilar environm ent. T herefore tw o doublets (HNa.doublet, 

a )  and  tw o trip lets (H n£, trip let, h) a re  apparen t in the am ide region o f  the spectrum  

(F igure  2 .11), w hich  assigns for the 64 H N pro tons, for deta ils  see append ix  1 under 

dendrim er II. T hree sing le ts  in the upfield  region o f  the spectrum  (c), a re  due to the 

am in o  g roups attached to the g lycine  'c o re ' and assigns for 3 protons. H ow ever, if 

any  am ino  g roups ex ist, as a consequence o f  incom plete reactions, they  will also 

ap p ear in th is region.
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T he lip id ic chain  o f  the  dendrim er w as clearly  defined  by 3 peaks in  the  spectra , 

F igure 2 .12, a dow nfie ld  peak o f - C O - C H 2- (d )  fo llow ed by a peak for -(C H 2)7-  (c) 

and then  -C H 3  (f). T heoretically  the (C H 3 X3 2  g roups account for 96 protons. 

((C H 2 ) 7 ) 3 2  g roups for 448 protons and the (-C O -C H 2 )3 2  g roups for 64 protons.

1 50 1 00 0  50
p p m  ( f l )

Figure 2.12. ‘H NMR spectrum o f  the H regions o f decanoic acid o f dendrimer II in 100 % 
d(,-DMSO at room temperature.

T he (H e) pro tons o f  the lysine w as scattered  around  3 areas  o f  the spectrum , from  1.7 

ppm  to  2.3 ppm , 2.8 ppm  to  3 .2  ppm  and 4 .0  ppm  to 4 .2ppm . T he assignm ent o f  

protons how ever, w as not clearly  defined. U sing  the inform ation  from  the HN 

spectrum  and the  proton spectrum  from  the lipidic chain  (decano ic  acid), the 

structu re o f  the d en d rim er cou ld  be  determ ined  as follow s:
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The intensity  o f  each peak  in  a spectrum  accounts fo r a certain  am ount o f  protons, all 

depending on the structure o f  the m olecule (Fessenden and Fessenden 1982). A 

perfect dendrim er (II) structure w ould have 1 g lycine, 31 lysine and 32 Cio groups, 

w hich in the 'H  N M R  spectrum  accounts fo r 5, 671 and 608 protons, respectively. 

These are  further subdivided into proton peaks fo r specific groups. A ny peak  w ith 

know n am ount o f  protons in the spectrum  can be utilised  to calculate protons for 

o ther peaks in the spectrum . Any incom plete structure how ever, will change the ratio  

o f  protons betw een groups. The dendrim er structure is such that a correlation exists 

betw een any uncoupled lipidic chains and H n protons. O ne uncoupled lipidic chain 

will result in 1 added proton on the external am ino groups o f  lysine.

The integral o f  the peaks in the H n spectra accounts for 65 protons, 31 lysine w ith  62 

N H  groups and 1 glycine w ith 1 N H  and 1 N H 2 , w hich is the total am ount o f  protons 

o f  all the N  groups on the dendrim er. The num eric value accounting fo r 65 pro tons 

w as calculated as 4 .83, as show n in Table 2.3.

Table 2.3. Showing the peak type, field placement (ppm) in the spectrum and
intensity o f the HN peaks.________ ________________________

Hn peak ppm E nd ppm Intensity

Doublet 8 . 0 7.9 1 . 0 0

Doublet 7.7 7.6 1 . 1 2

Triplet 7.5 7.4 1.15

Triplet 7.4 7.3 1.17

Singlet 7.1 7.0 0 . 1 0

Singlet 7.0 6.9 0.08

Singlet 6.9 6 . 8 0.06

Total intensity 4.83
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H ow ever, because the Hn protons w ere used as a  reference, th is value increased 1 H 

w ith each uncoupled lipidic chain. U sing the peak o f  C H 3  as a  indicator fo r the 

am ount o f  lipidic chains (one C H 3  group for each lipidic chain), the follow ing 

equation could  be m ade ( 1 ):

[CH i  peak
( —— -------------- x  (Hn protons  +  X )  = (C H 3 pro tons) =>

J  H n ( 1 )

C H  3protons _  ( tfaoretica lly  calculated C H  3 groups) -  X

The value obtained from  the integrals (/CH 3  and JHn) represents the intensity  o f  the 

C H 3 peak and H n peaks respectively, H n protons represents a theoretical calculation 

o f  the total am ount o f  pro tons attached to  N  groups, X  =  uncoupled C H 3  groups: each 

CH 3  group m issing corresponds to a lipidic chain m issing w hich results in X  added 

proton on the N  groups. The total theoretical num ber o f  lipidic chains are  32. 

Therefore the follow ing equations can be derived. The integral for C H 3  : 5.67 (2), - 

(CH 2 ) 7  : 22.75 (3) and -C O -C H 2-: 3.99 (3).

\C H ipeak  . . .
(d—  ---------- x (Hn protons + X )  = 3(32 -  X )  (2 )

\H n

\C H i  peak
(^ —  -----------x (Hn protons + X  /  7) =  2(224 -  X )  (3)

\H n
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f c H i p e a k
i 1 —  ----------x {Hn protons + X )  = 2(32 -  X ) (4)

I H n

U sing Eq (2) it w as calculated that dendrim er II had 85 %  (27 lipidic chains) o f  the 

ex terior am ino groups coupled to  decanoic acid. U sing eq  (3) and (4) the sam e 

calculations w ere m ade for -(CEU)? : 22.75 and -C O -C H 2 -: 3.99 respectively and 

show ed that betw een 27 and 29 dodecanoic acid  chains w ere coupled to  the am ino 

groups o f  the external lysine. The integral peaks for all the dendrim ers are  listed in 

A ppendix  1 and the calculated percentage o f  lipidic chains attached to  the external 

lysine are  stated in Table 2.4.

From  the theoretical m olecular w eight, the m olecular w eight o f  the dendrim ers 

w ithout X  am ount o f  lipidic chains can be calculated and used to explain  the spectra 

obtained from  m ass spectrom etry (Exam ple given in Figure 2.13). B ecause o f  the 

hydrophobicity  o f  the dendrim ers it was difficult to obtain  m ass spectra o f  the 

dendrim ers. The lipidic chains suppressed the signal and therefore the height o f  the 

signals in a spectrum  should no t be com pared because o ther signals in the sam ple 

reflects im purities, w hich m ight be easily  ionised, and therefore show s up as a 

com paratively m ore intensified peak. Therefore the peaks w ere broad and show ed a 

range o f  m olecular w eights. U sing the inform ation obtained from  the N M R , the 

peaks o f  the m ass spectra w ere identified.
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Figure 2.13. Mass spectrum o f dendrimer II, CsosH^NmOm (8975.63): 8977 [M+ 2H]~ (40). 
8371 [M-4xl55(C,0H|9O)+Na]' (6 1 ). 8229 |M- 5xl55(Cl0Hl9O)+Na|

The mass spectrum confirms the m olecular weight, an exam ple o f  dendrim er II given 

in figure 2.13. However, the NM R and mass spectrum does suggest that fractions o f 

dendrim er do exist, as dendrim ers lacking lipidic chains were apparent in the NMR 

spectra. Table 2.4 states the theoretical m olecular weight along with the practical 

values obtained. It could however be concluded, that at higher dendrim er 

generations, the coupling efficiency decreases. This may well be because o f  steric 

hindrance as an effect o f  the dense structure o f  the dendrim er. The N M R does show a 

large deviation from the m olecular weight obtained from mass spectrometry. This 

might be because o f  the short scanning tim e. 3h, utilised when running the NMR. 

M ass spectrom etry and NM R data are listed in Appendix 1.
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Table 2.4. The theoretical molecular weights, the molecular weight determined by mass 
spectrometry and the molecular weight calculated from NMR. The results suggest that 
coupling efficiency decreases with the increase in dendrimer generation.

Dendrimer
Theoretical 
molecular 

weight, (Da)

Calculated 
molecular 

weight from 
mass 

spectrometry 
(Da)

Calculated 
molecular 

weight from 
NMR(Da)

Lipidic chains 
coupled to 

external 
amino groups 

(% of 
theoretical 

possible 
couplings)

I 6290.4 Exact 6077.1 91%

II 8975.6 Exact 8200.6 84%

III 9881.2 9680 8965.0 84%

VI 12590.8 Exact 10671.4 58%

V 18019.1 Exact 13834.0 57%

IV 19814.5 19081 15598.6 64%

2 .4 .5  C onclusion

A  series o f  lysine based dendrim ers w ere synthesised using  Fm oc SPPS. The m ass 

spectrom etry confirm ed the m olecular w eight o f  the dendrim ers. It w as, how ever, not 

possib le to synthesise a  dual label dendrim er, m ost likely because o f  detachm ent o f  

the tritium  label during the synthesis procedure. N M R  suggested that the coupling 

efficiency o f  the dendrim er decreased as the dendrim er generation increased. The 5th 

and 6th generation dendrim ers w ere ellipsoidal in shape and, because o f  their 

branched structure, provided an  overall dense structural arrangem ent. The very low  

aqueous solubility o f  these dendrim ers provided the opportunity to form ulate the 

dendrim ers into nanoparticles, i.e. system s containing m ultip le individual 

dendrim ers. The d iam eter o f  these ranged from  5 to  50 run. T heir form ulation is 

described and discussed further in chapter 3.
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Chapter three

Formulation of dendrimer-derived 

nanoparticles

3 .1  I n tr o d u c t io n

It has been well docum ented, that physical characteristics including size and surface 

nature, affect nano- and m icro- particulate translocation in vivo. G enerally , the 

sm aller the d iam eter the greater the extent o f  absorption; charged surfaces reduce 

particle absorption, w hile increasing hydrophobicity results in greater uptake and 

translocation (Florence 1997). H ow ever, several o ther factors are also o f  im portance 

w hen using nanoparticles derived from  lipidic subunits o f  individual dendrim ers, 

such as described in the present chapter. Li el al. (2004) found the stab ility  o f 

dendrim er aggregates to be dependent on the structural flexibility o f  the individual 

dendrim er m olecules. The nature o f  their packing into aggregates affects the size, 

shape, size distribution and colloidal stability o f  the  form ed particles and are factors 

w hich  determ ine drug entrapm ent and the flow  properties o f  dispersed particles.
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D endrim ers are three dim ensional hyper-branched m acrom olecules (T om alia et al. 

1990) w ith great potential as carriers because their surface properties can be 

m odified to  m eet a  variety o f  design criteria. Even though m any structurally  d ifferent 

dendrim ers have been synthesised, the full potential o f  dendrim ers as d rug  delivery 

vectors has yet to  be fulfilled. I f  dendrim ers are to  be used as delivery system s it is 

im portant to understand the nature o f  packing during self-assem bly (Em rick et al. 

1999, Liu et al. 2000, Liu et al. 2003), form ations o f  m egam ers (Tom alia et al. 2000, 

Frechet 2002) and controlled aggregation w ith and w ithout encapsulated  drug 

m olecules. Studies have been conducted on  in teractions o f  cationic dendrim ers w ith 

DN A (R am asw am y et al. 2003), com plexation w ith or interaction o f  piroxicam  

(W iw attanapatapee et al. 1999) and ibuprofen (M ilhem  et al. 2000), the form ation o f  

higher order structures (A l-Jam al et al. 2003) and the interaction o f  dendrim ers w ith 

surfactants (Bakshi et al. 2004, Esum i et al. 2002).

The form ulation o f  particles from  m icroem ulsions, using  a variety o f  different 

polym ers has been studied w idely  (B row n 2003). The potential o f  form ulating larger 

particles by nanoprecipitation using dendrim ers, is still to  be explored. This chapter 

studies the form ulation o f  dendrim er-derived nanoparticles from  em ulsions, and is a 

new  and alternative m ethod o f  assem bling dendrim ers.

3 .2  M a te r ia ls  a n d  M e th o d s

3.2.1 M aterials

Dendrim ers I to  V I w ere as described in chapter 2. D ichlorom ethane (DCM ), 

ethanol, octanol and chloroform  w ere purchased from  BD H , Leicestershire, U K ,
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polyoxyethylene cetyl ether (EO , n  =  10, M W  683) Em alex 110 from  N ihon 

Em ulsion Co Ltd, Japan and pyrene (99.9 % ) from  Lancaster, M orecam be, UK. 

O ptiPhase ‘Safe’ scintillation fluid w as purchased from  Perkin E lm er L ifeSciences, 

Loughborough, UK. Polystyrene nanoparticles (214nm  ±  5nm ) used to calibrate the 

particle analyser (4700C sub-m icron particle  analyser M alvern instrum ents, M alvern, 

U K ) was purchased from  M alvern, U K . W ipes w ithout fibers (N im a, N im a 

Technology Ltd, Coventry, UK).

3.2.1 F orm ulation  o f  d en d rim er-d erived  nanoparticles

T he dendrim ers, w ith  m olecular w eights rang ing  from  ~  6200 to  19800, differed in 

generation and length o f  lipidic chain (Table 1). Controlled aggregates o f  the 

dendrim ers (I-V I) w ere form ed using  a  precipitation m ethod as described by 

Q uintanar-G uerrero et al. (1998). Each dendrim er (I to VI) w as solubilised  in 

dichlorom ethane (D CM ) and double distilled  deionised w ater added. T he solution 

w as probe sonicated and the em ulsion form ed w as stirred until the DCM  evaporated 

and the dendrim er aggregates precipitated. The exact m ethod used for the 

experim ents are listed below  and  referred to  in the tex t w here necessary.

M eth o d  1: D endrim er III (0.25 m g) was so lubilised  in 1 m l DCM . A liquots o f  

double distilled deionised w ater w as then added  and the solution probe sonicated  (2  x 

30 s) and the em ulsion form ed stirred until all the D CM  was evaporated.

M eth o d  2 : A s described in m ethod 1, but using  0.25m l DCM  instead o f  1 ml.

M eth o d  3: A s described in m ethod 2, but using  dendrim ers I to VI
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Method 4: A s described in m ethod 2 , bu t using dendrim ers I to  III and only  30s 

probe sonication

Method 5: A s described in m ethod 2, bu t using dendrim ers I to III. T he surfactant 

(polyoxyethylene cetyl ether E10, C H 3 (C H 2 )is(O C H 2 C H 2 )ioOH) w as added to the 

w ater phase, to investigate the stability o f  the aggregates, in  concentrations ranging 

from  0.5%  w /w  to 5%  w/w.

3 .2 .2  C haracterisation  o f  d en d rim er-d er ived  nanoparticles

3.2.2.1 Particle diameter determination

Particle  suspensions w ere sized by Photon C orrelation Spectroscopy (PC S) using  a 

M alvern 4700C sub-m icron particle analyser (M alvern instrum ents, M alvern, UK). 

PC S m easures Brow nian m otion and relates th is to the size  o f  the particles. Brow nian 

m otion is the random  m ovem ent o f  particles due to  bom bardm ent by the solvent 

m olecules that surround them .

The size o f  a  particle is calculated from  the d iffusion coefficient using the Stokes- 

E instein equation;

d„ = k T /3 m jD

W here

dn  =  hydrodynam ic diam eter 

D  = diffusion coefficient 

k  =  B oltzm ann’s constant 

T=  absolute tem perature 

ti = viscosity o f  the m edium
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T he diam eter, w hich is m easured in PCS, is a value tha t refers to  how  a  particle 

d iffuses w ithin a  fluid and so it is referred to as the hydrodynam ic diam eter. The 

particle analyser m easures the sam ples at a single angle, 90°. The upper lim it for the 

size m easurem ent is dependent on the density  o f  the sam ple, and is determ ined by the 

onset o f  sedim entation in the sam ple. The low er lim it is ~  2nm  w hich depends on the 

sam ple concentration (M alvern Z etasizer M anual, M alvern Instrum ents, M alvern, 

UK).

T ab le  3 .1 . The correlation between size, number and m ass distributions (Rawle 2004).

Size (cm ) N um ber o f  

objects

% by N um ber % by M ass

1 0 - 1 0 0 0 7000 0 . 2 99.96

1 - 1 0 17500 0.5 0.03

0 . 1 - 1 . 0 3500000 99.3 0 . 0 1

Total 3524500 1 0 0 . 0 0 1 0 0 . 0 0

The hydrodynam ic d iam eter calculated  by the particle  analyser generates a  volum e 

distribution for the analysed light energy data. From  this data the num ber average is 

calculated. Table 3.1 shows the correlation betw een size, num ber and mass 

distribution. The exam ple show s the num ber and m ass distribution o f  ob jects ranging 

from  1000 cm  to 0.1 cm  in diam eter. The experim ent w as conducted to  assess i f  a 

space shuttle needed protection against m ainly sm all ( < 1  cm ) o r large ( > 1  cm ) 

objects. The data clearly  show ed that i f  the data was interpreted by m ass the larger 

objects had m ost significance and  when interpreted by num ber values, the small 

objects w ere m ore significant. N um ber and m ass d istributions are very different from  

each other and different conclusions can be draw n form  each distribution. Hence,
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w hile interpreting results, one therefore has to consider w hich  distribution is relevant. 

W hen studying oral uptake and translocation o f  particles, the sm aller particles 

(< 1 0 0 nm ) seem s to be m ore significant as only  they are translocated through to  the 

system ic circulation. W here relevant in this thesis, num ber values have been  quoted.

Experimental

T he nanoparticle suspension size determ ination w as m easured using Acryl cuvettes 

(10 x  10 x  48 m m , Sarstedt, G erm any) w ith four c lear sides, all sam ples m easured 

containing a volum e o f  ~  1 m l. Each preparation w as analysed in triplicate using 

C O N TIN  to give an  average value for particle diam eter. The polydispersity  was 

referred, indicating the particle size distribution o f  the m easured sample.

3.2.2.2 Zeta potential measurement

T he zeta  potential o f  the suspension o f  dendrim er-derived nanoparticles was 

m easured to study the particle interaction. Z eta potential it is the controlling 

param eter for particle interaction, and is dependent on the STERN layer and no t the 

surface potential. The zeta  potential (m V ) was m easured w ith a M alvern Z etasizer 

3000 (M alvern Instrum ents, M alvern, UK), w hich  em ploys the technique o f  Laser 

D oppler V elocim etry (LD V ). The charge o f  the nanoparticles is determ ined by 

m easurem ent o f  the m igration rate o f  dispersed particles under the influence o f  an 

e lectric field and is given by the relationship:

H e  = V /E

W here JIe is the electrophoretic m obility, V observed velocity  and E is the electrical 

field.
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The zeta  potential (£) can be calculated from  the m obility  using  H enry’s equation

H E =  £  * % * f ( K a ) / 6  7UT]

s=  d ielectric constant o f  the m edium  

= zeta  potential 

7  =  viscosity o f  the m edium

/  ( kJ  =  correction factor, w hich takes into account the thickness o f  the double layer 

and the particle diam eter.

Experimental

The zeta  potential is obtained by  dispersing 1ml o f  the dendrim er-derived 

nanoparticles (0.07 m g/m l to 1.71 m g/m l), derived from  dendrim er III, in 9 ml o f  

double distilled  deionised w ater (M illiQ  System , M illipore, USA). The 10 m l o f  the 

diluted sam ple w as injected and analysed 3 tim es, g iving an average value. Betw een 

m easurem ent o f  each  sam ple, the cell w as w ashed w ith 50-100 ml o f  double distilled 

deionised w ater, to flush out any residual m aterials.

3.2.2.3 Transmission Electron Microscopy

D endrim er-derived nanoparticles w ere produced as described in section 3.2.1. 2 p i o f  

the dendrim er-derived nanoparticle suspension w as added on  to the grid and stained 

w ith 1% uranyl acetate. The stain  w as filtered o f f  and the procedure repeated. The 

grid w as a ir dried  and photom icrographs w ere recorded at m agnifications ranging 

from  52,000 to 105,000 a t an  operating voltage o f  120 kV.
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3 .2 .2 .4  P o l a r i t y  m e a s u r e m e n t s

T he pack ing  o f  the  dendrim ers in aggregates w as investigated  using pyrene as a 

hydrophobic fluorescent probe (excitation . 340nm ) (Perk in  E lm er. 

S pectropho tom eter LS 50B , UK). T h e  intensity , the peak height, ra tios o f  the first 

band (374nm ) to the third band (385nm ) ( I 1/I3 ) in the em ission  spectra (350-600 nm ) 

w ere determ ined  as a function o f  dendrim er concentration . T he changes in the 

v ibronic peaks I| and I3 is d irectly  related  to  the polarity  o f  the env ironm ent, a 

decrease  in I 1/I3  ind icates an increase in the non-po lar environm ent. Pyrene in 

ethanol so lu tion  (0 .4  m M , 6  p i)  w as added to  the dendrim er suspension  (0 .09 m g/m l 

to 1.71 m g/m l) in a total vo lum e o f  3 .5m l. T he sam ples con tain ing  0 .6 9 p M  pyrene 

w ere kept fo r 24h at 20°C  before m easurem ents w ere m ade. A spectrum  o f  saturated 

pyrene in w ater is show n in figure 3.1.
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Figure 3.1. The spectrum o f water saturated with pyrene. The figure shows the five vibronic 
peaks with two vibronic peaks marked on the graph. I| and I3 .

2 ml o f  each sam ple w as then m easured using a Q uartz  cuvette  and spectra ob tained  

using a spec tropho tom eter (Perk in  E lm er. LS 50 B. U K ). T he in tensity  ra tios 11/I3  in 

the  em ission  spectra w ere determ ined  as a  function  o f  dendrim er concentration  to 

study  the changes in the polarity  as the  packing density  increased.
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3.2.2.5 Surface area measurements

D endrim ers w ere studied at the a ir-w ater in terface to gain better understanding o f  the 

packing o f  dendrim er-derived nanoparticles. The surface area per m olecule in  spread 

m onolayers o f  dendrim ers was m easured using  a Langm uir trough (N im a, N im a 

Technology Ltd, Coventry, U K ) (F igure 3.2). T his had tw o m ovable teflon  barriers 

and a W ilhelm y plate (N im a Technology Ltd, Coventry, UK) w as utilised  to 

determ ine surface tension, y, and hence surface pressure n. In the W ilhelm y plate 

technique, the vertical force acting on  the p late, w hich  is partially d ipped  in  the 

subphase is m easured. The forces acting  upon  the plate being gravity and surface 

tension. Surface tension expresses the energy per unit area w hile pressure expresses 

the energy per unit volum e. Surface tension in any liquid is created because liquids 

alw ays try  to  reduce their interfacial area. Surface pressure is sim ply ano ther w ay o f  

expressing the low ering o f  surface tension caused by a  surface film . Com pared to a 

clean w ater surface, a  m onolayer on the w ater surface lowers the surface tension and 

can be used to  determ ine the low ering o f  the surface pressure, n:

7t =  y 0-  y

w ere y0 is the interfacial tension o f  the c lean  w ater surface and y  is the interfacial 

tension w ith the m onolayer present. The surface pressure, n, is the negative o f  the 

change in surface tension.

The n/A -isotherm  (Figure 3.3) is obtained by m easuring the surface pressure, n, 

during the m onolayer com pression by decreasing  the a rea  o f  the m onolayer w ith the 

m ovable Teflon barriers. The various phases o f  the  rc/A-isotherm resem ble the tw o
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dim ensional analogues o f  gases, liquid  and solids. From  the 71/A -iso therm  the area 

per m olecu le can be extrapolated  (Ao) and the shape o f  the isotherm  can be used to 

determ ine the nature o f  the m onolayer and its degree o f  pack ing  (S h aw  1980, 

R oberts 1984. F lorence and A tw ood 1998).

P re s s u re  s e n s o r  

W ilh e lm y  p la te

T e f lo n  b a r r ie r s  

T ro u g h

Figure 3.2. The Langmuir Blodgett trough was utilised in the experiments. The trough has 
two mechanical removable Teflon barriers. The pressure sensor was mounted on the edge of 
the trough and used a Wilhelmy plate to measure the surface pressure (reduction in surface 
tension).The volume o f  the trough was 0.50.cm x 13.5 cm and 8 .cm. Tubing connectors was 
available for temperature control.

S urface
P r e s s u r e
(mN/m)

6 0 -

5 0 -

4 0 -

30-

2 0 -

1 0 -

■Gas M o le c u la r  A r e a

Figure 3.3. A 7t/A-isotherm o f  stearic acid on distilled water. Various phases o f the 7t/A- 
isotherm are shown; gas expanded to condensed liquid to two dimensional solid phase 
(Martin and Szabewski 2002).
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Experim ental

D endrim ers I to VI, as described in chapter 2 , w ere dissolved in D CM  (lm g /m l). The 

solution w as added dropw ise to the surface o f  the double distilled  deionised water. 

T he total volum e added onto  the trough w as recorded. The com pression rate w as 10 

cm 2/m in and the tem perature w as kept constant at 25°C. The trough was cleaned 

w ith chloroform  before and after each experim ent and w iped clean w ith  w ipes 

w ithout fibers supplied by Nim a.

3 .3  R e su lts  a n d  d is c u s s io n

3.3.1 F orm ulation  o f  d en d rim er-d er ived  nanoparticles

The series o f  dendrim ers, described in chap ter 2, w ere synthesised to study their 

biodistribution fo llow ing oral adm inistration. Ideally an aqueous form ulation would 

be preferred, as m ost organic solvents w ould  not be appropriate to adm inister 

because o f  potentially  severe toxic side effects. B ecause dendrim ers I to  VI w ere all 

insoluble in w ater, a  contro lled  assem bly o f  individual dendrim ers into larger 

aggregates w as form ulated using a  precipitation m ethod as em ployed by Quintanar- 

G uerrero et al. (1998).
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F o rm a tio n  o f  th e  E v a p o ra t io n  o f  th e  o rg a n ic
W a te r  p h a s e  e m u ls io n  s o lv e n t  D C M

D e n d r im e r  
s o lu b i l i s e d  in 

th e  o rg a n ic  
p h a s e  (D C M )

D e n d r im e r  ___
a g g r e g a t in g  in s id e  

th e  e m u ls io n  d o p le t
D e n d r im e r -d e r iv e d

nanoparticles

Figure 3.4. Schematic representation o f  the precipitation method used for the formulation o f 
controlled dendrimer-derived aggregates. Dendrimers were solubilised in DCM and water 
was added. The samples were probe sonicated to form an emulsion and stirred until all DCM 
was evaporated. As the DCM evaporated the dendrimer-derived nanoparticles precipitated 
out to form a aqueous suspension.

A s described  in section  3 .2 , the dendrim er-derived  partic les w ere fo rm ulated  using 

m ethod I. T he so lu tion  w as sonicated  for 2x 30s. and  the em ulsion  form ed was 

stirred  until the DCM  w as evaporated  and  the  dendrim er aggregates precip ita ted  out 

to  form  an aqueous suspension  (F igure 3 .4). In itially , the  effect o f  d iffe ren t volum e 

ra tios betw een the d ispersed  phase and the d ispersion  m edium  at d ifferen t dendrim er 

(III) concen tra tions (0 .014%  w /v and  0 .1 %  w /v) w as assessed (T able 3.2). By 

chang ing  the ratio  betw een the in ternal and  the external phase it w as possib le to
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control the Z -average o f  the particles. Table 3.2 show s the resulting effect at two 

different dendrim er concentrations (0 .014%  w /v and  0.1% w/v).

Table 3.2. The effect o f  ratios between DCM /water o f  the emulsion at tw o different
endrimcr concentrations on t le Z-average o f the dendrimer-derived nanoparticles.

D endrim er III 
concentration in  DCM

ratio  D C M /w ater 
(total volum e 4m l)

Z-average 
d iam eter +/- 

stdev, nm

Polydispersity
index

0.014%  w/v 1 : 1 1111 ±  239 0.80

1:3 397 ±  26 0.45

1 : 6 285 ±  14 0.51

0 . 1 %  w /v 1:3 480 ±  12 0.30

1 : 1 0 161 ± 5 0.40

1 : 1 2 165 ± 4 0.31

1:14 168 ± 4 0.35

This table shows that as the DCM /water ratio decreases, the Z-average diam eter o f  the 
resulting dendrimer-derived nanoparticles decreases (n=3).

A t the low er dendrim er concentration a decrease in the Z -average diam eter 

(~ 1 1 0 0 nm  to 300nm ) o f  the dendrim er-derived nanoparticles was observed, as the 

volum e o f  the dispersion m edium  w as decreased, corresponding to  a ratio  o f  1 to 

0.17 betw een the in ternal/external phase.

The increase in dendrim er (III) concentration from  0.014%  w /v to 0.1%  w /v  seem ed 

to stabilize the form ed droplets, resulting  in low er polydispersity  o f  the dendrim er- 

derived nanoparticles. C hanging the D C M /w ater (total volum e 4 m l) ratios from  0.33 

to 0 .07 resulted in a  decrease in Z -average o f  the dendrim er-derived nanoparticles 

(from  480nm  to 168nm). T his suggested that the droplet form ed by the em ulsion  and 

the dendrim er concentration in the internal phase o f  the em ulsion, inter alia , governs 

the d iam eter o f  the u ltim ate nanoparticles. In principle there  are  tw o different 

processes that provide instability  o f  em ulsions: 1 ) d iffusion o f  the nonaqueous phase
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(Shaw  1980 and Everett 1988). In a solution w ith  insoluble substances O stw ald 

ripening is negligible, as diffusion from  sm aller to larger droplets m ainly  occurs if  

the sm aller particles dissolve and therefore the larger particles grow  on their expense. 

The m ain param eter, besides dendrim er (III) concentration and sonication time, 

w hich w as kept constant, that determ ined the form ation o f  dendrim er-derived 

nanoparticles, w as therefore possib ly  the  droplet coalescence. The coalescence o f  

droplets did seem  to  have an  effect on the m ean num ber d iam eter o f  the ultim ate 

particle form ed (see section 3.3.1.1) and w as kept to a  m inim um  because o f  the very 

short evaporation tim e o f  DCM .

In a  recent article, Rosea et al. (2004) studied the form ation o f  m icroparticles from 

an O /W  em ulsion by follow ing the evaporation o f  the solvent from  em ulsions o f  1% 

w /v  PLG A and 1% w /v PLA on a cover glass. They show ed how  the solvent o f  the 

droplets diffused through the aqueous phase resulting  in the m icroparticles 

precipitating out into the w ater on the cover glass. Furtherm ore, a significant 

shrinkage o f  the resulting  m icroparticles w as observed com pared to  the initial droplet 

size. The shrinkage depends on polym er concentration and stirring rate and  tim e. The 

interaction o f  dendrim ers v ia  the internal phase, after droplet form ation, seem s o f  

secondary im portance.

M easuring the overall charge o f  the dendrim er-derived nanoparticles using 

dendrim er (III) (0.07 m g/m l) at a  ratio  o f  1:14 (o/w ), show ed an overall positive  zeta 

potential (~  +12m V ). T his explains the stability  o f  the ultim ate particle in an aqueous 

m edia. H aving an overall positive surface potential m akes the dendrim er-derived 

nanoparticles repel each o ther to  create  a  stable suspension. The positive surface 

potential m ainly exists because o f  the am ine group on the glycine in the core  o f  the
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single dendrim er m olecule. H ow ever, free N H 2  groups present because o f  

insufficient coupling  o f  the lipidic chain  to the surface am ino groups, as suggested by 

the N M R  data, chapter 2 , also contributed to  the surface potential (84 %  coupling 

efficiency). A ggregation o f  the dendrim ers into dendrim er-derived nanoparticles 

therefore also show ed an  over all charge. Furtherm ore, the nanoparticles (ratio  o f  

1:14) have a  pH  o f  ~  6 in suspension, contributing to  a  positive charge o f  the am ino 

groups.

By further changing the form ulation param eters such as the dendrim er generation, 

lipophilicity  and dendrim er concentration, the particle diam eter and hydrophobic 

nature o f  the aggregates was investigated. The data gained from  71-A  studies (section 

3.3.3) at the air/w ater interface have allow ed som e theoretical calculations on the 

packing o f  the dendrim ers in their nanoparticles.

3.3 .2  E ffect o f  d en d rim er gen eration  on  ap p aren t p article  d iam eter'

U sing the sam e am ount o f  dendrim er (0.071 m g/m l), the sam e volum e (0.25m l DCM ) 

o f  the organic phase and a  sonication tim e o f  2x30s (m ethod 3), the effect on the Z- 

average and num ber average d iam eter (nm ) o f  batches o f  particles prepared from  

dendrim ers I to VI w as assessed (F igure 3.5).
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Figure 3.5. Effect on apparent particle diameter (nm) o f  batches prepared from dendrimers 
I—VI. I, II and III are 5lh generation dendrimers with surface chains C 4, Cio, C 12 while IV. 
V and VI represents the 6 '1' generation dendrimers with C4 , Cio, C 12. The concentration of 
dendrimers was 0.72mg/ml. Comparing 5lh and 6 '1' generation o f  dendrimers: 1 (192nm ± 
6 nm) with IV (204nm ± 3 .8 1 1m). II (I89nm  ± 4nm) with V (213nm ± 3nm) and 111 (190nm ± 
2nm) with VI (240nm ± 3.7nm) an increase in Z-average (lower graph. n=3) and mean 
number values (upper graph) o f  the dendrimer-derived nanoparticles was observed. An 
increase in the surface lipid lipidic chain length from C 4 to C n had no effect on the particle 
diameter o f  aggregates derived from 5lh generation dendrimers. and a small and variable 
effect on the 6 "  generation derived nanoparticles. Using similar molar ratios extrapolated 
from figure 3 did not alter the graph significantly.
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F i g u r e  3.6. Showing the % in class of the mean number size distributions of the 5lh 
generation dendrimer derived nanoparticles (upper graph) and 6 "‘ generation dendrimer 
derived nanoparticles (lower graph). Nanoparticles derived from the 6 lh generation
dendrimers form larger particles than nanoparticles derived from the 5,h generation
dendrimers and tend to form a higher percentage o f larger aggregates.

Com pounds I, II and III denotes dendrim er-derived nanoparticles, derived from  the 

5 lh generation dendrim ers with surface chains C 4 ,  C i o  and C 1 2  respectively while IV. 

V and VI represent dendrim er-derived nanoparticles derived from the 6 lh generation 

dendrim ers with C 4 ,  Cm and C 1 2  surface chains respectively. A slight increase in the 

Z-average diam eter was observed when com paring 5 lh  generation dendrim er-derived
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nanoparticles w ith  6 th generation dendrim er-derived nanoparticles: I w ith  IV, II with 

V and III w ith VI. A sim ilar trend w as found w hen com paring the m ean num ber 

diam eters o f  the particles derived from  the 5th and 6 th generation dendrim ers: I 

(26nm ) w ith IV  (57nm ), II (27nm ) w ith  V (85nm ) and III (25nm ) w ith VI (48nm). 

M ore than 98.5 %  o f  all particles derived from  the 5th generation  dendrim ers w ere 

less than lOOnm in diam eter, w hereas particles derived from  the 6 th generation 

dendrim ers IV  and V I had around 90% , and dendrim er V around 70%  o f  all particles 

less than lOOnm (F igure 3.6). This suggests that changing the dendrim er from  5,h to 

6 th generation increased the  num ber o f  larger aggregates. The increase in the num ber 

o f  lipidic chains on the dendrim ers, from  32 to 64, is logically  the cause o f  this 

increased aggregation.

3.3.2.1 Effect o f  lip id ic chain on apparent particle d iam eter

Increase in the carbon chain length as in dendrim er I to III had  no effect on  the Z- 

average d iam eter o f  the nanoparticles (~190nm ). D endrim ers IV  to  VI form  particles 

w ith m easured diam eters from  204nm  ±  3.8nm  to a m axim um  o f  240nm  ±  3.7nm  

w hen the lipidic chain  w as increased (C 4  to  C 12). The increase in Z -average diam eter 

o f  particles derived from  dendrim er IV  to V I w as caused by the  aggregation and 

hence polydispersity  o f  the nanoparticles. T he 6 th generation dendrim er w ith  C 10 

lipidic chains (dendrim er V ) had few er particles (~  70 % ) under lOOnm and a  larger 

m ean num ber d iam eter (85nm ) than the o ther m em bers o f  the sam e generation. This 

trend was not observed for the 5th generation dendrim ers. O nly  w hen the num ber o f  

lipidic chains on the dendrim er increased did the d ifference becom e m ore significant. 

H ow  exactly  the C 1 0  lip idic chain, com pared to the C4  and  C 12, changed the 

form ation o f  the aggregates is no t clear. T ransm ission  electron m icroscopy indicates
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that the apparent particle diam eter o f  the aggregates is in the range -2 0 -5 0  nm, 

sim ilar to the mean num ber averages (Figure 3.7).

I ll

Figure 3.7. Transmission electron microscope 
images o f dendrimer nanoparticles derived from 
dendrimer II. Ill and IV, Confirming the mean 
number diameter o f the particles.
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3.3.3 Surface area/m olecule using langm uir trough

To gain a better understanding o f  the packing o f  dendrim er-derived nanoparticles, 

dendrim ers were studied at m olecular level. The surface area per m olecule was 

m easured as described. The 7i/A -isotherm  for each dendrim er was recorded as 

described in section 3.2.2.5. An exam ple o f  a 7i/A -isotherm  from dendrim er I to 111 

(Figure 3.8) and dendrim er IV to VI (Figure 3.9) are shown.

■ D e n d r im e r  I

•  D e n d r im e r  II

*  D e n d r im e r  III

s u r f a c e  a r e a /m o le c u le .  A'

Figure 3.8. The 7i/A-isotherm o f dendrimers I to III spread from DCM at the air/water 
interface, which shows an expanded monolayer. However, comparing the isotherm with the 
ones obtained from dendrimer IV to VI (Figure 3.9) they are at a more condensed state.
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D e n d r im e r  VI 

•  D e n d r im e r  V 

a  D e n d r im e r  IV

s u r f a c e  a r e a /m o le c u le .  A

Figure 3.9. Showing the 7t/A-isotherm o f dendrimer IV to VI spread from DCM at the 
air/water interface, which shows an expanded monolayer.

Various m onolayer states exist (Florence & Attwood 1998). The isotherm s formed 

by dendrim ers I to VI are very sim ilar to those observed for expanded monolayers. 

This represents an intermediate phase between gaseous and condensed film. 

Normally this type o f  film is formed by m olecules where close packing is prevented 

(i.e. by bulky side chains). However, it has also been shown that latex particles 

behave in sim ilar fashion at the air/water and oil/water interface (M archenko el al. 

2002). One reason for the formation o f  expanded film s using hydrophobic 

dendrim ers could be explained when considering the dendrim er hydrophobicity. 

Even though hydrophobic they exist as charged m olecules (diffused electric double 

layer, DVLO theory) and therefore repel each other. Consequently, it is difficult to 

obtain a condensed m onolayer. The larger the dendrim er, the greater the determined 

area per molecule. Shown in Figure 3.10. is an illustration o f  the possible monolayer
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formation. Depending on the orientation and the contact angle o f  the dendrim er at the 

interface, the area per m olecule changes. Furthermore, assum ing that a dendrimer 

with more lipidic chains will have a sm aller part in the subphase (contact angle more 

than 90°), the repulsion between the dendrim ers will increase and create a more 

expanded m onolayer because o f  the polarization o f  the counter ions.

Figure 3.10. Examples of two possible arrangements o f dendrimers at the air/water interface. 
The upper figure show a larger amount o f dendrimer in the subphase (contact angle less than 
90°) and the lower a smaller amount (0>9O°). Depending on the arrangement of the 
dendrimer in the subphase, repulsion between them will increase, inter alia, the surface area 
per molecule increases.

From the isotherm s the surface area per m olecule can be extrapolated as shown in 

Figure 3.11.
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4 0 0  600  8 0 0  1000 1200 1400

s u r f a c e  a r e a /m o le c u le .  A'

Figure 3.11. The extrapolation o f surface area/molecule from the 7t/A-isotherm obtained 
from dendrimer III.

The extrapolated values are shown in Table 3.3. Also shown in the table is the 

calculated radii from the cross section area, equation 1 . and the volum e used for each 

dendrimer.

( 1 )  A  = 7T  A
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Table 3 3 . The area/molecule (nm2) and radii (nm) for dendrimers I to VI spread 
monolayers.

D endrim er I II III VI V IV

A rea/ m olecule 
( nm2 ±  stdev)

2.49 ±  0.2 6.9 ± 0 .3 7.8 ±  0.3 1 1  ± 0 . 1 21 ±  1.5 26 ±  2 . 8

radii (nm)* 0.9 1.5 1 . 6 1.9 2 . 6 2.9

* Derived from the average area/molecule (n=4).

T he calculated  rad ius fo r each  dendrim er w as then  com pared w ith  values obtained 

from  m olecular m odels, C hapter 2 , section 2.4 (Table 3.4). The dendrim ers appeared 

to  be m ore ellipsoidal than spherical in  vacuum . Table 3.4 show s the m easured 

diam eters fo r each dendrim er and the resulting cross sectional areas, a and b. The 

cross sectional a rea  per m olecule was then  com pared w ith the data  obtained from  the 

Langm uir isotherm s. The values show n in Table 3.5 are  experim ental areas per 

m olecule divided by the theoretical areas per m olecule. A s m entioned above, the 

dendrim ers seem ed to be ellipsis (slightly  flattened and elongated). Therefore two 

com parisons have been m ade, either assum ing diam eter, a, o r  d iam eter, b. U sing 

diam eter, a, the com parison show ed a ratio  o f  ~0 .50  to -0 .6 0  betw een experim ental 

and theoretical a rea  per m olecule o f  dendrim er I to III, suggesting tha t the 5th 

generation dendrim ers are arranged at the air-w ater interface w ith  the bulk  o f  the 

m olecule in the subphase, Figure 3.12a. The 6 Ih generation dendrim ers show ed a 

ratio o f  1.04 to 1.12, indicating a sm all part in the subphase and a  expanded 

m onolayer, Figure 3.12bc. D iam eter, b , show ed a  ratio o f  0 .14 to  0.64 o f  dendrim ers 

I to V I, suggestive o f  a  m onolayer largely subsiding in the subphase. From  the data  it 

seem s m ore likely that the m onolayer form ation is w ith the dendrim ers arranged w ith 

d iam eter, a, horizontal at the  a ir/w ater interface (Figure 3.12). M ainly because the 

d ata  from  Table 3.5, d iam eter a, correlates w ith the L angm uir isotherm s. The larger 

the dendrim ers the m ore expanded the m onolayer isotherm s. N orm ally  an  expanded 

m onolayer results in a cross section a rea  h igher than the actual d iam eter o f  the
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m olecule which is only apparent i f  the formation at the w ater interface is expanded 

as in Figure 3.12 b.c.

Table 3.4. The theoretical diameters and cross sectional area of dendrimers 1 to VI from 
molecular modeling.

Dendrimer Diameter, a 
(nm)

Cross section area 
calculated from 
diam eter a. nm"

Diameter, b 
(nm)

Cross section area 
calculated from 
diam eter b. nm 2

I 2.5 4.9 4.7 17.4

11 3.8 11.3 6 . 0 28.3

III 4.2 13.9 6 . 6 34.2

VI 3.7 1 0 . 6 5.5 23.8

V 5.0 19.6 6.7 35.3

IV 5.6 24.6 7.2 40.7

Using three dimensional molecular modelling, the diameters were estimated, by measuring 
the distance from one side to another using a straight line

f
K )

Table 3.5. Ratio between experimental and theoretical area/molecule.

Dendrimer 1 II III VI V IV

(Area per m olecule)/(Area per 
m olecule, a)

0.51 0.62 0.58 1.04 1 . 1 2 1.06

(Area per m olecule)/(Area per 
molecule, b)

0.14 0.25 0.23 0.46 0.62 0.64

a and b represents the tw o diam eters o f  the ellipsis.
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a)

Air

W ater

D endrim er I, e/t: 0.51

D endrim er II, e/t: 0.62 
Dendrim er III e/t: 0.58

b)

Air

Dendrim er IV. e/t: 1.04 
Dendrim er VI. e/t: 1.06

W ater

c)

Air

Dendrim er V. e/t: 1.12

W ater

Figure 3.12. Diagrammatic representation o f  the orientation o f  the dendrimers at the 
air/water interface and the depth o f the dendrimers in the subphase, represented by the ratios 
between experimental/theoretical (e/t) values, a) showing dendrimer I, II and III forming a 
relative condensed monolayer with a larger part in the subphase, b) dendrimer IV and VI 
showing a slightly expanded monolayer and c) showing an expanded monolayer of 
dendrimer V.
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T he data suggests that dendrim ers o f  the 5 th generation form s m ore condensed 

m onolayers than the 6 th generation dendrim ers. A s the generation increases the 

m onolayer the dendrim ers form  becom e m ore expanded. For both  generations o f  

dendrim ers the trend was the sam e fo r the experim ental/theoretical cross section 

area; C 4< C i2 <  Cio- A s th e  lipidic chain increases the cross section area should 

increase, how ever, the cross section area for dendrim ers w ith C n  lipidic chains 

decreases, suggesting that flexibility  o f  the  lipidic chains affect the system.

The experim ental/theoretical cross section a rea  ratios correlates w ith the data from  

section 3.3.2, w hich show ed that dendrim er II and V form ed larger particles than the 

o ther dendrim ers in  their generation. The ratios sim ilarly show ed m ore expanded 

m onolayers a t the a ir/w ater interface fo r dendrim er II and V  then  o ther dendrim er in 

their generation. T his suggested that dendrim er w ith  Cio lipidic chains on their 

surfaces exists in a  m ore expanded form  and  therefore form ed larger dendrim er- 

derived nanoparticles. A s the carbon chain length  increases the ratio decreases again 

w hich could be due to the flexibility  o f  the carbon chain.

3 .3 .3  E ffect o f  d en d rim er  con cen tration  on ap p aren t particle d iam eter  

and zeta  potential

T o further study the packing o f  the dendrim ers, the effect o f  dendrim er concentration 

on particle diam eter, zeta  potential and the hydrophobicity  o f  their aggregates (using 

pyrene as hydrophobic fluorescent probe) w as a lso  studied. Particles w ere form ulated 

as described in section 3.3.1, m ethod 1. The sonication tim e, how ever, w as changed 

to 30s. T his change w as m ade to em phasise any  correlation betw een sonication tim e, 

droplet size, dendrim er concentration and the packing o f  the dendrim er-derived
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nanoparticles. Particles o f  dendrim er I show ed  an  increase in  m ean num ber diam eter 

from  ~30nm  to ~50nm , w hich represents a  462%  increase in volum e, as the 

dendrim er concentration increased from  0.07 m g/m l to  1 m g/m l w hereas dendrim ers 

II and  III show ed a slight decrease in Z -average d iam eter and m ean num ber diam eter 

over the concentration range 0 .07m g/m l-0 .45m g/m l (Figure 3.13). The increase in 

am ount o f  sm all particles in  the system s (< lOOnm) led to  an decrease in particle 

d iam eter (Figure 3.14). W ith increasing dendrim er concentration, a decrease in the 

d iam eter o f  particles derived from  dendrim er II and III resulted in a  increase o f  the 

zeta  potential. The results, show ed an  increase in the zeta  potential (from  +23m V  to 

+43m V ) o f  dendrim er-derived nanoparticles (dendrim er III) as the concentration 

increased (0.07 m g/m l to  1 m g/m l)(F igure 3.15). The ze ta  potential increased rapidly 

at the low er dendrim er concentrations to reach a plateau. B ecause the particle 

d iam eter decreased slightly  as the dendrim er concentration increased, the initial raise 

in zeta  potential suggests an  increase in density  o f  dendrim er-derived nanoparticles. 

T he p lateau suggests that a com pact nature o f  the particles w ere reached and also that 

further aggregation o f  the dendrim er-derived nanoparticles w as m inim al.

T hese results suggest, that dendrim ers w ith  surface lipidic chains (Cio to  C 12) are 

likely to  form  condensed aggregates as the dendrim er concentration increased, 

leading to a  sm aller (dendrim er II and III) particle  diam eter. Increasing the dendrim er 

(II and III) concentration physically pushed the  dendrim ers together and encouraged 

hydrophobic interaction. This effect w as no t observed fo r dendrim er I w ith  surface 

lipidic chains ( C 4 ) .  B utyric acid has a length  o f  ~0.6nm , significantly shorter than Cio 

and C 12 lip idic chains, 1 . 2  nm  and 1 . 6  nm  respectively, w hich  results in  a  m ore 

‘r idged’ dendrim er w ith less space o f  in teraction and therefore a  decrease in  particle 

d iam eter was not observed. The packing seem ed m ainly governed by hydrophobic
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in teractions betw een the lip id ic ch a in s on  the  d en d rim er su rfaces. H ow ever, the 

flex ib ility  o f  the surface structu res o f  the dendrim ers on  pack ing  m ight be the reason 

that the  dendrim er w ith the C 4  lip id ic chains behaves d iffe ren tly  from  the dendrim ers 

w ith longer lipidic chains (dendrim er II and III).
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Figure 3.13. Effect o f  dendrimer (I. II and III) concentration (mg/ml) on particle diameter 
(Z-average and mean number diameter)(nm) o f  the aggregates using PCS. Increasing the 
concentration o f dendrimer II and III resulted in a decrease in Z-average (~190nm to 
~l60nm  and mean number diameter (~40nm to ~20nm). Dendrimer I, however, showed an 
increase in Z-average (192nm to 339nni) and mean number diameter (~  30nm to ~50nm) as 
the concentration o f dendrimer increased (n=3).
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distributions o f  the 5lh generation dendrimers I (upper graph) II (centre graph) and III (lower 
graph). Increasing the dendrimer concentration increased the amount o f  small particles in the 
system (<100nm) and lead to a decrease in mean number diameter for dendrimers II and III. 
The opposite effect was seen for dendrimer I.
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Figure 3.15. Effect of dendrimer III concentration on zeta-potential. The zeta-potential 
increases with the dendrimer concentration, reaching a plateau at the higher concentrations 
(n=3).

3 .3 .4  C a lc u la tio n  o f  p a c k in g

A calculation was made to help understand the decrease in particle diam eter o f  the 

nanoparticles as the dendrim er concentration increased (dendrim er II and III). A few 

assum ptions were made to sim plify the calculations and for illustration purposes:

the dendrim ers where spherical in shape

they were cubic/hexagonal closed packed

interaction between the dendrim ers was through the lipidic chains

the overlap between the surface lipidic chains o f  the dendrim ers was h a lf  the

length o f  the lipidic chain, to show  the possible effect o f  the interaction on the

size o f  the aggregates

The model showed the possible effect o f  packing on the particle diameter.
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A ssum ing that the dendrim ers are spherical, the densest packing possible is cubic and 

hexagonal close packed structures w hich have the sam e packing densities. 

C alculations using  either m odel give the sam e values (C onw ay and Sloane 1993). 

The theoretical calculation here are based on  cubic  close packing. The packing 

density  o f  the dendrim ers nanoparticles w as calculated. Firstly assum ing they w here 

hard  spheres in o rder to  calculate the volum e they occupy w ith no interaction and 

secondly, assum ing tha t the interaction is through the lipidic chains and is 

approxim ately h a lf  the length o f  the lipidic chains. In Table 3.6 the d iam eter o f  the 

dendrim ers (I, II and III) has been listed together w ith  the length o f  the lipidic chains 

and the d iam eter o f  the ‘core’ o f  the dendrim ers. The data was estim ated from  the 

m olecular m odels as explained previously in section 2.3.1. The dendrim er ‘co re ’ 

represents the dendrim er d iam eter excluding the surface lipidic chains.

Table 3.6. The diameter o f dendrimers I, II and III, their respective carbon chain lengths and 
“core” diameters.

D endrim er D iam eter, nm Carbon chain 
length, nm

D endrim er
’core’diam eter,

nm
I 4.7 0 . 6 3.5

II 6 . 0 1 . 2 3.6

III 6 . 6 1 . 6 3.4

I f  firstly, the dendrim ers are assum ed to  be hard spheres and cubic c losed  packed, the 

total packing density  can be calculated. C onsidering the cubic close packing o f  14 

dendrim er m olecules these can close pack  as illustrated in Figure 3.16. when 

arranged as show n in Figure 3.16, the spheres form  a cube, consisting o f  8  x 1/8 

spheres (a) and 6  x Vi spheres (b).
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F igu re  3.16. Illustration showing cubic close packing using 14 spheres. When arranged as 
shown, the spheres form a cube containing 8 x 1/8 spheres (a) and 6 x Vi spheres (b) 
(S te inhaus 1999).

From one o f  the square planes o f  the cube, the total volume o f  the cube can be 

calculated, by determ ining the length o f  each o f  the tw o sides in the square.

A

F ig u re  3.17. This diagram demonstrates one square o f  the cube (— ) from which a triangle 
is made which is illustrated by the black arrow. Using Pythagoras the length o f  the sides of 
the triangle can be calculated: A = B = 2 'l2r  and C  = 4r.
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M aking a triangle in the square (F igure 3.17), the length o f  the tw o sides can be 

calculated using  Pythagoras:

A 2 + B 2 = C 2 , A  = B  ,a n d  C  = 4 r= z  

^  A 2 + A 2 = 4 r 2 <=>2A2 = 1 6 r 2 <=>A = 2s/%r <r>

A = 2V 2r  =  B

This m eans that the length o f  each side in the square is determ ined by equation 1. 

From  eq. 1 the total volum e o f  the cube ( V CUbe) w as calculated:

^ Ae= ( 2 V 2 r ) 3 » 8 x 2 V 2 r 3 «
(2)

Kute =  16-s/2r3

N ow  consider only the spheres in the cube. A s m entioned before the cube will have 8  

x  1/8 spheres and 6  x 14 spheres. The total volum e o f  the spheres is therefore:

(3)

r . 4m-3 .4  n  3
K p h e r e s  = ( 8  X { +  6  X  1 )  X  —  <=> 4 —  y

v =lA  3
s p h e r e s  ^ 7W

T he packing density  w as therefore calculated by:

16 3

V k ~ ^ 7 ir(4) _ s p h e r e L =  3 = 0 . 7 4

V c u h e  \ 6y f l r
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T his m eans that the pack ing  density  o f  the  spheres is 74%  in the cube (S teinhaus 

1999, W ells 1986). T he packing density  o f  the dendrim ers aggregates w as then 

calcu lated . The length o f  lip id ic cha in  (D ill , C 1 2) is ~ 1 .6nm  in vacuum . A ssum ing  

that the  dendrim er is com pletely  spherical and  that the  lipidic chains extend in all 

d irections, the dendrim er d iam ete r w as estim ated  to be 6.6nm  using m olecu lar 

m odeling. A ssum ing  that the in teraction  betw een the  dendrim ers is through the 

lip id ic ch a in s there will be a total increase in vo lum e o f  spheres in the square (F igure 

3.18).

F igu re  3.18. This diagram shows an increase in density o f  spheres in the square (—  ). The 
overlap of dendrimers on the length o f the diagonal ( ) o f  the white triangle ( ) was
( 1 . 6  nm + 1 . 6  nm ) / ( 2  x 13.2 nm ) = 1 2  %.

Considering the diagonal ( ) o f  the white triangle ( •) in Figure 3.13. the total 

overlap (diagonal) in length is therefore ( 1 .6 nm + 1 .6 nm )/ ( 2  x 13.2 nm) = 1 2  %. 

Converted into volume this is an increase o f  approxim ately one quarter o f  a sphere 

for each com er ( 8  x 1/4) in the cube (Figure 3.19. represented by the thick black 

line). And a further 12 x 1/107 spheres are condensed into the cube (Figure 3.19, 

represented by the brown color).
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F ig u re  3.19. This diagram shows the increase in volume o f  the spheres in the square. The 
black colour showing an increase o f  approx im ate ly  one qu arte r o f  a  sphere  lo r each 
co rn e r (8 x 1/4) in the  cube. A further 12 x 1/107 is condensed in to the square (Brown 
colour).

T he total num ber o f  spheres in the cube therefo re  increases to:

( 8 x |  +  6 x  j )  +  8 x {  +  1 2 x i ^ -

T he total vo lum e o f  aggregated  spheres in the  cube w as then  calculated.

<S) V „  =  « 8  x i  + 6  x i )  +  8  x i. + 1 2  j p o  6 .12 ' =  8.14 j j y ’

(6) V a g x . s p h e r e s  8.14

r.3
=  1.13

T h e  total theoretical vo lum e o f  the spheres exceeds that o f  the  cube. T hat is w hy the 

d ensity  is m ore than 1 .This is o f  cou rse  only  possib le  i f  the dendrim ers overlap  each 

other.
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The to tal increase in density  is therefore 

V d e n s i ty ”  1. 13- 0.74  =  39 %

U sing the sam e m ethod the to tal theoretical increase in density  has been calculated 

for dendrim er I  and I I  and is listed in table 3 . 7 .

Table 3.7. The total changes in the diam eter observed for dendrimer-derived nanoparticles: 
experim ental and theoretical

%  change 
(theoretical)

%  change (experim ental)

D endrim er I 15%  | 462%  t

D endrim er II 31%  | 56%  i

D endrim er III 39%  1 61%  i

This theoretical calculation show s that a  decrease in particle size is possible i f  there 

is lipidic interaction betw een the dendrim ers. The theoretical values calculated  are 

low er than the actually  achieved values (dendrim er II and III). This difference is 

m ost probably because the dendrim ers are no t com pletely spherical, w hich was one 

o f  the assum ptions in theses calculations, but also the fact that that the interaction 

w as assum ed to  be h a lf  the length o f  the lipidic chain. The results showed, that 

although, theoretically, a  decrease was possible for dendrim er I it did not fit w ith  the 

experim ental data, suggesting that flexibility  o f  lipidic chains changes w ith  the 

carbon chain length and hence behave differently  w hen interacting through the 

lipidic chains.
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3 .3 .5  E ffect o f  n on -ion ic  su rfactan t on p artic le  d iam eter

The assem bly o f  dendrim ers seem ed to  be through the lipidic chains on  their 

surfaces. A s discussed previously  in th is chapter, the  dendrim er-derived 

nanoparticles had a particle d istribution. The larger particles (> 1 OOnm) contributing 

-1 .5  %  in the 5th generation dendrim er-derived nanoparticles and  10 %  in the 6 th 

generation dendrim er-derived nanoparticles. The addition o f  surfactan t to  the w ater 

phase w ould prevent any coalescence o f  droplets during the form ulation o f  particles. 

The effect o f  surfactant on dendrim er-derived nanoparticles size w as therefore 

assessed. The particles w ere form ulated as described in section 3 .2 , m ethod 3. The 

concentration o f  dendrim er was kept constant a t 0 . 1 %  w /v and the effect o f  a 

nonionic surfactant (polyoxyethylene cetyl e ther E10, C H 3(C H 2) i 5 (O CH 2 CH 2 )ioOH) 

w as assessed (Figure 3.20). Increasing the surfactant concentration from  0.5%  w /w  

to  5%  w /w  resulted in an increase in the m ean num ber average diam eter o f  the 

form ed nanoparticles (o f  dendrim er I, 24nm  to 44nm , o f  dendrim er II and 30nm  to 

6 6 nm , dendrim er III, 24nm  to 56nm ) (F igure 3.21) the larger particles (>100 nm) 

contributing to -  1.5 %  o f  the total am ount o f  dendrim er-derived nanoparticles. A 

value sim ilar to dendrim er-derived nanoparticles form ulated w ithout any surfactant. 

T his increase in particle d iam eter seem s to  be the d irect effect o f  the interaction 

betw een the lipidic chain o f  the dendrim er and  the lipidic chain  group o f  the 

surfactant. A s m entioned previously the external am ino groups o f  the dendrim ers are 

m odified  w ith  different lengths o f  lip id ic  chains and provide the basis for 

hydrophobic interactions betw een the tw o. D endrim er II, w ith Cio lipidic chains, 

form s larger dendrim er-derived nanoparticles w ith  surfactant com pared to particles 

form ed w ith  dendrim er I and III. The data  correlates w ith the data show n in section 

3.3.2, w here the form ulation o f  dendrim er-derived nanoparticles w ithout surfactant
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show ed the dendrim ers w ith  Cio lipidic chains attached to  the term inal am ino groups 

to form  larger dendrim er-derived nanoparticles by num ber values. The reason fo r this 

effect, m ost probably lies in the structural flexibility o f  the lipidic chains and the 

m ore extended nature o f  dendrim er II in an  aqueous environm ent. Considering the 

core o f  the dendrim ers to  be ridged, the lipidic chains on the term inal am ino groups 

account for flexibility, hydrophobicity  and hence the dendrim er interaction. The 

hydrophobicity  is dependent on the length  o f  the lipidic chain, and the flexibility 

dependent on carbon chain length and th e ir physical state in an  aqueous environm ent. 

A short carbon chain length on the dendrim er surface seem s ridged. A s the carbon 

chain length increases the flexibility  increases. A t a  carbon chain length above 10, 

the shape o f  the lipidic chain seem s to change, resu lting  in sm aller dendrim er-derived 

nanoparticles o f  dendrim er III, w ith  C 12 lip idic chains, com pared to  particles form ed 

form  dendrim er II, w ith Cio lipidic chains. The critical lim it for the structural 

changes seem s to be a  carbon chain length larger than 1 0 .

C om paring the results w ith the dendrim er-derived nanoparticles form ulated w ithout 

any surfactants as described in  section 3.3.3 (w here the dendrim er concentration was 

increased), it is evident that packing and  hence particle d iam eter are linked to the 

flexibility and hydrophobicity o f  the dendrim ers. C om bined w ith the m olecular 

m odels o f  the dendrim ers (C hapter 2 , Figure 2.7) and the spacefilling m odel o f  the 

surfactant it is likely that the surfactant in terferes w ith the flexible surface lipidic 

chains o f  the dendrim er-derived nanoparticles. N o increase in stability o f  the 

dendrim er-derived nanoparticles w ere found using  the surfactant as the 

polydispersity  o f  the system  still rem ained the same.
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Given the fact that dendrim ers on its own has surface active properties, addition o f  

surfactant was not useful. For the further experim ents no surfactants were used, as 

they did not increase particle stability and m ost im portantly they altered the surface 

properties o f  the dendrim er-derived nanoparticles. Hydrophobic dendrim er-derived 

nanoparticles, with their flexible lipidic chains, were form ulated to target Peyer's 

patches o f  the GALT. Changes in the delivery system would com plicate the 

assessm ent o f  the carrier

F ig u re  3.20. Illustration o f a space-filling model o f  the o f  polyoxyethylene cetyl ether EI0, 
C H , ( C H 2) | 5( O C H 2C H 2) i o O H .
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F igu re  3.21. The effect o f surfactant concentration (CH-.iCH'hTOCHXTThoOH) on the 
mean number diameter o f dendrimer-derived nanoparticles. Increasing the surfactant 
concentration increases the mean number diameter (n=3).

3.3 .6  Investigating packing using pyrene as an hydrophobic probe

Pyrene (excitation. 340nm) is a hydrophobic fluorescent probe. The intensity (peak 

height) ratios o f  the first band (374nm) to  the third band (385nm) (I |/I3) in the 

em ission spectra (350-600nm ) were determined as a function o f  dendrim er (II and 

III) concentration (Figure 3.22). It is well known that the ratio between the first and 

the third vibronic peak ( 11/I3 ) is proportional to the polarity o f  the medium in which it 

is dissolved. Results show a decrease in I |/I3, indicating an increase in the non-polar 

nature o f  the dendrim er aggregates as concentration increased. A plateau is reached 

at the higher concentration suggesting that a com pact form o f  the aggregates was 

attained.
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F ig u re  3.22. The effect o f  dendrimer (II and III) concentration on l | /b  ratios investigated 
using pyrene (excitation, 340nm) as a hydrophobic fluorescent probe. The intensity (peak 
height) ratios o f  the first band (374nm) to the third band (385nm) (l|/lj)  in the emission 
spectra (350-600nm) are plotted here as a function o f  dendrimer concentration (n = 3).

For su rfactan ts  a  c lassic  inverted s-shape (F igure  3 .23) is norm ally  ob tained . The 

sharp  decrease  indicating m icelle form ation  from  w hich  critical m icelle 

concen tra tion  can be  determ ined  (E sum i el al. 2002; B akshi 2004).

1 . 7

■3
Concn. o f  D TA B  /  mmol dm

F igure  3.23. I | / l j  o f pyrene versus logarithm o f surfactant concentration for 
dodecyltrimethyl ammonium bromide (DTA B)( Esumi el al. 2002).
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Com paring the s-shape curve in Figure 3.23 to the curve obtained in the presented 

data. Figure 3.22, it is apparent that the initial plateau is missing. That is because the 

plateau is only evident in system s m easuring polarity significantly below the CMC. 

In the experiment conducted in this chapter, it is the polarity o f  the system after 

particle formation that is m easured and that is why the initial lag phase is not 

apparent.

As the dendrim er-derived nanoparticles are assem bling, a decrease in polarity (I 1/I3 ) 

is observed. A further increase in concentration results in a second plateau. The 

resulting plateau is a conform ation o f  the formation o f  “com plete” dendrim er-derived 

nanoparticles (Figure 3.24). The results suggest that a concentration o f  0.36 mg/ml 

(dendrim er II) and 0.22 mg/ml (dendrim er III) is the concentration at which particles 

are com pletely formed. Dendrim er II, with its C 10 lipidic chains, resulted in a higher 

I 1/I3  ratio than for dendrim er III with C 12 lipidic chains. The results confirm ed that a 

m ore hydrophobic dendrim er resulted in a m ore hydrophobic environment.

Concentration at which 
com pact particles are 
formed

Concentration

Figure 3.24. Schematic representation o f  the formation o f dendrimer-derived nanoparticles 
and the effect this presence on polarity.
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The results suggested that dendrim ers w ith longer lipidic chains, form ed com pact 

aggregates at a low er concentration. The assem bly o f  dendrim er-derived 

nanoparticles w as no t only  dependent on surface properties o f  the dendrim er, but also 

on  dendrim er concentration. The dendrim er concentration determ ines the 

com pactness o f  the nanoparticles. The m ode o f  assem bly is im portant when 

considering stability o f  the nanoparticles bu t also for potential drug entrapm ent. 

A ltering the com pactness o f  the dendrim er-derived nanoparticles is very likely to 

affect drug entrapm ent; “loose” nanoparticles m ight allow  higher drug entrapm ent 

because o f  the larger void spaces available. F o r hydrophobic drugs “loose” o r tightly  

packed particles w ould  be useful, as the drugs w ould interact w ith the surface lipidic 

chains o f  the dendrim ers and contribute to the aggregation and hence the form ation 

o f  dendrim er-derived nanoparticles. The circum stances depend on  the application.

3 .4  C o n c lu s io n

It w as possible to form ulate a  stable aqueous suspension o f  dendrim er-aggregates for 

oral delivery. The form ation o f  nanoparticles is m ainly governed by the hydrophobic 

surface nature o f  the dendrim ers w ith  the charge o f  the particles contributing to  the 

stability  o f  the particles in suspension. T he particle  diam eter was predom inantly 

governed by the dendrim er generation. Surface m odification o f  the dendrim ers with 

C 4  to  C 12 lipidic chains resulted in the fo llow ing ranking in the d iam eter o f  the 

derived nanoparticles Cio >  C 12 ~  C4. N anoparticles from  dendrim er (II) w ith C 10 

surface lipidic chains form ed larger particles. M onolayer studies o f  the dendrim ers at 

the a ir/w ater interface show ed they form ed a  m ore expanded m onolayer than  the 

o ther dendrim ers in their generation and hence their ‘looser’ packing into 

nanoparticles resulted in a  larger diam eter.
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The increase in the dendrim er generation show ed that the 6 th generation dendrim ers 

form ed larger dendrim er-derived nanoparticles than  5th generation dendrim ers, an 

effect m ainly due to the larger d iam eter o f  the individual dendrim ers. How ever, 

studies a t m olecular level show ed that the 6 lh generation dendrim ers form ed a m ore 

expanded m onolayer at the a ir/w ater interface and hence form ed larger dendrim er- 

derived  nanoparticles w hen assem bled together. The experim ents underline the 

im portance o f  studying dendrim ers at m olecular level in  o rder to understand the 

param eters influencing their aggregation into nanoparticles.

B y changing the dendrim er concentration it w as possib le to  control the particle 

diam eter. Increasing the dendrim er concentration for dendrim ers w ith surface lipidic 

chains Cio and C 12 decreased the size o f  dendrim er-derived nanoparticles w hile a 

shorter carbon chain length (C 4) resulted in an increase in particle  size. Calculations 

o f  packing suggested that the carbon chains provided space, in w hich  the dendrim ers 

could interact. C om bined w ith the flexibility o f  the lipidic chains these feaures 

resulted in a concentration dependent packing. The packing w as governed by surface 

flexibility  and hydrophobicity o f  the dendrim ers, w ith  short carbon chains on the 

dendrim er surfaces, providing a m ore ridged m olecule and hence an increase in 

particle  d iam eter w as observed as the dendrim er concentration increased. M easuring 

the length o f  the surface carbon chain resulted in m ore com pact aggregates at a low er 

dendrim er concentration due to increased hydrophobic interaction.

The size and stability o f  dendrim er aggregates w as dependent on the generation o f  

dendrim ers, the concentration and the packing characteristics o f  the dendrim ers, 

m ainly  the interaction betw een the hydrophobic surface groups. H ow ever, beside the 

form ation o f  m ainly  sm aller aggregates, larger aggregates o f  dendritic m atter were
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also observed. The m ain issue seem s to  be the control o f  additional larger aggregates. 

The potential o f  self-assem bly o f  dendritic m atter in drug, vaccine and gene delivery 

is still to be assessed and w hether or no t the relatively few  larger aggregates obscures 

results, needs to be assessed for each individual case.
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Chapter four

In vitro studies -  stability and cell toxicity of 

dendrimer aggregates

4 .1  I n tr o d u c t io n

In th is chapter dendrim er-derived nanoparticles, derived from  dendrim ers I to VI, 

w ere incubated w ith C aco-2 cells and red blood cell in order to assess their toxicity 

in vitro. The effect o f  dendrim er generation and various surface lipidic chain lengths 

w as investigated in o rder to investigate the b iocom patibility  o f  the synthesised 

dendrim ers and various cell lines. These studies are a prerequisite prior to in vivo 

studies fo r anim al safety reasons, bu t a lso  in search for inform ation about the 

interaction betw een dendrim er-derived nanoparticles and the cell m em brane. 

Furtherm ore, the stability  o f  dendrim er-derived nanoparticles w as assessed in 

relevant biological m edia, to study the physical properties o f  dendrim er-derived 

nanoparticles prior to uptake.
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The physical properties o f  dendrim ers in  th is thesis have been  characterized by m ass 

spectrom etry, N M R , Langm uir trough and m olecular m odeling and dendrim er 

derived nanoparticles by zeta  potential, particle  sizing, polarity  m easurem ents and 

transm ission electron m icroscopy in o rder to understand the interaction o f  such 

particles w ith m am m alian cells. D endrim ers have potential in tissue targeting 

applications, controlled drug release and  because o f  their nanoscopic architecture and 

diverse structural features can be m odified perhaps to reduce any cytotoxicity, 

enhance stability in biological m edia and  optim ise uptake across biological barriers.

4.1.1 D en d rim er toxicity

For in vivo applications it is essential tha t the carriers show  no or very low , toxicity. 

M ost drugs given in high enough doses show  a tox ic  effect, and therefore it is 

im portant when conducting in vitro experim ents to  keep in m ind the difference in 

scale, w ith  the a rea  o f  a  96 well plate  ~  400  tim es sm aller than that o f  the epithelial 

lining in the intestine.

Cationic dendrim ers are know n generally  to  exhibit cytotoxicity. Polyam idoam ine 

(PA M A M ) dendrim ers w ith term inal am ino groups, have show n concentration and 

generation dependent haem olysis and cause changes in red cell m orphology. 

Furtherm ore, cationic dendrim ers d isplayed cy to toxicity  w ith  a concentration and 

generation related variation, but also show ed that dendrim er type and cell type 

contributed to the variation in the cytotoxicity  (M alik et al. 2000). Cytotoxicity o f  a 

range o f  polycations has been tested  (F ischer et al. 2003) and  ranked as follows 

regarding their cytotoxicity: poly(ethylenim ine) =  poly(L-lysine)>  poly(diallyl- 

dim ethyl-am m onium  chloride) >  d iethylam inoethyl-dextran  >  poly  (vinyl
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pyridinium ) brom ide >  starburst dendrim ers >  cation ised  album in > native album in. 

K ey param eters fo r the interaction w ith cell m em branes and consequently cell 

dam age w ere tim e, concentration, m olecular w eight and  the degree o f  cationic charge 

density  w ith high cationic charge densities resulting  in higher cytotoxicity  o f  the 

polycations.

The effect o f  charge density  on the cell m em brane, w as suggested to be an  effect o f  

flexibility  and density  o f  their three d im ensional structure. It w as argued, that the 

activity  o f  am ino groups on the cell m em brane decreases w hen the space between 

reactive am ine groups increased (Ryser 1967). The arrangem ent o f  cationic charges 

depends on the three-dim ensional structure and flexibility o f  the m acrom olecules 

w hich affects the access o f  charges on  the cell surface. For exam ple, branched 

m olecules w ere found to be m ore efficient in interacting w ith  the cell surface charge 

than polym ers w ith linear structure, as ridged m olecules have m ore difficulties to 

attach to  the m em branes than flexible m olecules (Singh et al. 1992). Therefore, high 

cationic charge densities and highly flexible polym ers should cause h igher cytotoxic 

effect than those w ith  low  cationic charge densities.

A s m ost o f  these assays are conducted in cell culture m edia such as PBS or H B SS, it 

is im portant to  consider the effect o f  sa lts  in  these m edia on  the cationic charge o f  

these polycations. The m edia in which they  are suspended, m ight am eliorate the 

cytotoxic effects. T his w ould be considered a  positive effect, but it is im portant to 

note that the conclusions have to be carefu lly  m ade, as a cationic dendrim er in cell 

culture m edia m ight no t have an  over all positive charge. M alik et al (2000) showed, 

that dendrim ers w ith carboxylate term inal groups show ed m uch low er haem olytic or 

cytotoxic effects tow ards a  panel o f  cell lines. Furtherm ore, conjugation o f  PA M A M
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dendrim er w ith PEG  show  a  decrease in  toxicity  (L uo et al. 2002). In  th is chap ter we 

have exam ined the haem atotoxicity  and in vito cyto toxicity  o f  lipidic dendrim ers

4 .1 .2  S tab ility  o f  d en d rim ers p rior  to  up take

Only a few  studies have been carried ou t on the physical properties o f  particles in 

cell culture m edia. O ne such study by Pouton et al. (1998), show ed that cationic 

poly(am ino acid)/D N A  com plexes w hen dilu ted  in to  opti-M E M  m edia, w ere 

unstable to electro lyte challenge. The apparent particle size increased, and  it was 

proposed that th is particle grow th represented aggregation due to  changes in the 

electrical double layer, low ering the zeta  potential, com pressing the electrical diffuse 

layer and leading to reduced charge repulsion betw een the particles. W e (S ingh et al 

2003) also show ed in a  separate study, tha t increasing the ionic strength  o f  the m edia 

significantly  increased the apparent size o f  the D N A -dendron-gold particles. 

Im portantly , in cell culture m edia the size  o f  the D N A -dendron-gold nanoparticles 

increased m arkedly, a s  surface potential was reduced. The presence o f  serum  

com ponents partially  am eliorated these effects, possibly due to  steric stab ilization  o f  

the particles after adsorption o f  proteins.

N ot only  electrolytes affect the particles. Serum  album in has also been show n to  bind 

to poly-L-lysine/D N A  com plexes form ing  a  ternary poly-L-lysine/D N A /album in 

com plex (D ash et al. 1999). T his ind icates that biological m edia, w hich  contains a 

w ide range o f  salts, horm ones, grow th factors, v itam ins, enzym es and serum  proteins 

are com plex m edia. T here are indeed a  m ultitude o f  factors w hich  determ ine the 

physical properties o f  particles. Increased stability o f  carriers in biological m edia 

w ould provide enhanced protection o f  encapsulated drug bu t im portantly  prevent
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in terpretation o f  experim ents being m islead ing  because o f  the change in m edium . In 

th is chapter the stability o f  selected dendrim ers has been assessed in sim ulated and 

purified gastric and intestinal fluid.

4 .2  M a te r ia ls  a n d  M e th o d s  

4.2.1 M ateria ls

D endrim ers I to  VI, described in chapter 2 , w ere used in the studies. Colonic 

carcinom a cells, Caco-2 cells (passage 21), w ere obtained from  European C ollection 

o f  Cell Culture (EC A C C ), W iltshire, UK. D ulbecco’s M odified E agle’s M edium  

(D M EM ), foetal bovine serum , glutam ine, non-essential am ino acids, penicillin  and 

HBBS w ere all obtained from  Gibco BRL, Life Technologies, UK. T issue culture 

flasks (TPP, Sw itzerland) w ere purchased from  N algen N unc, USA. Blood w as taken 

through cardiac puncture from  Fem ale Sprague D aw ley rats was supplied from  

H arlan, Ltd, U K  and lithium -heparin tubes (4.5 m l, 75 x 13 m m ) w ere purchased 

from  Sarstedt, G erm any. Filters (0.6 and 0.2 pm ) w ere obtained from  M illipore, 

B illerica, USA. SnakeSkin dialysis m em branes (M W C O  3500), 22 m m  x 35 feet dry 

d iam eter (34 m m  dry flat w idth) 3.7 m l/cm  w ere obtained from  Pierce, USA. 

O ptiphase ‘Safe’ from  W allac, F inland (form ulated and produced by Fisher 

chem icals, UK). Triton X -100, optical grade dim ethyl sulphoxide (D M SO ), 3-[4,5- 

M ethylthiazol-2-yl]-2,5-diphenyl tetrazolium  brom ide (M TT) purchased, 96 well flat 

bottom  plate, hexam ethyl disilazane (H M D S), osm inum  tetroxide (2% ), 

glutaraldehyde, pancreatin, pepsin , potassium  phosphate, sodium  hydroxide, 

hydrochloric acid and phosphate buffered saline tablets (PBS, pH  7.4) from  Sigm a 

(U K ). Ethanol and D CM  w ere obtained from  BD H , Leicestershire, UK.
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4.2.2 M ethods

4.2.2.1 Preparation o f dendrimer-derived nanoparticles

The dendrim er derived nanoparticles w ere prepared as described in chapter 3, section 

3.2.1, M ethod 3. D endrim er-derived nanoparticles w ere form ulated using  a 

dendrim er concentration o f  1.7 m g/m l at w hich  an average particle d iam eter o f  ~25 

nm  was obtained (C hapter 3). A  size w hich  w as also chosen for in vivo studies 

(chapter 5). A liquots w ere taken from  the  dendrim er suspension and incubated w ith 

C aco-2 cells, R B C , purified intestinal and gastric fluid and sim ulated intestinal and 

gastric fluid as described in the follow ing section.

4.2.2.2 In vitro cytotoxicity assay

The in vitro cytotoxicity  o f  dendrim er-derived nanoparticles w as studied using the 

M TT (m itochondrial dehydrogenase) assay. The M TT assay depends upon the 

reduction o f  the yellow  tetrazolium  salt, M T T  by m itochondrial dehydrogenase o f  

viable cells to  a blue form azan product. The assay m easures the cell respiration and 

the am ount o f  form azan produced is proportional to  the num ber o f  living cells 

present in the assay (M osm ann 1983).

C aco-2 cells w ere m aintained in D ulbecco’s M odified E agle’s M edium  (DM EM ) 

containing 2m M  glutam ine, 10% (v/v) foetal bovine serum , lOmM  non-essential 

am ino acids and 50 IU/m l penicillin, at 37  °C and an atm osphere o f  5%  CO 2 . The 

grow th m edium  was changed every 2-3 days and cells counted by using trypan blue 

analysis. A liquots o f  cell suspension w ere added to  equal am ount o f  trypan blue 

solution ( 2  %  v/v) and the average num ber o f  viable cells w as estim ated using an
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haem ocytom eter. The total num ber o f  viable cells/m l w as calculated  as: cell count 

per square x 2 (dilution factor) x  104. A fter passage 32, Caco-2 cells  w ere seeded at a 

density  o f  10s cells per ml in a 96 well plate  and grow n fo r 24h  before addition o f  

fresh m edia contain ing dendrim ers. The cells w ere then incubated w ith aliquots o f  

dendrim er I to V I solutions, concentration 1.71 m g/m l, for 1.5h (n=5). A fter 1.5h 

M TT (5 m g/m l, 20 p i) was added and left for 3h after w hich the m edia w as rem oved 

and D M SO , 100 p i, was added to  dissolve the M TT crystals. A fter h a lf  an hour 

incubation, the optical density  at 570nm  was m easured using  a  Labsystem s 

M ultiskan M ultisoft plate reader. R esults w ere expressed as the percentage viable 

cells, cells grow n in the presence o f  dendrim ers /  cells g row n in the absence o f  

dendrim ers.

4.2.2.3 Haematotoxicity assay

The haem ototoxicity  o f  dendrim er-derived nanoparticles w ere studied using a 

standard red blood cell assay (M alik et al. 2000). The study was conducted in order 

to  investigate the toxic effect o f  dendrim er-derived nanoparticles on  red blood cells.

Fem ale Sprague D aw ley rats (150g) w ere sacrificed using C O 2  asphyxiation and 

blood obtained by cardiac puncture. T he blood w as collected in heparin/lithium  tubes 

to  m inim ize coagulation. E rythrocytes w ere isolated by centrifugation at 1000 x g  for 

10 m in at 4 °C and the supernatant w as discarded. The RBC pelle t w as resuspended 

w ith  prechilled (4°C) PB S at pH  7.4. The R B C s w ere again  subjected to 

centrifugation and the supernatant d iscarded again. The pelle ts w ere w eighed and 

resuspended in PBS to  a 2  %  (w/v) RBC suspension.
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A liquots o f  the 2%  w /v  RBC suspension w as added to  aliquots o f  dendrim er solution 

and PB S a t pH 7.4 added to a total volum e o f  200 pi. T his w as perform ed in 96 well 

flat bottom  plates. T he plates w ere incubated under standard conditions fo r 1.5h. 

A liquots o f  the RBC suspension w as incubated w ith  PBS to  generate a  negative 

control. Incubation w ith  1% v/v solution o f  T riton  X -100 w as used to release 100% 

haem oglobin.

A fter incubation o f  the plates the content o f  the w ells w ere transferred  to E ppendorf 

tubes and subjected to  centrifugation at 1500 x g for 15min. a t room  tem perature. 

100 p i o f  the supernatant was then carefully  rem oved w ithout disturbing the pellets 

a t the bottom  o f  the E ppendorf tube and transferred  into clean plates. The absorbance 

w as m easured at 550nm  to  assess the degree o f  haem olysis relative to the Triton X- 

100 control. The results w ere expressed as haem oglobin release (%  + /- SD) as a 

function o f  the dendrim er concentration at pH  7.4 (n=5).

4.2.2.4 Stability o f  dendrimer-derived nanoparticles in sim ulated intestinal and 

gastric fluid

The dendrim er-derived nanoparticles, derived  from  dendrim er 111 w ere incubated 

w ith  sim ulated gastric and intestinal flu id , inside a dialysis bag, to  study the stability 

o f  dendrim er-derived nanoparticles p rio r to  uptake (Figure 4.1).

S im ulated intestinal and gastric fluid w ere form ulated according to  the U nited States 

Pharm acopoeia (U SP, 2001): Sim ulated intestinal fluid: 68 g  o f  m onobasic potassium  

phosphate was dissolved in  250m l o f  w ater, and m ixed. 190 m l o f  0.2 N  sodium  

hydroxide and 400 ml w ater w as added. A fter addition o f  pancreatin  (lO g) the 

resulting  solution w as adjusted to pH  7.5 ±  0.1 w ith 0.2 N  sodium  hydroxide. The
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solution was then diluted with water to a total volum e o f  1000ml. Simulated gastric 

fluid : 2.0 g sodium  chloride and 3.2 g o f  pepsin was dissolved in 7.0 ml o f 

hydrochloric acid and sufficient water added to make up 1000ml. The pi 1 o f  the 

solution was -1 .2 .

One mixture was made up with enzym es for the internal solution and one with 

without for external solution (Figure 4.1). Inside the dialysis bag (MWC'O 3500), 5 

ml o f 'in te rn a l ' solution was incubated with 2 ml o f  dendrim er derived nanoparticles 

(1.71 mg/ml), derived from dendrim er 111. The contents o f  the dialysis bag were 

stirred at gentle speed and sam ples from the external media was taken and the 

radioactivity o f  each sam ple was m easured as described in section 4.2.2.7.

M a g n e t i c  s l i r r e r

T e m p e r a t u r e S t i r r i n g  s p e e d

S i m u l a t e d  g a s t r i c  o r  
i n t e s t i n a l  f lu id  
c o n t a i n i n g  p e p s i n  a n d  

p a n c r e a t i n  r e s p e c t i v e l y

S i m u l a t e d  g a s t r i c  o r  

i n t e s t i n a l  f lu id  
w i t h o u t  a n y

S a f e t y  c l i p  s e a l i n g  

t h e  d i a l y s i s  b a g

D i a l y s i s  m e m b r a n e ,  

M W C O  3 5 0 0

Figure 4.1. The experimental setup for the dialysis assay. One mixture contained enzymes 
for the internal solution and one without for the external solution. Inside the dialysis bag. 
simulated intestinal or gastric fluid with enzymes was incubated with dendrimer derived 
nanoparticles. The dialysis bag was stirred at gentle speed and samples from the external 
medium were taken and the radio activity o f each sample was measured.
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4.2.2.5 Stability o f dendrimer-derived nanoparticles in purified intestinal and 

gastric fluid

The study o f  physical properties o f  particles p rio r to  uptake are im portant, i f  accurate 

predictions and conclusions are to be m ade. D endrim er-derived nanoparticles were 

incubated w ith  purified intestinal and stom ach flu id  to study the effect o f  biological 

m edia on the particle diam eter.

Fem ale Sprague D aw ley rats (~150g) w ere sacrificed using CO 2  asphyxiation. The 

rats w here dissected and the sm all intestine separated  from  the stom ach and large 

intestine and flushed w ith double distilled  deionised  w ater (15 ml). The content was 

centrifuged and filtered sequentially  through 0 .6  and 0.2 pm  filters. The stom ach was 

cu t open and the content w ashed in  pure w ater (15m l), centrifuged and filtered 

through 0.6 and 0.2 pm  filters.

The experim ents w ere carried out by incubating  150 pi o f  a  1.71 m g/m l solution o f  

dendrim er-derived nanoparticles, derived from  dendrim ers II and III, w ith  purified 

intestinal (2 m l) and stom ach fluid (2m l). The apparent particle size o f  the 

dendrim er-derived nanoparticles was then  m easured  over a  tim e period o f  3 h. The 

pH  o f  purified intestinal and stom ach fluid w as 6.5 and 4.8 respectively.

4.2.2.6 Particle size measurements

D endrim er-derived nanoparticles, 1.71 m g/m l, derived  from  dendrim er I to  VI, w ere 

form ulated as described in section 3.2.1 (M ethod 3) and the apparent particle 

d iam eter w as m easured. For details see section  3.2.2.1.
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4.2.2.7 Radioactivity measurements

D endrim er III w as radiolabelled w ith  carbon ( 14C ) as described in section 2.4.2. For 

each individual sam ple, 100 pi was placed in a  scintillation vial and m ade up to  5ml 

w ith W allac O ptiPhase H iSafe scin tillation  cocktail and placed in a B eckm an LS 

6500 m ulti-purpose scintillation counter. C ounting w as continued  for 5 m in, each 

sam ple m easured three tim es, and the d isin tegrations per m in (D PM ) recorded.

4.2.2.8 Scanning electron microscopy

Scanning electron m icrographs w ere taken  using  a  Philips X L -30, Philips Co. 

(E indhoven, N etherlands) m icroscope after drying on a Sam dri 780 critical point 

d ryer (M aryland, USA) and gold coating  using  a  Em scope gold  sputtering Coater, 

A shford, UK.

4.2.2.8.1 Red blood cells

Scanning electron m icrographs o f  R B C  w ere obtained after incubation o f  RBC with 

aliquots o f  dendrim er-derived nanoparticles (1.71 m g/m l) (section 4.2.2.3). The RBC 

w ere prepared fo r im aging as described by  M alik  et al. (2000). T he content o f  each 

w ell was transferred to sterile E ppendo rf tubes and subjected to centrifugation at 

1500 x g  for 15 m in at room  tem perature. The supernatant, p lasm a, w as rem oved 

from  the w ells w ithout disturbing the pellets, RBC, and discarded. A  solution o f  

electron m icroscopy grade fixative, glu taraldehyde, diluted in PB S (100 p i o f  a 2.5 % 

v/v) w as then added to  the w ells and the RBC w ere resuspended. The suspension was 

transferred to an E ppendorf tube and fixated  at room  tem perature fo r 18h.

The RBC w ere then  subjected to centrifugation a t 1000 x  g fo r 2 m in. at room 

tem perature. The supernatant w as again d iscarded  and 100 p i o f  a  1 %  (w /v) osm ium
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tetroxide (secondary fixative) dilu ted  in sterile distilled  w ater w as added and the 

pellets w ere resuspended. The cells w ith the secondary fixative w ere left fo r another 

hour a t room  tem perature.

The cells  w ere again subjected to  centrifugation and the supernatan t was discarded. 

The cells w ere then dehydrated and proteins denatured w ith  ethanol m ade up in 

sterile distilled  w ater (100 p i o f  50 %  v/v) fo r 5-10 m in. a t room  tem perature. The 

supernatant w as again d iscarded after centrifugation. T his step w as repeated w ith 60 

%  (v/v) ethanol, 70 %  (v/v) ethanol, 80 %  (v /v) ethanol, 90 %  (v/v) ethanol and 100 

%  (v/v) ethanol.

For scanning electron m icrographs the R B C  w ere chem ically dried  w ith hexam ethyl 

d isilazane (H M D S) (100 p i) and the cells w ere subjected to  gentle aspiration and left 

for 10 m in a t room  tem perature.

The aspirate w as pipetted onto a  glass coverslip  and the H M D S w as allow ed to 

evaporate. The sam ples w ere m ounted upon SEM  platform  using carbon cem ent and 

coated in gold and scanning electron m icrographs w ere taken using  a Philips X L-30 

m icroscope.

4.2.2.S.2 Dendrimer-derived nanoparticles in purified intestinal and stomach 

fluid

The sam ples w ere dried  (Sam dri 780 critical point dryer) and  gold coated using 

Em scope gold sputtering C oater. Scanning electron m icrographs w ere taken using a 

Philips XL-30 m icroscope.
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4.3 Results and discussion

4.3.1 C ytotox ic ity  o f  d en d rim er d erived -n an op artic les

A ssessm ent o f  cell toxicity  in vitro  is a  prerequisite p rio r to m ore extensive in vivo 

experim entation. Follow ing oral adm inistration, the m ain area o f  interaction is the 

intestinal epithelium . Therefore the toxicity  o f  dendrim er-derived nanoparticles was 

assessed using  a colonic carcinom a cell line (Caco-2). A s nanoparticles ultim ately 

can reach the system ic circulation (E ldridge et al. 1990, Rolland 1993), the toxicity 

and biocom patibility  o f  dendrim er-derived nanoparticles w as also assessed in red 

blood cells.

B ecause o f  the large in terest in dendrim ers for pharm aceutical applications, the 

toxicity  o f  m any dendrim ers has been studied (Joester et al. 2003, Jevprasesphant et 

al. 2003, M alik et al. 2000, Roberts et al. 1996). There has how ever been conflicting 

evidence regarding their biological safety  w hich in part has been contributed by the 

lack o f  consistency o f  experim ents. The variation in cell lines and hence alteration in 

experim ental conditions does m ake it very  difficult to com pare results. How ever, 

cationic PA M A M  dendrim ers have been show n to cause cytotoxicity  in a  panel o f  

cell line, in a size, shape and concentration dependent m anner (Jevprasesphant et al. 

2003, M alik et al. 2000). M odifying cationic surface groups w ith lipidic chains, 

polyethylene glycol (PEG ) seem ed to  shield the positive charge and decrease 

cytotoxicity  (Jevprasesphant et al. 2003).

The cytotoxicity  o f  dendrim er-derived nanoparticles, derived from  lipidic dendrim ers 

1 to  VI, synthesised and characterized in chapter 2 and 3, was assessed in 

concentrations from  23 |ig /m l to 798 pg/m l (Figure 4 .2  and 4.3). The 5th and 6th
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generation dendrim ers having surface am inogroups m odified with lipidic chain ( C 4 ,  

C|o and C 12) showed a slight increase in cytoxicity as the lipidic chain increased from 

C 4  to C 12- The IC5 0  (concentration that inhibits 50% ) value for nanoparticles from 

dendrim ers I. II. was m ore than 0.8 mg/ml and -0 .7  mg/ml for dendrim er III. For the 

6 lh generation dendrim ers. the IC5 0  values were more than 0.8 mg/ml for dendrim er 

IV and V. again however, the dendrim er with C 12 surface lipidic chains, dendrim er 

VI, showed a slight increase in toxicity with IC5 0  values ~  0.6 mg/ml
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Figure 4.2. The effect o f dendrimer-derived nanoparticles (derived from 5"' generation 
dendrimers) on cell survival (mean ± SD, n =  5) as a function of concentration on Caco-2 
cells. The graph shows the effect of an increase in surface lipidic chain on the cytotoxicity. 
At concentrations >0.54 mg/ml an increase in the length of the surface lipidic chain o f the 
dendrimer (from C4 to Cu), resulted in an increase in cytotoxicity o f the dendrimer-derived 
nanoparticles.
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Figure 4.2. The effect o f  dendrimer-derived nanoparticles (derived from 6 th generation 
dendrimers) on cell survival (mean ±  SD, n = 5) as a function o f  concentration. The graph 
shows the effect o f concentration and the increase in surface lipidic chain on the cytotoxicity 
o f Caco-2 cells. At concentrations >0.30 mg/ml an increase in the length o f the surface 
lipidic chain (from C4 to C 12) o f  the dendrimer, resulted in an increase in cytotoxicity o f  the 
dendrimer-derived nanoparticles.

The increase in generation, from 5lh to 6 th, did not result in any increase in toxicity 

for dendrim ers with C 4  and Cio surface lipidic chains (dendrim er I and II compared 

with dendrim er VI and V respectively. Com paring dendrim er III with VI, dendrim ers 

with C 12 surface lipidic chains, however, showed a slight increase in toxicity. The 

results w ere not significantly different, at a concentration o f  0 . 8  mg/ml the viability 

o f  dendrim er III and VI was 42 ±  7 %  and 34 ± 3 %  respectively, but did indicate 

that an increase in generation lowered the cell viability.

Prior studies conducted, have only focused on charged dendrim ers and surface 

modified dendrim ers. The effect o f  the length o f  the surface modified lipidic chains 

on dendrim er derived nanoparticle toxicity has not been studied. Jevprasesphant el 

al. (2003) showed that PAMAM  dendrim ers with surface lauryl groups exhibited 

decreased toxicity, but in the sam e paper also showed that an increase in generation

ro 60
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show ed som e increase in tox icity . The results correlate w ith  the present findings for 

dendrim ers w ith C 12 surface lipidic chains w here an increase in generation increased 

cytotoxicity. The results a lso  suggest, that the length  o f  lipidic chain on the 

dendrim ers affects the dendrim er interaction w ith  the cell resulting in a  cytotoxic 

effect o f  C aco-2 cell, m ore specifically, an effect on  the m itochondrial 

dehydrogenase activity  (M T T  assay) o f  Caco-2 cells. It is im portant to  note that the 

M T T  assay  does not depend on  severe cell dam age to detect cytoxicity and  therefore 

the exact m echanism  are no t clear.

O ther factors contributing to  cy to toxicity  is cationic charge and flexibility (H oet et 

al. 2004). In chapter 2 it w as stated that the larger dendrim ers synthesised m ost 

probably d id  not have all surface am ino groups coupled to lipidic chains, ideally only 

one N H 2  groups should be present in the core o f  each dendrim er. These uncoupled 

groups gives the dendrim ers m ore cationic charges w hich  could therefore contribute 

to  the cytotoxicity. L ipidic chains on the surface o f  the dendrim ers has shown to 

increase flexibility (Li et al. 2004). The increased flexibility enables m ore efficient 

m em brane interaction (H oet et al. 2004) and therefore the flexibility o f  the surface 

lipidic chains o f  the dendrim er-derived nanoparticles could  be a  contributing factor 

o f  toxicity.

T o sum m arise, the toxicity o f  the  lipidic dendrim er-derived nanoparticles w as m ainly 

dependent on the length o f  the surface lipidic chains and  by the generation o f  the 

dendrim er used as a  build ing block. A  short carbon chain length (C 4  and C i0)  did not 

show  any toxicity w hile a C 12 lip idic chain show ed increased toxicity. T oxicity  

observed in vitro tow ards one specific cell line can not be assum ed to  be 

synonym ous w ith  toxicity observed in vivo. M olecules in vivo in teract w ith
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biological fluids contain ing a  variety  o f  enzym es, proteins, grow th factors etc. The 

content is likely to alter the toxicity  o f  m olecules. Furtherm ore cells from  organ to 

organ vary in structure and in resistance tow ards m olecules and w ill therefore also 

affect toxicity. It is also im portant to  keep the d im ensions in  m ind. The total area 

covered by  the Caco-2 cells in a  96 well plate  is 0.38 cm 2  ( r  =  0.35 cm ) w hile the 

surface area o f  the epithelial lining in a rat sm all intestine is -1 5 7  cm 2  (r =  0.25 cm , h 

=  100 cm ), 400 tim es larger. A s the I C 5 0  value for dendrim er VI w as -  0.6 m g/m l, 

approxim ately 250  m g should be given to a 150g rat in o rder to cause cytotoxicity, 

w hich is a  very h igh dose. In the conducted anim al experim ents, described in chapter 

5, a  dose o f  50 m g/kg o f  dendrim er III w as g iven orally to anim als, a concentration 

significantly  low er than the toxic dose o f  560m g calculated from  its I C 5 0  value 

(~0.7m g/m l).

4.3 .2  R ed blood cell lysis

D endrim ers taken up by the Peyer’s patches after oral adm inistration can ultim ately 

reach the system ic circulation. The haem atotoxicity  o f  dendrim er-derived 

nanoparticles (derived from  dendrim er I to VI) w as therefore assessed.

The proposed theory fo r the toxic effect, is thought to  be the interaction o f  the 

negatively charged cell surface and the positive charges on i.e. cationic PA M A M  

dendrim ers (C arrefio-G om ez and  D uncan 1997, M alik et al. 2000). It has also been 

show n that anionic and surface m odified PA M A M  dendrim ers reduce the haem olytic 

activity. H ere w e access the haem olytic activ ity  o f  dendrim er-derived nanoparticles 

w ith  lipidic surface groups (described in chapter 2). By surface m odifying 5lh and 6 th
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generation  lysine based  dendrim ers w ith  C 4 , C 10 and C 12 lip id ic cha ins, the  effec t o f  

carbon  cha in  length and generation  on  haem olysis w as assessed.
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Figure 4.4. Dendrimer-induced haemolysis. The effect o f  dendrimer-derived nanoparticles 
concentration, derived from 5"' generation dendrimers, on the haemolysis o f  red blood cells. 
An increase in lipidic chain length from C4 to C 12 on the surface o f  the dendrimer resulted in 
an increase in the haemolytic activity o f the dendrimer-derived nanoparticles. The molar 
concentrations used corresponded to a concentration that ranged between 0.005 mg/ml to 
0 .13mg/ml (n=5).
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Figure 4.5. Dendrimer-induced haemolysis. The effect o f  dendrimer-derived nanoparticles 
concentration, derived from 6 ,h generation dendrimers, on the haemolysis o f  red blood cells. 
An increase in lipidic chain length from C 4 to  C 12 on the surface o f  the dendrimer resulted in 
an increase in the haemolytic activity o f  the dendrimer-derived nanoparticles. The molar 
concentrations used corresponded to a concentration that ranged between 0 .0 1 mg/ml to 0.27 
mg/ml (n=5).

-5-160
in
2140 
£1 2 0  
£ 1 0 0  

£  80 

•5 6° 
f  40
E ® ro 

X

20
0

1 00E-04 1 00E-03 1 00E-02

m M ,  d e n d r i m e r

1.00E-01

D e n d r i m e r

D e n d r i m e r

D e n d r i m e r

131



Figure 4.4 show s the results for the 5th generation dendrim ers and F igure 4.5 fo r the 

6 th generation dendrim er-derived nanoparticles. H aem olysis w as only  apparent in 

concentrations above 3.4 x  10‘ 3  m M  and 1.71 x 10' 3 m M  for the 5th and 6 th generation 

dendrim er nanoparticles respectively. The results show ed a  generation  related 

haem olytic activity  w hen com paring dendrim er I w ith  IV , II w ith  V and III w ith VI 

(Figure 4.6). Increasing the carbon chain length from  C 4  to C 12 resulted  in an 

increase in the haem olytic activity  o f  dendrim er-derived nanoparticles. The results 

show ed a sim ilar trend for both generations (Figure 4.4 and 4.5). T he exact reason 

for the increase in haem olytic activity  w ith  an  increase in carbon chain  length  is not 

apparent. H ow ever, considering the structure o f  red  blood cells, it m ight very well be 

because o f  the fluid properties o f  the m em brane. The red  blood cell m em brane 

contains equal am ount o f  lipids, either phospholipids o r neutral lipids, m ostly 

unesterfied cholesterol, and proteins w ith the m em brane phospholip ids arranged 

asym m etrically  into a  lipid bilayer two m olecules th ick  (B alias and K rasnow  1980).

It can be suggested, that increasing the length o f  lipidic chains, on the surface o f  the 

dendrim ers, from  C 4  to C\2, increases the potential interaction betw een the red blood 

cell m em brane and the dendrim ers, resulting  in increased haem olysis. C hanges in the 

m em brane structure results in m orphological changes which results in increased cell 

death. SEM  pictures o f  R B C s show ed changes in m orphology w hen incubated with 

all six dendrim ers (Figure 4.7) and supported the proposed explanation. The 

erythrocytes developed into echinocytes which are  characterized by  th e ir pointed 

surface structure.
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Figure 4.6 Dendrimer-induced haemolysis, showing the effect o f  dendrimer generation on 
the haemolysis o f  red blood cells. Dendrimer-derived nanoparticles derived from the 5'1' and 
6 lh generation with either C 4 (a) Cm (b) or C 12 (c) surface lipidic chains were compared. 
Regardless o f  the length o f  the lipidic chain, an increase in generation, from 5lh to 6 lh resulted 
in an increased haemolytic activity and hence that particle size affects haemolysis (n=5).

1 3 3



Triton X 100 (a)

PUS ( b )

Dendrim er I (c)

Dendrim er II (d)

Dendrim er III (e)

1 3 4



D e n d r i m e r  I V  ( f)

D cn d rim er V (g)

D en d rim er VI (h)

F ig u re  4.7. SEM o f red blood cells, showing the morphological changes induced by the 
dendrimers (c, d. e, f, g, h), PBS, control (b) and Triton X-100. negative control showing 100 
% lysis (a). Scanning electron micrographs shows (a) a complete solubilisation o f red blood 
cells using Triton X-100 which was used as negative control were 100 % lysis occurred, (b) 
contol in PBS, showing their classic biconcave morphology o f  red blood cells, (c to h) red 
blood cell morphology after incubation with dendrimer-derived nanoparticles, derived from 
dendrimers I to VI. Compared to control clear morphological changes were observed o f red 
blood cells incubated with dendrimer-derived nanoparticles, with red blood cells developing 
into echinocytes characterised by their pointed structure. The concentration o f  dendrimer- 
derived nanoparticles used were 0.43 mg/ml for dendrimer I and II which corresponds to 
micrographs (c) and (d) respectively, 0.09 mg/ml for dendrimer 111 (e). 0.17 mg/ml for 
dendrimer IV ( 0  and V (g) and 0.009 mg/ml for dendrimer VI (h). The micrographs showed 
that even at low concentration o f dendrimer-derived nanoparticles morphological changes o f 
red blood cells occurred.

M alik el al. (2000) studied the haemolytic effect o f  cationic (M W  3256. 6909 and 

14215) (> 1 mg/m l) and a series o f  anionic PAM AM dendrim ers (> 2 mg/ml). 

Interestingly the haem olytic activity for the nanoparticles from lipidic dendrim ers 1 

to VI was 30-50 pg/m l significantly higher than for the PAM AM dendrim ers. It is
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im portant to  note  that although the m olecular w eight o f  the lipidic dendrim ers ranged 

from  6290 to  19814, these w ere constructed in to  nanoparticles. This m eant that the 

results w ere not directly  com parable. The cell type (anim al related variations), 

dendrim er type and diam eter are  factors likely  to  influence results. How ever the 

increase in haem olytic activity  could be the effect o f  the strong interaction betw een 

the lipidic chains on the dendrim er and the red cell m em brane as m entioned before. 

Furtherm ore, the red blood cells w ere suspended in PBS. It is possible that the salts 

present in the m edia could  am eliorate th e  haem olytic  effect by altering the surface 

nature o f  cationic PA M A M  dendrim ers, and result in com paratively low  haem olytic 

activity . The potency o f  the lipidic interaction and  the ultim ate haem olysis caused, is 

not ideal. It should how ever also be considered that in vivo b lood contains plasm a 

w ith  w hite blood cells, platelets, proteins etc. T he com position and nature o f  whole 

blood is likely to a lter the haem olytic  activ ity  o f  the dendrim er and dendrim er- 

derived nanoparticles. This is an  area that still needs to  be studied.

The dendrim er w ere synthesised w ith  oral adm inistration in m ind, and further 

targeting  to  the M -ce lls  o f  the Peyer’s patches. The haem olytic  concentration in vivo 

m ay alter from  the concentration found in th is chapter. H ow ever, the am ount o f  

dendrim er w hich will ultim ately be translocated through to the system ic circulation, 

should not exceed the haem olytic concentration in vivo. T he  uptake and translocation 

o f  the dendrim er will be discussed in chapter 5.

The toxicity  o f  dendrim er-derived nanoparticles tow ards an  epithelial cell line has 

been described and assessed. The tox icity  o f  dendrim er-derived nanoparticles in vivo, 

how ever, is largely influenced by  their stab ility  in biological m edia in w hich they are 

transported. In addition, the stability o f  the dendrim er-derived nanoparticles will
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affect dendrim er uptake. In the next tw o  sections the stability  o f  the dendrim ers in 

relevant biological m edia will be discussed.

4.3 .3  T h e stab ility  o f  d en d rim er-d erived  nan opartic les in sim ulated  

in testin a l and gastr ic  fluid

The physical stability  o f  dendrim ers p rio r to and during in vivo uptake is an area 

w hich  has so far not been studied in great detail. In order to im prove the 

understanding o f  the m echanism s involved, the stability  o f  the dendrim er-derived 

nanoparticles, derived from  dendrim er III was assessed in  sim ulated intestinal and 

stom ach fluid containing pancreatin  and pepsin respectively. The suspension o f  

dendrim er-derived nanoparticles w ere incubated w ith intestinal and stom ach fluid 

inside the dialysis bag. U sing a d ialysis m em brane w ith  an M W C O  o f  3500, the cut 

o f f  being significantly  sm aller than the m olecular w eight o f  a  single dendrim er (M W  

9881) and dendrim er-derived nanoparticles (A pproxim ately M W  69167, i f  average 

diam eter ~25nm ), only break dow n products o f  the dendrim er will pass through the 

m em brane because o f  the increased solubility o f  these fractions. N o interaction o f  the 

lipids or cationic m olecules w ith  the cellulose snake skin dialysis m em branes were 

possible (C om pany leaflet) unlike in  the case o f  regenerated cellulose m em branes, 

w here som e o f  the -C H 2 OH groups are oxidised to  -C O O H  in a ir (C anas et al., 

2002). T his gives a  w eak anionic charge to  these m em branes w hich can reduce the 

passage o f  cationic m olecules and assist their adsorption.

U sing a  radioactive carbon labelled dendrim er (III), w ith  the label attached on the 

lipidic chains on the  surface o f  the dendrim er, dendrim er-derived nanoparticles w ere 

form ulated w ith a  concentration o f  1.71 m g/m l and incubated w ith  sim ulated
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intestinal and  stom ach  fluid (F igu re  4.8). T he pH o f  the so lu tions w as 1.2 and 7.5

respectively.
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Figure 4.8 Showing the dialysis (MWCO 3500) of dendrimer III (Cu surface lipidic chains) 
incubated with simulated gastric and intestinal fluid. The dendrimer shows a very low 
release of the dendrimer, indicating that the dendrimer is stable towards enzymatic 
degradation and that the radioactive label on the lipidic chain is not detached when it comes 
into contact with enzymes present in the stomach and intestine (n=3).

The results showed that in sim ulated gastric or intestinal fluid, -7 %  and 12 % 

respectively o f  the radioactive dendrim er (III), was transported through the 

m em brane over a period o f  24 h. This meant that the radiolabel attached onto the 

lipidic chain o f  the dendrim er was stable in gastric fluid, because no accum ulation o f 

the radioactivity was observed in the outer dialysis chamber. I f  the radiolabel was 

detached, an accum ulation would be expected within a few hours. The results 

however suggested, that the dendrim er underwent a slow  break down over 24 hours. 

W hether the lipidic chain or a larger segm ent o f  the dendrim er was detached is not 

apparent. The results do suggest, that dendrim er-derived nanoparticles, over a time 

period corresponding to the stom ach and intestinal transition tim e o f  25m in and 3-8h 

respectively, have only 3%  and 8 to 12 %  transported through the m em brane. The 

rate at which the dendrim er was broken down, should therefore not to any great
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extent, affect the dendrim er uptake. In  both intestinal and stom ach fluid, a  sharp 

initial rise w as observed at the low er tim e points, suggesting tha t the lipidic chains 

facing out tow ards the solution w as m ore prone to degradation. The pack ing  o f  the 

dendrim er into nanoparticles ensured, that large proportions o f  the lipidic chains 

w ere buried inside the dendrim er nanoparticles and provided physical protection 

against enzym atic degradation. T his how ever, w ould  only  be possible if  the 

dendrim er-derived nanoparticles did no t d isassociate in  the respective m edia. Several 

o ther m echanism s for the protection w ere possible i.e. adsorption/in teraction o f  the 

enzym es onto  dendrim er nanoparticles o r on to  dendrim ers after disassociated  from  

the nanoparticles. In the follow ing section, the physical stability  o f  dendrim er- 

aggregates in biological fluids is assessed.

4.3 .4  E ffect o f  sim ulated  in testin a l and  stom ach  fluid on a p p a ren t p article  

size o f  d en d rim er-d erived  nan opartic les degradation

A m phiphillic dendrons have show n to form  aggregates when they  com e in  contact 

w ith cell culture m edia (Singh et al 2003), posing problem s fo r in terpretation o f  

cellu lar interaction. N anoparticles derived from  dendrim er II and III (1.71 m g/m l) 

w ere incubated w ith  purified  intestinal and stom ach fluid. T he apparent particle  size 

w as m easured by PC S over 180 m in. The pH  o f  the intestinal and stom ach fluid was 

6.5 and 4.8 respectively. The results show ed that over a  3h period the dendrim er 

w ere stable in intestinal fluid (F igure 4.9) w hereas on incubation in stom ach fluid 

(F igure 4.10) there was an  im m ediate increase in  apparent particle  d iam eter (~2000- 

3000nm )
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Figure 4.9. A plot showing the effect over a 3 h time period o f  purified stomach fluid on 
apparent diameter o f aggregates prepared from dendrimers II and III. Compared to 
polystyrene nanoparticles (lOOnm), the dendrimers showed an immediate and significant 
increase in apparent particle size (-2000-3OOOnm) (n=3).
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Figure 4.10. A plot showing the effect over a 3 h time period o f purified intestinal fluid on 
apparent diameter o f  aggregates prepared from dendrimers II and III. Compared to 
polystyrene nanoparticles (lOOnm), the dendrimers showed no significant increase in 
apparent particle size was observed in intestinal fluid (~220nm) (n=3).

T he SEM  pictures o f  dendrim er-derived nanoparticles in purified intestinal and 

stom ach fluid (Figure 4.11) suggests, that aggregation o f  the system  does occur. 

R egardless o f  the biological fluid in w hich the dendrim er derived nanoparticles w ere
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incubated, there was a significant increase in size from the initial 25nm. The particles 

were clustered together regardless o f  the biological fluid used, but with the 

dendrim er-derived nanoparticles m ore clearly defined in intestinal fluid. The 

dendrim er-derived nanoparticles in stom ach fluid were hidden am ong debris, 

suggesting interaction between dendrim er-derived nanoparticles and the constituents 

o f  stom ach fluid to a greater extent than in intestinal fluid. The results suggest, that 

the protection against enzym atic degradation is m ainly governed by 

adsorption/interaction o f  constituents in intestinal and stomach fluid.

Intestinal fluid without dendrim er Stomach fluid without dendrimer

■a

D en d rim er II. M W  8 9 7 5 .6 . in D en d rim er II. M W  8 9 7 5 .6 . in
in testin a l fluid s tom ach  fluid

F igure 4.11. SEM pictures o f  purified intestinal and stomach fluid with (lower Figures) and 
without (upper Figures) dendrimer ll-derived nanoparticles (1.71 mg/ml) after 3 h 
incubation. Dendrimer-derived nanoparticles in stomach fluid were hidden among debris 
suggesting interaction with constituent o f  stomach fluid, whereas in intestinal fluid the 
particles were more clearly defined, symptomatic o f less interaction.
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4.4 Conclusion

The toxicity  o f  dendrim er-derived nanoparticles, in the lim ited toxicological 

evaluation presented here, w as determ ined by the length o f  lipidic chains and 

generation o f  dendrim ers used. D endrim er-derived nanoparticles from  dendrim ers 

w ith C \2 surface lipidic chains attached show ed a com paratively h igher toxicity  in 

Caco-2 cells and tow ards red blood cells  than dendrim er nanoparticles derived from  

dendrim ers w ith  C 4  and C 10 surface lipidic chains. T he longer lipidic chain seem ed to 

interact m ore strongly w ith  the cell m em branes and hence cause greater haem olysis 

or cytotoxicity. The dendrim er-derived nanoparticles w ere stable against degradation 

in biological fluids. The aggregation o f  the system  in the stom ach and intestinal fluid 

w as likely to  be contribute to the protection, o f  the dendrim ers, against degradation 

but also likely to  affect the absorption o f  these system s in vivo. The uptake o f  

dendrim er-derived nanoparticles after oral adm inistration w ill be discussed in  the 

fo llow ing chapter.
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Chapter five

In vivo studies -  oral uptake and histology

5 .1  In tr o d u c t io n

In  th is chapter the biodistribution o f  dendrim er-derived nanoparticles after gavage 

w as assessed. Study o f  the factors affecting the oral uptake and translocation o f  

particles has been an area o f  great interest and m uch discussion. It w as often assum ed 

that the m am m alian gastrointestinal tract was a barrier im penetrable to  the transport 

o f  particulate m atter, and the debate has m ainly evolved around  the acceptance or 

o therw ise w hether particulate uptake was a  process w hich reliably  occurred. The 

w ork carried ou t by several laboratories (LeFevre et al. 1978a.b, 1980, 1989., 

E ldridge et al. 1990, Rolland 1993, Jani et al. 1989, 1990, 1992) show ed uptake o f  

nanospheres through specialized regions o f  the G I t r a c t , the P eyer’s patches (PP). It 

is now  w idely accepted that particulate m atter can  be taken up  by Peyer’s  patches 

and  the areas surrounding them . U ptake o f  inert particles has been show n to  occur 

transcellu lary  through norm al enterocytes and PP  via M -cells and  to a m inor extent
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across para-cellular pathw ays (A praham ian et al. 1987). PP  differentiate betw een the 

type and size o f  particles. A ltering particle  characteristics such as size (H illyer and 

A lbrecht 2001), surface charge (Jani et al 1989), surface attachm ent o f  ligands 

(H ussain and F lorence 1998, H ussain et al. 1997) o r coating  w ith poloxam ers 

(H illery et al. 1994) offers possib ilities for targeting  specific regions o f  the  gastro 

intestinal tract such as PP.

Fluorescent polystyrene nanoparticles have been w idely used in o rder to  determ ine 

particulate uptake as they have been easy  to v isualize and  quantify  through gel 

perm eation chrom atography. A  w ide size range o f  po lystyrene m icrospheres has 

been studied, and a  size dependent uptake and translocation w as observed (Jani et al. 

1990). 50nm  particles w ere translocated to a greater ex ten t than lOOnm particles, 

w hereas 300nm  particles were absent from  the blood. This has led to  the suggestions 

that an optim al size exists w here particles are translocated to  a  greater extent. 

Furtherm ore Szentkuti (1997) show ed that the sm aller the particle d iam eter the faster 

they  could perm eate the m ucus to  reach the colonic enterocytes. 14nm particles 

perm eated w ithin 2 m in, 415nm  took 30 m in and lOOOnm particles w ere unable to 

penetrate this barrier. A  quantitative study using polystyrene particles less than 50nm  

in d iam eter has still not been conducted and  therefore it is still no t apparent i f  an 

optim al size exists.

O ne o f  the m ajor issues o f  polystyrene particles, is their non-biodegradable nature. In 

search o f  a  carrier that is biodegradable and  nanoscopic in size, dendrim ers has been 

synthesized. The biodegradability  o f  lysine based dendrim ers is an  area w hich  needs 

further exam ination. D endrim ers serve several purposes. B esides being nanoscopic, 

they also provide possibilities o f  surface m odification. Therefore dendrim ers are a
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valuble alternative to polystyrene particles and  prov ides im m ense possib ilities and 

expectations.

5 .1 .2  O ral u p tak e o f  d en d rim ers

Even though m any in vitro experim ents have been conducted using dendrim ers, so 

far only tw o papers have been published on oral uptake and translocation o f  

dendrim ers (Sakthivel et al. 1999; F lorence et al. 2000). Sakthivel et al. (1999) and 

F lorence et al. (2000) utilized a  4 th generation lysine based dendrim er, w ith  16 C 12 

surface alkyl chains, and a m olecular w eight o f  6300 and a  d iam eter o f  2.5nm  for the 

oral uptake studies. T he dendrim er [G ly(Lys)is(C i2) i 6 ] was given as a  oral aqueous 

solution and show ed the follow ing biodistribution after oral adm inistration to fasted 

fem ale Sprague-D aw ley rats (14m g/kg and 28m g/kg) (Table 5.1).

Table 5.1. the biodistribution o f  a lipidic dendrimer [Gly(Lys)is(Ci2)i6] after oral 
administration o f 14mg/kg and 28mg/kg in the small intestine, large intestine, blood, liver, 
sp

(f :

A dm inistering 14m g/kg show ed that m ore than 20%  o f  the adm inistered dose was 

recovered from  the stom ach, sm all in testine and large intestine. Flow ever this figure

een and kic neys.
Small

intestine

Peyer’s
patches
small
intestine

Large

intestine

Peyer’s
patches
large
intestine

Blood Liver Spleen Kidneys

14mg/kg, 

6 h

15% 5% 3% 1.5% 0.1% 0.5%

28mg/kg, 

3 h

3.8 % 1.5%

28mg/kg, 

12 h

0.3 % 0.05 % 3.8% 0.3 %

orence et al.2000).
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represents the material which was absorbed, adsorbed or otherwise associated with 

the tissues. After 24 h less than 1% o f  the adm inistered dose was recovered from all 

the organs studied, indicating excretion o f  unabsorbed dendrim er or clearance o f  the 

absorbed dendrim er. The levels o f  uptake and translocation o f  the dendrim er were 

com pared to results obtained studies with polystyrene nanoparticles (Figure 5.1)

D en d rim er

o 1000 2000 3000 4000

D iam ete r  (nm )

Figure 5.1. Uptake o f orally administered dendrimer and polystyrene latex in the liver and 
spleen as a percentage o f administred dose as a function o f particles size. The dose of 
dendrimer was 14 mg/kg (single dose) whereas, polystyrene latex particle were 1.25 mg/kg 
for 10 days ( Taken from Florence et al 2000).

The uptake into and translocation to the liver and spleen o f  the dendrim er was less 

than that achieved by the 50nm polystyrene nanoparticles and with the sam e trend 

was evident for the cum ulative uptake in liver, spleen, kidney and blood. The results 

underlined the fact that there may be an optim um  size for particle uptake, taking into 

account the fact that the dendrim ers and the polystyrene particles are different 

chemically.

In this chapter, oral uptake and translocation o f  5th generation lysine based 

dendrim ers with 32 surface alkyl groups (C 12) is evaluated, but not as such. The 

dendrim ers were form ulated into nanoparticles with a particle diam eter o f  23nm . The
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assem bly o f  dendrim ers w ill be an interesting com parison to  th e  previous dendrim er 

study described above, bu t also to the polystyrene nanoparticles experim ents, as an 

optim um  size fo r particulate uptake after oral adm inistration m ight be determ ined.

5 .2  M a te r ia ls  a n d  M e th o d s  

5.2.1 M aterials

D endrim er III, (M W  9881.2) was as described in chapter 2. Fem ale Sprague Dawley 

rats (~150g) w ere purchased from  Harlan, UK, LTD. Phenobarbital sodium  (Sagatal) 

w as obtained from  Rhone M erieux Ltd, H arlow , Essex, isoam yl alcohol, hydrogen 

peroxide (30.4 % ) from  Sigm a UK; glacial acetic acid from  BD H , Leicestershire, 

UK. Lithium -heparin tubes (4.5 m l, 75 x 13 m m ) w ere purchased from  Sarstedt, 

G erm any, O ptiphase ‘S afe’ from  W allac, F inland (form ulated and produced by 

F isher Chem icals, UK). Solusol w as obtained from  N ational D iagnostics, Hessle, 

H ull, UK. A Polytron hom ogeniser, PT  3000, K inem atica A G , U K  w as utilised  for 

tissue hom ogenising. Phosphate buffered form alin fixative was obtained from  Sigma, 

UK.

5 .2 .2  M ethods

5.2.2.1 Formulation o f dendrimer-derived nanoparticles

D endrim er-derived nanoparticles, derived from  dendrim er III (F igure 5.2) w ere 

form ulated as described in section 3.2.1. M ethod 2. The average particle size w as 25 

nm , w hich  was confirm ed using photon correlation spectrom etry. The particles w ere 

form ulated so that adm inistered m aterial in 0.5 m l corresponded to 50 m g/kg  for 

each anim al.
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Figure 5.2. A schematic representation o f  the experimental process. Dendrimer-derived 
nanoparticles were formulated from dendrimer III (R  represents dodecanoic acid) and then 
given by gavage to female Sprague Dawley rats using a blunt tipped feeding needle.



5 .2 . 2 .2  O r a l  u p t a k e  s t u d i e s

The dendrim er-derived nanoparticles, derived from  dendrim er III were adm inistered 

orally to fasted (overnight) female Sprague Dawley rats (150g) (dose: 50m g/kg, 0.5 

ml. n =3). using a gavage needle inserted into the stom ach. At tim e points 1. 3 and 24 

h post dosing, the anim als were killed by interperitoneal injection o f  an overdose o f  

anesthetic (Euthatal, phenobarbital sodium). A blood sam ple was taken im m ediately 

from the abdominal aorta and anticoagulated with lithium -heparin. The stom ach, 

small intestine (w ithout Peyer's patches), small intestinal P e y e fs  patches, large 

intestine, m esenteric lymph nodes, liver, spleen, heart and kidneys were then 

rem oved (Figure 5.3).

Figure 5.3. The major organs o f the abdomen and thorax o f the rat.

The right hind leg was removed. The fem ur was separated from the surrounding 

m uscle and cleaned o f  extraneous tissue. The proximal and distal femoral epiphyses 

were removed using bone forceps and the contained bonem arrow  Hushed into 4 ml o f 

double distilled deionised water using a needle and a 1.0 ml disposable syringe and 

anticoagulated with lithium-heparin. All tissues and organs were weighed on removal
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and hom ogenised. A n aliquot o f  hom ogenate w as solubilised  in  tissue solubiliser 

(Solusol, 3 m l) and  digested at 60°C overnight. The sam ples w ere  then  decolorized 

using  0.4 m l 30 %  H 2O 2  and the antioxidant isoam yl alcohol (0.2 m l) w as added and 

incubated a t 50°C for 30 m in. G lacial acetic acid (200 p i) w as then added to 

elim inate chem ilum inescence along w ith 10 m l scin tillation  fluid (Optiphase). The 

sam ples w ere kept in a dark  cold room  for 72 h and analysed for radioactivity.

5 .2 .2 .3  H isto logy

D endrim er-derived nanoparticles as above w ere adm inistered orally  to fasted fem ale 

Sprague D aw ley rats (150g) (dose: 50m g/kg, 0.5 m l, n  =  5, control n  =3) and control 

an im als w ere adm inistered double distilled deionised w ater using  a gavage needle 

inserted in to  the stom ach. The body w eights o f  the anim als w ere m onitored over a 32 

h period to assess body w eight changes after the adm inistration o f  dendrim ers. A fter 

32 h the anim als w ere k illed using CO 2  overdose and the stom ach, sm all intestine 

w ith  Peyer’s  patches, large intestine, m esenteric lym ph nodes, liver, spleen, heart, 

k idneys (left and right), je junum  and colon rem oved and w eighed. The tissues w ere 

fixed in 10.5 %  phosphate buffered form alin fixative fo r 14 days. The stom ach was 

cut longitudinally , the contents rem oved by gentle w ashing w ith  w ater and the open 

stom ach pinned onto a  piece o f  carton to prevent contraction o f  the tissues. Sections 

(3-4 pm ) o f  the tissues w ere prepared and stained w ith hem atoxylin  and eosin  (H  & 

E) fo r histological exam ination using light m icroscopy.
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5.3 Results  an d  discussion

5.3.1 G astro intestinal organs

The am ount o f  dendrim er recovered from the stom ach, small intestine (without the 

Peyer's patches), Peyer’s patches and the large intestine at different tim e points is 

given in Figure 5.4.

80

S t o m a c h  S m a l l  i n t e s t i n e  P e y e r 's  P a t c h e s  L a rg e  I n te s t in e  

w ith  o u t  P P

Figure 5.4. The percentage o f dose in four locations in the G l  tract of the dendrimer-derived 
nanoparticles administred as a single dose o f 50 mg/kg at 1. 3 and 24 h. The results show the 
flow through the gastro-intestinal tract from the stomach to the large intestine. The Peyer's 
patches represent a very small area when compared to that o f enterocytes. The data represent 
values for absorbed, adsorbed and dendrimer which is otherwise present in the areas.

The tissues were kept unwashed in order to follow the natural transit through the 

gastro-intestinal tract, providing information about accum ulation o f  dendrim ers in 

various parts o f  the gut at different tim e points, more specifically the Peyer’s patches. 

The reasoning behind not washing the tissue was that previous studies have shown 

uptake through Peyer’s patches (Saktivel et al. 1999; Florence et al. 2000) but at 

relatively low levels. As a com paratively larger am ount o f  dendrim er was recovered
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in the PP, the dendrim er-derived nanoparticles specifically  targeted th is area o f  the 

sm all intestine.

The results show ed, as expected, a flow  o f  any unabsorbed dendrim er from  the 

stom ach and  through the intestine over a  24 h period. In the  first hours after oral 

adm inistration the m ajority  o f  the dendrim er-derived nanoparticles w ere p resen t in 

the stom ach (~54 %  ±  21 % ) w ith 15 ±  9%  present in the sm all in testine w ithout PP 

and 6 ±  3 %  in the PP. O f  the total am ount o f  dendrim er-derived nanoparticles 

present in the entire sm all intestine (21 % ) approxim ately 29 %  w as recovered  in the 

areas surrounding the PP. T his is a substantial am ount considering that the  P eyer’s 

patches only  m ake up a very small part o f  the sm all intestine. T he surface a rea  o f  the 

sm all intestine is ~  200  m 2. The length o f  the sm all intestine is approxim ately  100 cm  

and containing betw een 10-15 Peyer’s patches w ith a  longitudinal size o f  ~0.4 

cm /PP. As a rough calculation th is m eans that the area o f  the PP  is less than  a  16th o f  

the total area o f  the sm all intestine.

A fter 3 h, 19 ±  9  %  o f  the dendrim er-derived nanoparticles w ere  present in the 

stom ach w ith 18 %  in the sm all intestine. A gain a substantial am ount o f  the 

dendrim er-derived nanoparticles present in the sm all in testine w ere located around 

the PP  (2.6 ±  1 % ). The results indicating that the dendrim er-derived nanoparticles 

w ere taken up relatively m ore effectively by PP. In the tim e in terval from  1 to  3 h the 

dendrim er-derived nanoparticles in the small in testine w ithout the PP  rem ained 

constant around 15-18 % , w hereas the am ount in the areas o f  the  PP  decreased from  

6 % ± 3 %  to  2 .6  ±  1 %  suggesting a com paratively larger absorp tion  from  PP  or 

sim ply a  saturation o f  the uptake process (S tem son 1987).
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There w as a  steady flow  o f  dendrim er derived  nanoparticles dow n through the 

intestinal organs w ith 20 %  o f  the dendrim er-derived nanoparticles recovered from 

the large intestine, 18 %  from  the small intestine and  19 ±  9 %  from  the stom ach 

after 3 h. Considering that the large intestine show ed a  m arked increase in the 

am ount o f  dendrim er-derived nanoparticles recovered from  1 to  3 h  and that the 

sm all in testine show ed an  alm ost constant level o f  dendrim er derived nanoparticles 

in the sam e tim e period, the m ovem ent through the intestine w as quite rapid (1 to 

3h). W ith m ost o f  the PP present in  the low er part o f  the sm all intestine, the area 

considered m ost potent in regard to  uptake o f  nanoparticles, translocation o f  

dendrim er-derived nanoparticles m ust be at peak during this tim e period, especially 

g iven that 14nm polystyrene nanoparticles w ere able to  penetrate the m ucus in 2 m in 

(Szantkuti 1997). D endrim er-derived nanoparticles w ere larger in diam eter, at 23nm , 

but w ith  a  flexible surface (lip id ic chains), and therefore the perm eability  rate 

through the m ucosa w ould be expected to be fairly sim ilar. Physically this w ould 

m ean that as soon as  the dendrim er-derived nanoparticles are  at the target area (PP) 

they w ould be translocated w ithin m inutes.

A fter 24 h m ost o f  the unabsorbed dendrim er-derived nanoparticles w ere excreted 

through the faeces w ith  only 2 %  ±  1 %  still present in  the stom ach, 0.7 ±  0.5 %  in 

the sm all intestine w ithout the PP, 0.1 %  present in the PP and 2.3 ±  1 %  present in 

the large intestine.

The stom ach (Figure 5.5), ileum  (F igure 5.6) and Peyer’s patches (F igure 5.7) from  

control and dendrim er-treated anim als w ere exam ined histologically. There w as no 

evidence o f  dendrim er induced changes in tissues or in  the w eight o f  the anim als 

(Figure 5.8) at dendrim er concentrations o f  50 m g/kg. The results dem onstrated that
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dendrim ers taken  up in the  stom ach, sm all in testine and  P eyer’s pa tches d id  not show  

any overt toxicity.

Com paring the in vivo and in vitro (chapter 4) toxicity o f  dendrim er III. it is apparent 

that a toxic effect in vitro does not necessarily result in a toxic response in vivo. The 

concentration o f  cells, dendrim er and biological fluids provide a m uch m ore complex 

envirom ent by which toxicity can be ameliorated.

M u s c u la r i s  m u c o s a e

L u m e n  -  

G a s t r i c  p its  

M u c o s a

S u b m u c o s a

M u s c u la r is

S e ro s a

F igure  5.5. Images o f  sections (3-4 pm ) o f  the rat stomach. Fixed in 10.5 %  Phosphate 
buffered formalin and H &E stained (X 100). (a) represents dendrimer treated (32 h) and (b) 
control. Labels on (a) also refer to (b). No differences were observed between control and 
treated animals.
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(a)

L u m e n

M u s c u la r i s  m u c o s a e  

S u b m u c o s a  

- M u s c u la r is

V il lu s

* M u c o s a

Figure 5.6. Images o f  sections (3-4 pm ) o f  the rat ileum, fixed in 10.5 %  phosphate buffered 
formalin and H &E stained (X 100). (a) represents dendrimer treated (32 h) and (b) control. 
Labels on (a) also refer to (b). No differences were observed between control and treated 
animals.
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L o c a t io n  M -c e l ls  
in  th e  m u c o s a l  

e p i th e l ia l  la y e r  o f  

P e y e r 's  p a tc h e s
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p a tc h e s )

E p ith e l iu m  o f  v i l lu s

G o b le t  c e l ls

C ry p ts

Figure 5.7. Images o f  sections (3-4 pm) o f  the rat Peyer’s patches, fixed in 10.5 % 
Phosphate buffered formalin and H &E stained (X 100). (a) represents dendrimer treated (32 
h) and (b) control. No differences were observed between control and treated animals.
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F igure 5.8. Weight o f animals female Sprague-Dawley rats (n=5, control n =3) dosed with 
50 mg/ml dendrimer-derived nanoparticles (at 0 h). Weight monitored over 28 h. 
Approximately 7.5 h after dosing the animals were given food. The weight loss was 
observed for both control and dendrimer treated and therefore was not due to the dendrimer- 
derived nanoparticles, but rather a disturbance in their eating habits.

5.3.2 M ajor organs o f  the abdom inal and thoracic cavities

W hen estim ating uptake o f  dendrim ers. m ost em phasis is given to the m ajor organs 

o f  the abdominal and thoracic cacities such as liver, spleen, kidney, heart, mescentric 

lym phnodes, bone m arrow and blood as this gives a true indication o f  the extent o f 

translocation o f  particles. The am ount o f  dendrim er-derived nanoparticles recovered 

in these organs is given in Figure 5.9 and 5.10.

□ Animals gi\en dendrimer
□ Animals given PBS
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F igure 5.9. Histogram showing the presence o f  orally administered dendrimer-derived 
nanoparticles (50 mg/kg) in the liver, mesenteric lymph nodes and blood illustrating the true 
extent o f  absorption. Maximum level o f  dendrimer-derived nanoparticles were found in 
blood and liver 24 h after administration.
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F igure 5.10. Histogram showing the presence o f orally administered dendrimer-derived 
nanoparticles (50 mg/kg) in the spleen, kidneys, heart and bone marrow. The level o f  uptake 
in these organs were minimal suggesting a slow clearance o f  the dendrimer-derived 
nanoparticles from the blood stream. Maximum level o f  dendrimer-derived nanoparticles in 
these organs were found in spleen I h after administration.
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Size and shape are im portant param eters which influence the organ distribution o f  

particles. The uptake o f  particles by for exam ple the liver and spleen has been show n 

to  increase w ith increasing particle size w hich w as as an  effect o f  faster clearance o f  

larger particles (D avis 1981). The sam e trend was observed w hether they w ere 

liposom es (G regoriadis et al. 1977, Senior et al. 1985) or fat em ulsion droplets 

(K arino et al. 1987). D endrim er-derived nanoparticles m ainly  accum ulated in the 

liver, m esenteric lym ph nodes and the blood (Figure 5.9). The am ount recovered in 

the liver after 24 h  (1.9 ±  1.5 % ) was h igher than after 1 and 3 h  (1.2 ±  0.6 %  and 0.6 

± 0 .1  %  respectively) w hich m ight be as a  d irect effect o f  slow  clearance o f  sm all 

particles. T his w as further em phasized by the am ount o f  dendrim er recovered in the 

blood after 1 (~4 % ), 3 (~6 % ) and 24 h  (~7 % ), w ith  a  significant am ount still 

present in the blood after 24h. This underlines the fact tha t in order to reduce 

reticuloendothelial system  clearance, sm all particles are preferred.

Z ilversm it et al. (1952) studied the rate  o f  size dependent clearance o f  colloidal gold 

particles (10 to 40nm ) and  show ed that there w as little d ifference in total uptake o f 

the liver and spleen, indicating that the size m ainly influences the kinetics rather than 

the total uptake. Furtherm ore colloidal carriers are able to  ex it the blood capillary 

system  via the sinusoidal fenestations o f  the liver and bone m arrow , given that they 

are sm aller than the size o f  the fenestrations (150nm ) (G regoriadis et al. 1986). The 

fact tha t sm all am ounts o f  dendrim er-derived naoparticles w ere present in the liver, 

spleen and heart could  be a result o f  a size effect (Figure 5.10). D endrim er-derived 

nanoparticles w ere ~23nm  in diam eter, w ith flexible surface lipidic chains which 

cou ld  enable the particles to  en ter and leave various organs quite rapidly. The 

recovery  in the k idneys w as m inute (0 .06 ±  0.03 %  m axim um  recovery after 3 h), 

m ost likely indicating a slow  clearance o f  the dendrim er-derived nanoparticles.
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Superim posing the m aximum  uptake obtained in the spleen and liver o f  23nm  

dendrim er-derived nanoparticles onto Figure 5.11 (modified from Florence et al. 

2000) it can be determ ined how the data com pares with other particle diameters.

D endrim er derived 
’  nanoparticles 

D e n d r im e r

eJf
IQ
a
Z3

0 1000 2000 3000 <000

D ia m e te r (nm )

Figure 5.11. Uptake o f orally administered dendrimer and polystyrene latex in the liver and 
spleen as a percentage o f administred dose as a function o f  particles size. The dose of 
dendrimer was 14 mg/kg (single dose) whereas, polystyrene latex particle were 1.25 mg/kg 
for 10 days (Taken from Florence et al 2000). The results obtained from the presented study 
are superimposed on to the graph, showing a slightly larger uptake ( ~ 2  %) o f dendrimer- 
derived nanoparticles (50 mg/kg, 23 nm) in the liver than dendrimer (2.5 nm). The values fit 
onto the graph, suggesting that particles between 23 nm and 50 nm are most likely to be 
taken up by the liver.

C om paring the data, dendrim er-derived nanoparticles, showed no apparent difference 

in uptake o f  the spleen while the uptake in the liver was slightly higher than for 4 lh 

generation lysine based lipidic dendrim ers. The results do suggest that the optimal 

particle size for particulate uptake o f  the liver is between 23 and 50nm. The gap 

seem s to be closing, but it is important to rem em ber that uptake and accum ulation in 

the liver is not necessarily favorable for a drug carrier.
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The liver (Figure 5.12), kidney (Figure 5.13), spleen (Figure 5.14) and mesenteric 

lymph nodes (Figure 5.15) from control and dendrim er-treated anim als were 

exam ined histologically. There was no evidence o f  dendrim er induced changes in 

tissues or in the organ weight o f  the anim als (Figure 5.16) at dendrim er 

concentrations o f  50 mg/kg. The results dem onstrated that dendrim ers taken up in the 

liver, kidney, spleen and mesenteric lymph nodes did not show any toxicity.

P o r t a l  t rac t

( b )

F ig u re  5.12. I m a g e s  o f  s e c t i o n s  ( 3 - 4  p m )  o f  t h e  r a t  l i v e r ,  f i x e d  in  1 0 . 5  %  P h o s p h a t e  b u f f e r e d  

f o r m a l i n  a n d  I I  & E  s t a i n e d  ( X  1 0 0 ) .  ( a )  r e p r e s e n t s  d e n d r i m e r  t r e a t e d  a n d  ( b )  c o n t r o l .  N o  

d i f f e r e n c e s  w e r e  o b s e r v e d  b e t w e e n  c o n t r o l  a n d  t r e a t e d  a n i m a l s .
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R e n a l  c o r t e x

P r o x i m a l
c o n v o l u t e d

t u b u l e s

G l o m e r u l i

F ig u re  5.13. Images of sections (3-4 pm) of rat kidney, fixed in 10.5 % Phosphate buffered 
formalin and H &E stained (X 100). (a) represents dendrimer treated and (b) control. No 
differences were observed between control and treated animals.
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F ig u re  5.14. I m a g e s  o f  s e c t i o n s  ( 3 - 4  p m )  o f  r a t  m e s e n t e r i c  l y m p h  n o d e s ,  f i x e d  in  1 0 . 5  %  

P h o s p h a t e  b u f f e r e d  f o r m a l i n  a n d  H  & E  s t a i n e d  ( X  1 0 0 ) .  ( a )  r e p r e s e n t s  d e n d r i m e r  t r e a t e d  a n d  

( b )  c o n t r o l .  N o  d i f f e r e n c e s  w e r e  o b s e r v e d  b e t w e e n  c o n t r o l  a n d  t r e a t e d  a n i m a l s .
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F ig u re  5.15. Images of sections (3-4 pm) of rat spleen, fixed in 10.5 % Phosphate buffered 
formalin and H &E stained (X 100). (a) represents dendrimer treated and (b) control. No 
differences were observed between control and treated animals.
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F igure 5.16. Histogram o f  the weight o f the major organs in the abdominal and thoracic 
cavities after 32 h. Female Sprague-Dawley rats (n=5, control n =3) were dosed with 50 
mg/ml dendrimer-derived nanoparticles. No difference in the weight o f  control animals and 
dendrimer treated animals was observed and therefore it was concluded that no toxic effect 
was apparent o f  the dendrimer-derived nanoparticles on these organs

The total amount o f  dendrim er-derived nanoparticles recovered in the intestinal 

organs and the visceral organs (spleen, heart, kidney, mesenteric lymph nodes, blood 

and bone m arrow) at various tim e points were calculated (Figure 5.17).

As the dendrim er-derived nanoparticles (lowed through the intestinal organs there 

w as a steady increase the am ount recovered in the visceral organs. This was as 

explained mainly due to the slow clearance o f  the dendrim er-derived nanoparticles 

from the blood. The m aximum  am ount taken up by the visceral organs (at 1 .3  or 24 

h after adm inistration) was - 9  % , a significant am ount and slightly higher than for 

the 4 lh generation lysine based lipidic dendrim er (5 %) (Florence et al. 2000) and the 

7 %  obtained by Jani et al. (1989) using 50nm polystyrene nanoparticles. The results 

suggest that 23nm  dendrim er-derived nanoparticles with flexible surface lipidic

□  D e n d r im e r  t r e a t e d

□  C o n tro l

a  ci [ i  m
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chains are translocated more effectively through the PP. For determ ining the optimal 

size the gap seem s to be closing in. but it is important to rem ember that size is one o f 

several factors affecting uptake. Charge, surface m odification, flexibility etc. are 

im portant factors which need to be also studied in detail. The findings here are 

typical o f  other studies conducted in our laboratories (and others) over the years.
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F igure 5.17. Histogram o f the total amount recovered in the gastro-intestinal organs 
(stomach, small intestine, Peyer’s patches and large intestine) and visceral organs ( liver, 
spleen, kidney, mesenteric lymph nodes, heart and blood) at various time points. Female 
Sprague-Dawley rats (n =3) were dosed with 50 mg/ml dendrimer-derived nanoparticles. 
Most o f  the dendrimer-derived nanoparticles were recovered in the intestinal organs after I h 
and in the visceral organs after 24 h. the results showed a the movement o f  particles from the 
intestinal organs to the visceral organs.

5 .4  C o n c lu sio n

Nanoparticles, derived from the 5lh generation lysine based lipidic dendrim ers with a 

diam eter o f  25nm, showed evidence o f  targeting to the PP. A com paratively larger 

am ount o f  dendrim er-derived nanoparticles were present around the Peyer's patches, 

com pared with the rest o f  the small intestine. The transit tim e o f  the nanoparticles 

from the stomach through to the large intestine was quite rapid, over 1 h to 3 h. Their 

recovery from the P eyer's  patches and the surrounding area decreased after 3 h.
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G iven tha t the recovery o f  dendrim er-derived nanoparticles from  the sm all intestine 

w as constan t over this tim e period, and that perm eability  through m ucus has been 

show n to  rapid, 2 m in for 14nm polystyrene particles (Szantkuti 1997), it is likely 

that uptake o f  23nm  particles is rapid, hence a  decrease in the recovery from  the 

Peyer’s patches is observed.

In the visceral organs, the dendrim er-derived nanoparticles m ainly accum ulated  in 

the blood w ith  traces found in the liver and spleen. The highest concentration in 

b lood  was found after 24 h, w hich w as m ainly due to  the fact that sm all particles

have slow  clearance (D avis 1981). The translocation o f  dendrim er-derived

nanoparticles (23nm ) through to  the system ic circulation w as show n to be higher 

than for the 4 th generation lysine based lipidic dendrim er (2.5nm ) (Sakthivel et al. 

1998), suggesting that there is a optim al size for uptake and translocation o f 

nanoparticles through the PP. The size, hydrophobicity and flexibility  o f  the particles 

increased uptake and reduced clearance w ith no toxic effect observed in any organs. 

The results w ere very  encouraging and even though m any problem s are yet to  be

faced, they  have laid a  foundation for e.g. drug, gene o r vaccine delivery using

dendrim er-derived nanoparticles.
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Chapter six

Conclusion

6.1 C o n c lu s io n

The m ain  aim  o f  the w ork described in this thesis, was to synthesise a  series o f 

lipidic dendrim ers, subsequently  converted  into nanoparticles, and to assess this 

carrier system  in term s o f  oral delivery. The size and packing o f  the dendrim er- 

derived nanoparticles com bined w ith  their hydrophobicity  and flexible surface nature 

w as expected to  increase stability in biological fluids, reduce toxicity  com pared to 

cationic dendrim ers and im prove the translocation o f  these particles through the 

Peyer’s  patches o f  the GALT.

T he translocation o f  polystyrene nanoparticles through the PP  o f  the G A LT has been 

m uch debated, even  though evidence o f  particulate uptake has been show n for 

several decades. The extent o f  uptake how ever, has not been great. Several factors, 

such as particle size, hydrophobicity, attachm ent o f  bacterial and plant ligands has
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been utilised  in o rder to  enhance uptake o f  particles. A  biodegradable carrier, 

translocated in adequate am ount has still not been  found. In th e  search fo r a  carrier 

w hich  is translocated in sufficient am ount, particle  diam eter has been  a  m ajor area o f  

interest. In order to  further investigate the role o f  particle d iam eter on translocation, 

dendrim ers w ere synthesised and constructed  into nanoparticles

A  series o f  lipidic lysine based dendrim ers w ere synthesised using  Fm oc SPPS. M ass 

spectrom etry confirm ed the m olecular w eight o f  the dendrim ers. W ith a  grow ing 

dendrim er generation from  5th to 6 th, the coupling  efficiency, to produce the 

dendrim ers, decreased. D endrim ers w ere ellipsoidal in  shape fo r both 5th and 6 th 

generation dendrim ers, w ith their branched structure p rovid ing  an overall dense 

structural arrangem ent. The dendrim ers synthesised, w ere hydrophobic and 

practically  insoluble in aqueous m edium . C onsequently , dendrim ers w ere form ulated 

into nanoparticles, w ith diam eters ranging from  5 to 50 nm.

The aqueous suspension o f  nanoparticles w as form ulated tow ards the use in oral 

delivery. The form ulation w as based on a  D C M /w ater em ulsion, in  w hich dendrim ers 

form  nanoparticles. The aggregation o f  dendrim ers to form  nanoparticles, was 

m ain ly  governed by their hydrophobic surface nature, w ith  the ir surface potential 

contribu ting  to  the stability o f  the particles in suspension. The ultim ate particle 

d iam eter o f  the nanoparticles was prim arily  governed by dendrim er generation. 

Surface m odification o f  the dendrim ers, w ith lipidic chains C 4  to  C 1 2 , resulted in the 

follow ing ranking regarding diam eter, C 1 0  >  C 1 2  ~  C 4 .  D endrim er (II) w ith  C 10 

surface lipidic chains form ed larger nanoparticles in the  series. The larger 

nanoparticles d iam eter w as suggested to  be because o f  a  “ looser” packing. Studying 

the m onolayer o f  the dendrim ers at the a ir/w ater interface, show ed a  m ore expanded
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m onolayer fo r dendrim ers w ith  Cio surface lipidic chains. This w as evident fo r both 

the 5lh and the 6th generation dendrim ers. The other dendrim ers in each generation 

form ed m ore condensed m onolayers a t the air/w ater interface and hence the packing 

into nanoparticles resulted in a  sm aller particle diam eter. C hanging the surface nature 

o f  the dendrim ers, by varying the length  o f  the surface lipidic chains, show ed a small 

and  variable effect on particle  diam eter. The packing and hence the ultim ate particle 

diam eter, seem ed to  be a  resu lt o f  flexibility  and hydrophobicity  o f  the surface lipidic 

chains.

G row ing the dendrim er generation from  5th to 6th resulted in the form ation o f  larger 

particles. The effect w as m ain ly  due to  the larger d iam eter o f  the prim ary dendrim er. 

D endrim ers studied at m olecular level show ed a m ore expanded m onolayer a t the 

air/w ater interface for 6 th generation dendrim ers. A m ore expanded m onolayer was 

likely to  suggest that w hen dendrim ers w ere form ulated into nanoparticles they 

w ould  form  larger particles. The experim ents underline the im portance o f  studying 

dendrim ers at m olecular level in order to understand the  param eters influencing the 

aggregation o f  dendrim ers in to  nanoparticles.

T he diam eter o f  dendrim er-derived nanoparticles could be controlled, by changing 

the dendrim er concentration. Increasing the dendrim er concentration, decreased the 

d iam eter o f  dendrim er-derived nanoparticles for dendrim ers w ith carbon chain 

lengths Cio and C 12, w hile a shorter carbon chain length, C 4 , resulted in an increased 

particle  diam eter. C alculations suggested that the branched dendrim er structure, with 

lipidic chains extended from  their surface, created  spaces o r voids. The voids 

com bined w ith  hydrophobicity  and flexibility  o f  carbon chains provided the 

opportunities for dendrim er packing. The construction o f  nanoparticles was m ainly
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governed by  surface flexibility, hydrophobicity  and  concentration o f  the dendrim ers. 

Short carbon chain lengths on the surface o f  the dendrim ers, provided a  m ore ridged 

m olecule, and therefore assem bled together differently  than  dendrim ers w ith longer 

lipidic chains. The resulting effect, fo r the shortest carbon chain length (C4), was an 

increase in particle  diam eter. G row ing the surface carbon chain  length form ed 

com pact aggregates at a low er dendrim er concentration due to increased hydrophobic 

interaction.

T he d iam eter and stability o f  dendrim er aggregates, was dependent on dendrim er 

generation and concentration. The packing o f  the dendrim ers w as m ainly through the 

hydrophobic surface lipidic chains, predom inantly  form ing sm aller aggregates o f  

dendrim ers. Larger aggregates w ere also observed in the form ulations m aking up less 

than 10 %  for the 6 th generation dendrim ers, and less than 5 %  for the 5th generation 

dendrim er. The m ain issue w as the control o f  the form ation o f  larger aggregates. The 

potential o f  dendrim er-derived nanoparticles in drug, vaccine and gene delivery is 

still to  be studied and w hether the relatively  few  larger aggregates obscures results, 

needs to be assessed fo r each individual case. H ow ever, in the assessm ent o f  

dendrim er-derived nanoparticles w ith  entrapped drug, the larger particles are 

prim arily  m ore significant, as drug loading probably is likely to be h igher in larger 

particles. A ssessing th e  biodistribution o f  self-assem bled dendrim er-derived 

nanoparticles after oral adm inistration, larger particles are insignificant, as larger 

sizes are  not taken up by the intestinal epithelium  to the sam e extent.

The toxicity  o f  dendrim er-derived nanoparticles was assessed prior to  in vivo studies, 

and w as determ ined by the length o f  lipidic chains and generation o f  dendrim ers 

used. D endrim er-derived nanoparticles from  dendrim ers w ith  C 12 surface lipidic
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chains attached show ed a  com paratively higher cytotoxicity  in  Caco-2 cells and 

haem olysis in red blood cells, than dendrim er nanoparticles derived from  dendrim ers 

w ith C 4  and Cio surface lip id ic  chains. The longer lipidic chain  seem ed to  interact 

strongly w ith the cell m em branes and  hence cause haem olysis o r cytotoxicity.

C ytotoxicity  in one cell line in vitro  is not indicative o f  toxicity  in vivo. The variation 

in properties o f  cells w ill im part different levels o f  resistance tow ards drugs. 

Furtherm ore, there is a significant d ifference in the scale betw een the a rea  norm ally 

utilised  in vitro, and the total contact area o f  particles, especially  w hen studying 

uptake through the intestine.

The dendrim er-derived nanoparticles w ere stable against degradation in biological 

fluids. The radioactive label on the dendrim er, d id no t detach itse lf  when it cam e into 

contact w ith  purified intestinal and stom ach fluid. T his was very  im portant, as it then 

could be assum ed that the dendrim er w ere intact p rio r to uptake and tranclocation. 

Intestinal and stom ach fluid caused aggregation o f  the system , and w as the likely 

contribution to  the protection against degradation, but w as a lso  likely to negatively 

affect the absorption o f  these system s in vivo.

N anoparticles o f  25nm  in  d iam eter w ere derived from  the 5th generation lysine based 

lipidic dendrim ers. A fter oral gavage, a  com parative larger am ount o f  dendrim er- 

derived nanoparticles present around the Peyer’s patches, than the rest o f  the small 

intestine. The m ovem ent o f  particles through the intestinal organs w as quite rapid 1 h 

to 3 h. D uring th is tim e-interval, the recovery o f  dendrim er-derived nanoparticles 

from  the Peyer’s patches and  the surrounding area  decreased, w hile  the recovery  o f  

dendrim er-derived nanoparticles from  the sm all intestine w as constant. T he uptake
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through the Peyer’s patches seem s m ore prone, especially  considering the rapid 

perm eability  through the m ucus, 2 m in fo r 14nm carboxylated polystyrene particles 

(Szantkuti 1997). D endrim er-derived nanoparticles (23nm ) w ould be expected to 

perm eate the epithelial o f  the Peyer’s patches in a sim ilar rapid fashion, hence the 

decrease in the recovery  from  the Peyer’s patches w as argued as better absorption. 

Saturation o f  uptake process is also likely, how ever, given that the am ount o f 

dendrim er-derived nanoparticles recovered from  the blood increased over the first 3 

h, it is likely that the decrease in dendrim er-derived nanoparticles recovered around 

the Peyer’s patches is due to  fast absorption.

The m ajor organs o f  the abdom inal and thoracic cavities such as liver, spleen, 

kidney, heart, m escentric lym phnodes, bone m arrow  and blood gives a true 

indication o f  the ex ten t o f  translocation o f  particles. The dendrim er-derived 

nanoparticles m ainly  accum ulated in the blood w ith traces found in the liver and 

spleen. The dendrim er recovered from  the blood increased over 24 h, m ost likely due 

to  slow  clearance o f  sm all particles (D avis 1981). The am ount o f  dendrim er-derived 

nanoparticles (23nm ) translocated and recovered in the blood w as shown to be higher 

than for the 4 lh generation lysine based lipidic dendrim er (2.5nm ) (Sakthivel et al. 

1998), suggestive o f  an optim al size for uptake and translocation o f  nanoparticles 

through the Peyer’s  patches o f  the gut associated lym phoid tissue. The effect o f  

particle diam eter, hydrophobicity  and surface flexibility o f  dendrim er-derived 

nanoparticles contributing to increased uptake and reduced clearance w ith no toxic 

effect observed in any o f  the organs studied. The results w ere positive but m any 

problem s are yet to  be faced. The realisation o f  the full potential o f  dendrim ers as 

carriers will only be achieved through further studies using their drug, gene or 

vaccine carrying possibilities.
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Appendix 1

Dendrimer I

Y ield 23 %

M S: m /z (% ) C a ie ^ o N ^ O ^  (6290.37): 6313 [M +Na] + (50), 6116 [M -3x71.09 

( C 4 H 7 O )  + N a ]+ (63), 5909 [M -5x71.09+ N a]+ (75).

'H M R  ((D 6) DM SO ): 7.83 (d, CONHCU), 7.62 (d, CONHCU), 7.37 (t, COAWCH2 ), 

7 .30 (t, CC W //CH 2), 1.49 (m , COCH2), 1.23 (m , (C //2)7), 0.82 (t, CH3)

Dendrim er II

Yield 26 %

M S: m /z (%) C 508H957N64O64 (8975.63): 8977 [M + 2H ]+ (40), 8371 [M- 

4 x l5 5 (C i0H l9O )+N a]+ (61), 8229 [M - 5x l55 (C ,oH ,90 )+ N a]+ (68).

'H M R  ((D6) DM SO ): 7.92 (d, CO/V//CH), 7.66 (d, CONHCU), 7.48 (t, CONHCU2), 

7.35 (t, C O M /C H 2), 1.41 (m , C O CH2), 1.17 (m , (C //2)7), 0 .79 (t, CH3).

Dendrim er III

Y ield 32 %

M S: m /z (% ) C 572H i0 8 2 ^ 0 6 4  (9881.2): 9680 [M -lx l8 3 (C 12oH230)]+ (30), 9494 [M- 

2 x 183(C,2oH230)J+ (35), 9154 [M -4x 183(C i20H23O)]+ (40).

'H M R  ((D 6) DM SO ): 7 .74 (d, CONHCU), 7.48 (d, CONHCU), 7.30 (t, CONHCU2), 

7.17 (t, C O W /C H 2 ), 1.23 (m , C O CH2), 1.01 (m , {CH2)i ), 0.61 (t, CH3)
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Dendrimer IV

Yield 12 %

M S: m /z (% ) C e s s H n ^ m O m  (12590.8): 12612 [M + N a]+ (25), 11965 [M -9x71.09 

( C 4 H 7 O )  +Na] + (20), 11660 [M -13x71.09]+ (23), 10826 [M -25x71.09+N a] + (39).

'H M R  ((D 6) DM SO ): 7 .99 (d, C O N H C U ), 7.73 (d, C O N H C U ), 7.54 (t, C O N H C lh ),

7.41 (t, CONHCU2), 1.50 (m , C O C H 2), 1.25 (m , (C //2)7), 0 .84 (t, C H 3)

Dendrim er V

Yield 1 6 %

M S: m /z (% ) C lo2oHl9i2N ,280 l28 (18019.1): 18060 [M + 2N a]+ (32) 13807 [M- 

2 7 x l5 5 (C I0H 19O)]+ (91).

'H M R  ((D 6) DM SO ): 7.92 (d, C O N H C U ), 7.65 (d, C O N H C U ), 7.47 (t, CO N H C U 2), 

7.34 (t, CONHCU2), 1.40 (m , C O C H 2), 1.16 (m , (C //2)7), 0.78 (t, C H 3)

Dendrim er VI

Y ield 1 4 %

M S: m /z (% ) C m s ^ is s N m O m  (19814.5): 19390 (52), 18982 [M-

4xl83(C ,2oH 230 )+ 4 N a]+ (48), 17983 [M -1 0 x l8 3 (C ,2oH230)]+ (58), 15408 [M- 

24x  183(C , 2oH230 ) ] + (72).

'H M R  ((D 6) DM SO ): 7.98 (d, CO N H C U ), 7.73 (d, C O N H C U ), 7.55 (t, COAWCH2),

7.42 (t, C O N H C U i), 1.48 (m , C O CH2), 1.24 (m , (CH2)7), 0.86 (t, CH3)
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