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ABSTRACT
Efficient delivery o f DNA first into the individual cells and then into the cell nucleus
are crucial steps in gene delivery. O f the different vectors available for gene
transfection, non-viral vectors are attractive although current non-viral vector
transfection efficiency needs to be improved significantly. Dendrimers are
distinguished from most other non-viral vectors by their precisely controlled
topology, uniform molecular weight, and flexibility o f functionalization. This thesis
examines the development of some 30 new novel compounds, a new series o f partial
dendrimers (dendrons) as part o f a search for DNA carriers.
A series o f dendrons based on branched lysine with or without lipidic chains were
synthesised by systematically modifying the structure o f the dendrons by varying the
length and number o f lipid chains in the core and the amino terminals created by
lysine moieties. As some o f the dendrons discussed here are amphiphilic, the
possibility o f self-assembly was studied using the surface tension measurements,
NMR and asymmetric flow field-flow fractionation (aFFF). Self-assembly o f both
complete spherical dendrimers and partial dendrimers or dendrons have been of
interest for their applications in supramolecular dendrimer chemistry.
Formation o f dendron - DNA complexes occurs spontaneously by the addition of
cationic dendrons to DNA. These complexes we term “dendriplexes”, whose
biophysical properties including hydrodynamic diameter, surface charge, DNA
condensing ability, DNase protection, cytotoxicity and in-vitro cell transfection
ability have been studied here.

Although all the dendrons condense the DNA and form compact complexes the
degree o f compaction increases when the lipidic chain length increases. Dendritic
poly(lysine) with

8

terminal amino groups with or without three lipid chains

(C10,C14,C18) in the core were studied systematically to determine the influence of
lipophilicity of these dendrons on transfection properties. O f this series o f dendrons
those with three C l 8 carbon chains [(Ci 8)3(L)7(NH 2)8 ] show higher gene transfer
activity compared to their non lipidic analogues or those with shorter hydrocarbon
chains, indicating that the lipophilicity of the dendrons plays a role in complex
formation and thereby transfection.
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Chapter One

INTRODUCTION
This thesis is concerned with the synthesis and characterisation o f dendritic
architectures with defined and controllable composition in terms o f cationic
hydrophilic surface and lipophilic core and the exploitation o f these synthetic
compounds as gene delivery carriers. Here are reviewed aspects o f gene delivery and
o f vectors developed for gene delivery with special emphasis on non-viral vectors
and dendrimer systems.

1.1. Gene delivery
Gene therapy offers a novel approach for the cure o f acquired and inherited diseases.
The sequencing o f the human genome now offers the real possibility o f identifying
the genes responsible for a particular genetic disease (Mcllwain, 2000). The
identification o f such genes might allow the replacement o f a defective gene by a
normal healthy gene using gene transfer or gene therapy. The aim o f gene therapy is
to identify and isolate the appropriate gene for therapy, to deliver the genetic
material into the targeted cells and to induce the cells to produce the appropriate

therapeutic protein. The field of gene delivery focuses mainly on the delivery of
genes and expressing them in the cells (Anderson, 1998). The delivery o f a gene can
be accomplished either by the direct injection o f naked DNA or viruses or using
formulations o f DNA. So far these methods do not provide sufficiently high levels of
gene expression to achieve sustained therapeutic effects. Current research on gene
therapy focuses on both viral and non-viral vector based approaches to attain
sufficient levels o f gene expression. Although viral vectors provide high levels o f
gene expression there are disadvantages such as the potential immunogenicity and
oncogenicity of the carriers. Non-viral approaches have emerged as potentially safe
and effective (Tomlinson and Rolland, 1996) as they used plasmid DNA that
transfects cells epichromosomally, that is, avoiding integration into the patient’s
genome. However, the expected attainment of gene therapy has been hindered by the
lack o f appropriate and non-toxic gene delivery vectors (Rose et a l, 1996). This
problem can be conquered by the development o f safe, efficacious and non-toxic
delivery systems. Despite the active research in many gene delivery laboratories
worldwide, the first gene therapy drug license was issued for the treatment for head
and neck squamous cell carcinoma (HNSCC) only in October 2003 by the State
Food and Drug Administration of China after more than five years o f clinical trials.
As a result o f the sophisticated technological advances and aggressive development
by both commercial and academic entities gene delivery has begun to demonstrate its
potential. Hence there is a continuing effort to improve the efficiency and minimize
the drawbacks o f non-viral vectors.

1.2 Challenges in gene delivery
The real challenge o f gene delivery originates from the fact that the fragile DNA
molecule is negatively charged, colloidal in nature, very unstable in the biological

environment and does not effectively cross biological barriers such as an intact
endothelium, the cytoplasmic membrane or the nuclear membrane (Bally et a l,
1999). In order to improve the therapeutic utility of plasmid based products, the
following challenges related to in vivo delivery have to be addressed.
❖ Rapid degradation of DNA within tissues or blood by nucleases
❖ Rapid clearance o f DNA from blood stream by cells o f the mononuclear
phagocyte system, in particular, cells o f the liver and spleen
❖ Limited transfer o f DNA from the site of interstitial administration to target cells
❖ Inability of DNA to efficiently cross endothelial or epithelial linings
❖ Insufficient interaction of the negatively charged DNA with the negatively
charged cell surface to induce internalisation
❖ Specificity in terms of access to target cells only
❖ Rapid destruction o f DNA in the endosomal/ lysosomal compartment o f cells
❖ Poor penetration of DNA across the plasma membrane and into the nucleus
across the nuclear membrane
Structural and biological problems related to passive transport o f plasmid DNA to its
target site can be overcome by the development of suitable vectors. These vectors
should condense the plasmid DNA and mask the negative charge thereby enabling
them to penetrate the cellular membrane and protect them from the biological
barriers, both extracellular and intracellular, and successively deliver the DNA that
progress towards the target site.

1.3. Requirements of a gene delivery system
Although there are many factors like the design and optimization o f expression
system that may influence the extent and duration o f gene expression following
administration o f gene medicines, delivery is the essential component o f activity

(Pouton and Seymour, 2001). The delivery performance basically depends on the
functional properties o f the vectors. In order to be efficient an ideal gene delivery
vectors should meet the requirements depicted in Fig. 1.1.
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Fig, LI. Scheme illustrating the requirements/functional properties o f non-viral
gene delivery vectors. Numbers in the scheme refer to the discussion in detail below.
I. The vectors should ejficiently bind with negatively charged DNA or
polynucleotide and form condensed complexes; 2. The complex should be stable in
biological environments until entering the target cell; 3. The complex should protect
the integrity o f the plasmid DNA or genes o f interest in the biological milieu and
associate with the cell surface; 4. Complexation o f DNA and vectors should reduce
the rapid uptake by macrophages resulting in prolonged blood circulation time; 5.
Complexes should penetrate into the tissue o f interest and therefore cross different
biological barriers; 6. Complexes should only interact with target cells; 7. Provide
transient destabilisation o f the plasma membrane or the endosomal membrane and
help to deliver the DNA into the cytoplasm while avoiding degradation in the
lysosomal compartment; 8. Complexes should be suitable fo r the efficient release o f
DNA within target cells; 9. Complexes should be able to penetrate the nucleus; 10
&11. The vector should promote efficient gene transfer o f DNA to the nucleus where
the DNA can be transcribed into mRNA follow ed by successful exhibition o f the
therapeutic function; 12. Vectors should be non-immunogenic and non-toxic,
inexpensive and resistant to enzymatic degradation (Diagram drawn by author
requirements and functional properties ligands part from Brown et.al, 2001;
Merdan et al., 2002; Liu and Huang, 2002; Simoés et a l, 2004).

The requirements and functional properties discussed in the figure ligand will have
an impact on the transfection efficiency o f the vectors. Preferably, a gene delivery
system should be administered by a convenient and conventional route and should
ensure controlled distribution, be efficient, inexpensive and non-toxic. To facilitate
the progress in the performance of vectors for gene delivery different technological
approaches have been developed, some o f which are discussed below.

1.4. Gene gun delivery
The introduction o f genetic material into cells can be achieved without using vectors.
The gene gun is a particle bombardment method in which an adjustable electric
discharge generates a shock wave which accelerates DNA- coated gold or tungsten
particles in the size range 1-3 pm directly into the cytosol o f target tissue or skin
cells. It has advantages o f easy targeting

to skin tissue. The disadvantage is

variability in response (Schofield and Caskey, 1995), but the approach is particularly
promising

for experimental

genetic vaccine

development using

the

direct

introduction of DNA to antigen presenting cells (Pouton and Seymour, 2001).

1.5. Viral vectors
Viral vectors provide a powerful means for delivering the therapeutic gene into the
targeted cells following in vivo and ex vivo administration. To date the highest level
o f gene transfer efficiencies have been exhibited by viral vectors. The estimated gap
between the efficacy o f viral and non-viral vector system can be as much as

1 0 ,0 0 0

fold (Sorgi et a l, 1997), which results in the use o f viral vectors in various human
gene therapy trials.

For a better gene therapy viral replication needs to be rendered inactive, so that once
the gene is delivered to cells, a viral infection does not spread to other cells or hosts.
Hence viral vectors should be produced by removing some or all genes that encode
viral proteins and replacing them with the therapeutic gene. These viruses however
should be replication deficient. The major risk o f all these modified viral vectors is
that they might recombine to generate replication competent viruses (wild-type)
which may cause disease in humans (Kay et al, 2001). The most commonly used
viral vectors are derived from retroviruses, adenoviruses and adeno-associated
viruses whose advantages and disadvantages are summarised in Table 1.1.

Table 1.1. The advantages and disadvantages of viral gene delivery vectors*
Viral-based
vectors

Advantages

Disadvantages

Retrovirus
(Kim et a l,
2 0 0 0 ) and
(Palu et al,
2 0 0 0 ).

Well characterised system.
Efficient gene transfer.
Long-term expression of
stably integrated therapeutic
gene possible.

Safety issues.
Difficulty to produce high titrevirus stocks.
Limited insert size ( 8 kb).
Random integration o f
therapeutic gene may lead to
silent oncogenes.
Only some retrovirus based
vectors, e.g. lentiviruses can
transduce non-dividing cells.

Adenovirus
(Byrnes et a l,
1995)

Enters dividing and non
dividing cells.
N ot integrated into host
genome.

Many stimulate severe host
immune response.
Inflammatory response.
Limited insert size ( 8 kb).
Transient expression o f
therapeutic DNA limits
therapeutic application.
Difficult to produce stocks
Limited capacity for insertion o f
therapeutic DNA (5kb)

Integrates into host genome
at a specific site
Does not stimulate an
immune response
Enters dividing and non
dividing cells
*Expanded from Bicknell and Brooks, 2002

Adenoassociated
virus
(Hermonat et
a l, 1997)

To overcome the problems associated with individual viral vectors other alternative
viral vectors like herpes simplex virus (HSV) (Carpenter and Stevens, 1996) ultra
violet (UV)-inactivated heamagglutinating virus o f Japan (HVJ) (Tomita et a l,
1994) and hybrid viral vectors like the combination o f adenovirus expressing
retrovirus sequences (Feng et a l, 1997) and adenovirus/AAV (Ueno et a l, 2000)
have also been tried.

1.6. Non-viral vectors
Although viral based delivery vectors show highly efficient gene transfer, concern
about their safety has led to the development o f alternatives to viruses, i.e.,
“synthetic viruses” or “non-viral vectors”. The term non-viral gene delivery refers to
the use o f naked DNA (W olff et a l, 1990) or chemical agents complexed with DNA,
such as cationic lipids/DNA complexes or Lipoplexes (Song et a l, 1997), cationic
polymers/DNA complexes (Polyplexes) (Ogris et a l, 1999), polymeric vesicles
complexed with DNA (Brown et a l, 2000), and the combination o f both polymer
and lipids with DNA (lipopolyplexes) (Kircheis et a l, 1999; Guo and Lee, 2000).

Chemical agents such as calcium phosphate (Graham and van der Eb, 1973) or 2(diethylamino)ether (DEAE)-dextran mediated DNA (Vaheri and Pagano, 1965)
were tried as vectors for gene delivery in early seventies. DEAE-dextran mediated
DNA transfection was a simple and reproducible method to express DNA in
lymphoid cell lines in vitro. But it was unsuccessful because o f the toxicity, nonbiodegradability and low transfection efficiency (Takai and Ohmori, 1990). In spite
o f these limitations, non-viral delivery systems still generally offer many advantages
o f safety, relatively less toxicity and largely unlimited for the size o f therapeutic

DNA over viral based technologies. Princen et al. (2000) compared the activity o f
retroviral and non-viral (liposomal) gene transfer in a mouse model and revealed no
survival advantage with the use o f retroviruses. Hence intensified research into nonviral gene delivery becomes even more compelling.

Liposomes and cationic polymers are the two major classes o f extensively studied
non-viral vectors. Cationic polymers employed include: polylysine based polymers,
polyethyleneimine and its conjugates, cationic block copolymers, peptides, chitosan
and dendrimers. Various non-viral vectors developed to introduce the gene into
target cells will be discussed in detail in the following sections, with a special
emphasis on dendrimer systems.

1.6.1. Cationic lipid based vectors
Cationic lipid/liposome complexed with genes are one o f the successful non-viral
vectors studied so far. Feigner first introduced the cationic lipid DOTMA (N-[l-(2,3dioleyloxy)propyl]-N,N,N-trimethylammonium chloride) as an in vitro vector for
DNA delivery (Feigner et a l,

1987). DOTMA has one positively charged

ammonium group linked to two oleoyl chains by ester linkage; the cationic charge
interacts with anionic phosphate groups o f DNA by simple mixing. Since the
introduction of Lipofectin™, a mixture o f 1:1 weight-by-weight ratio o f the cationic
lipid DOTMA and the co-lipid DOPE (dioleylphosphotidylethanolamine), this
technology has been widely adopted and shown to be suitable for the transfection o f
many different cell types. Some o f the commonly used lipid structures are shown in
Fig. 1.2.
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Fig, 1,2, The structure o f some cationic lipids used as non-viral vectors fo r gene
delivery.
DOTMA :
(N-[l-(2,3-dioleyl oxy)propyl]-N, N, N-trimethylammonium
chloride), DOTAP: (1,2-bis (oleoyloxy)-3-(trimethylamino)propane), DMRIE: N-(2hydroxyethyl)-N,N-dimethyl-2,3-bis(tetradecyloxy) 1propanaminium
bromide,
DOSPA: 2,3-dioleoyloxy-N-[2(sperminecarbox- amido) ethyl] -N, N-dimethyl-1propanaminium trifluroacetate, DOGS: dioctadecylamidoglycylspermine, DC-Chol:
3fi[N-(N\ N ’-dimethylaminoethane)-carbamoyl] cholesterol.

However it is not always essential to include co-lipid in the liposome formulation, as
DOTAP (1,2-bis (oleoyloxy)-3-(trimethylamino)propane) is active in the absence o f
a co-lipid in a variety o f cells in vitro (Leventis and Silvius, 1990). A synthetic
analogue o f DOTMA named DODAP (l,2-dioleyl-3-dimethyl- ammoniumpropane)
has been exploited for gene delivery (Brown and Silvius, 1989). The cationic
amphiphiles differ markedly and may contain for example, single or multiple charges
(primary, secondary, tertiary and/or quartemary amines). Mahato et al. (1997) in a
review listed some o f the cationic lipids investigated for gene transfer which include
cationic cholesterol derivatives, cationic detergents and lipopolylysine dimethyl
dioctadecylammonium bromide (DDAB), dioctadecylamidoglycylspermine (DOGS),
N-(2-hydroxyethyl)-N,N-dimethyl-2,3-bis(tetradecyloxy)

1-

propan-aminium

bromide (DMRIE), 2,3-dioleoyloxy-N-[2(sperminecarboxamido) ethyl] -N, Ndimethyl-1-propanaminium
aminoethane)-carbamoyl]

trifluroacetate
cholesterol

(DOSPA),

(DC-Chol),

3p[N-(N’,N’-dimethyl-

(+/-)N-(3 -aminopropy 1)-N,N-

dimethyl-2,3-bis(dodecyloxy)-l-propanaminium bromide (GAP-DLRIE) and 3p(N"^spermine carbamoyl) cholesterol. Highly fluorinated analogues o f DOGS have also
been used

as in vitro gene transfer agents (Gaucheron et al., 2001). Many

quartemary ammonium based compounds like cetyldimethylethyl ammonium
bromide (CDAB) and dimethyldioctadecyl ammonium bromide (DDAB) have also
been synthesised and screened for transfection efficiency with variable success.

The stmcture o f cationic lipids includes a) a hydrophobic lipid anchor group which
assists in the formation of the liposome and which can interact with cell membranes,
b) a linker that is responsible for chemical stability and biodegradability o f lipid and
c) a positively charged head group which leads to condensation with DNA. DOPE is
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a component in many of the cationic liposome transfection systems due to its ability
to form a hexagonal phase (Connor and Huang, 1986). It is also known to be the
strong de-stabiliser o f lipid bilayers (Litzinger and Huang, 1992) and is thought to
enhance the intrinsic fusogenic properties (Bennett et a l, 1995). The choice o f
helper lipid can modify the structure and activity o f lipoplexes, for example,
cholesterol as a helper lipid showed higher transfection efficiency than DOPE when
used in v/vo. Liposome-DNA complexes have been reported to display a variety o f
polymorphic and metastable structures varying from fibrillar structure, spaghetti-like
tubules, map-pin structures to non-bilayer lipid arrangements (Sternberg et a l, 1994;
1998).

The gene transfer efficiency o f cationic lipid based DNA delivery systems depends
on the binding capacity o f lipids, the size o f the complexes, their stability in
biological fluids and their interaction with cell membrane. The extensive aggregate
formation in the blood stream induced by cationic lipids is rapidly cleared either via
a fast uptake by macrophages or through a first pass effect in the lungs which makes
them unsuitable for intravenous administration (Li and Huang, 1997). The poor
reproducibility o f these vectors is due to lipid vector destabilisation in the presence
o f serum which results in DNA release from the complex and subsequent
degradation (Li et a l, 1998).

The reproducibility and the efficiency by which the complex is taken up by target
cells can be improved by controlling the formation o f the DNA/lipid complexes
(lipoplexes). The incorporation o f poly(ethylene)glycol (PEG) into lipid-complexes
provides shielding to the complex and they are then capable o f escaping liver
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macrophage uptake, but unfortunately the transfection efficiency is lower when
compared to non-PEGylated lipoplexes (Fenske et a l, 2001).

Although the currently available cationic lipid based systems showed lower
transfection efficiency compared to viral vector based systems, this approach has
been proved to be useful in many in vivo applications in animal models (Mahato et
a l, 1997). Cationic liposomes have also been used in clinical trials to deliver
therapeutic DNA, for example, the liposomal-mediated delivery o f the CFTR gene to
the nasal epithelium o f patients with cystic fibrosis (Caplen et al., 1995; Hyde et a l,
2000; Noone et a l, 2000) and for the treatment o f patients with melanoma (Nabel et
a l, 1993; 1996).

1.6.2. Polycation based systems
In the last decade, several successful cationic polymer based gene delivery systems
such as poly(L-lysine) based polymers, polyethyleneimine and its conjugates,
peptides and copolymers such as poly[( 2 -dimethylamino)ethyl methacrylate],
chitosan and dendrimers have been developed as an alternative to cationic lipids and
identified as promising components o f gene delivery systems. They have an ability
to compact DNA and mask its negative charges which is a critical requirement for
gene delivery (Wagner et a l, 1998). The colloidal particle formation between
polymer and DNA complexes (polyplexes) is different from the lipoplexes. In
lipoplex formation, cationic lipids interact with each other through hydrophobic
interactions and electrostatic attractions with DNA. Unlike cationic lipids, most
cationic polymers designed so far form a complex with DNA by electrostatic
interactions. Interactions between polymer chains are much less intensive when
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compared to lipidic systems because of the hydrophilicity o f many o f the polymers,
some o f which are shown in Fig. 1.3.
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Fig. 1.3. The structures o f some cationic polymers currently under investigation as
potential gene delivery carriers.

Moreover, polymer design allows functional variables like polymer biodegradability,
the charge-pH relationship, coupling o f desired devices such as fusogenic peptides,
PEG and nucleus localisation signal (NLS) sequences in one molecule. Amongst the
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polycations, linear poly(L-Lysine)- based polymers and PEI and its conjugates have
been studied extensively.

Poly(L-Lysine) (PLL) based polymers
Polylysine is available in a large range of molecular weights and has been widely
studied as a gene carrier. Its amino groups are protonated at physiological pH which
makes it suitable to form polyplexes by interacting with polyanionic DNA. The
efficiency o f gene transfer by polyplexes o f Polylysine/DNA can be improved by
adding endosmolytic or lysosomotropic agents (Wadhwa et a l, 1997; Pouton et a/.,
1998). To improve cellular binding and uptake, suitable ligands o f small molecules
like peptides, sugar derivatives or large molecules like proteins, monoclonal
antibodies can also be attached. Some o f them include transferrin (Gotten et al,
1990; Wagner et a l, 1990), monoclonal antibodies (Chen et a l, 1994), folate
(Mislick et a l, 1995) and basic fibroblast growth factor (Sosnowski et a l, 1996).

However polyplexes, like cationic liposomes, bind to plasma proteins and are cleared
rapidly from the plasma upon intravenous injection. Opsonisation by plasma proteins
may be suppressed by coating the polyplexes with hydrophilic polymers such as
hydroxypropyl methacrylic acid and conjugating the surface with transferrin (Dash et
a l, 2000) or fibroblast growth factor (Fisher et a l, 2000) thereby increasing cellular
uptake. The gene transfer efficiency still depends on the positively charged
polyplexes whether a targeting ligand is used (Schaffer and Lauffenburger, 1998) or
not used (Pouton et a l, 1998). The other drawback o f PLL is its heterogenecity with
respect to molecular size from a pharmaceutical point o f view. This could be avoided
by employing a lysine rich peptide instead of polylysine (Gottschalk et a l, 1996).
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The supramolecular assembly o f plasmid DNA and polylysine conjugates has to be
considered, as it is a critical step in generating transfection particles. Preferably
small, soluble, homogenous and stable polyplexes have to be formed to cause high
levels o f transfection. However the charge ratio between DNA and polymer, size and
modification of polylysine and the method to prepare the complex influence the in
vivo and in vitro gene transfer efficiency (Kabanov and Kabanov, 1995). The
physicochemical factors affecting transfection will be discussed in detail in chapte 4.

Polyethylenimine (PEI) and their conjugates
Poly(ethylenimine) (PEI) is a highly polycationic synthetic polymer available in both
linear and branched forms (Godbey et a l, 1999) and in a range o f molecular weights
from 1.8kDa to SOOkDa. It is one of the promiosing gene delivery carriers because o f
its high transfection efficiency. The influence of|

PEI molecular weight on their

activity is debatable. Some authors report that decreasing MW increases transfection
(Fischer et a l, 1999) while others claim that decreasing MW decreases the
transfection (Godbey et a l, 1999). Kunath et al. (2003) compared the low (5 KDa)
and high molecular weight (50 KDa) polyethylenimine and showed that the
cytotoxicity of LMW-PEI was reduced and exhibited increased transfection
efficiency

in six

different cell

lines.

However the

pharmacokinetics

and

biodistribution o f PEI in mice were similar for both molecular weights.

Like other polycations, positively charged polyplexes can be formed easily with PEI
and can be used as an efficient gene carrier on its own without the addition of
endosomolytic or lysosomolytic agents as these polyplexes facilitate receptor
mediated uptake (Ferrari et a l, 1997). PEI was also claimed to facilitate the so-called
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“proton sponge” effect, upon endosomal uptake. However PEI is not an ideal
transfection agent because o f its cell toxicity (Godbey et a l, 2001). To overcome
FBI’s toxicity the polymer has been conjugated with poly(ethylene glycol) (PEG)
(Ogris et a l, 1999), sugar moieties such as mannose (Diebold et a l, 1999) and
galactose (Hettinger et a l, 1999). (Kircheis et a l, 1997; Zanta et a l, 1997)
Incorporation o f soluble PEI in DOPE, egg PC and DPPC liposomes improves the
activity but the activity was shown to be diminished when used without liposomes
(Yamazaki et a l, 2000). Combination o f PEI andDGSPER^vas studied by Lampela
and co-workers (2003) and suggested that the two independent mechanisms would
be the reason for the synergistic transfection efficiency o f this system. Dosper
improves the cellular uptake and PEI improves a transfer o f the complexes from
lysosomes to nucleus.

Peptides and other polymers
Peptide-based gene delivery vectors are designed to mimic viral proteins that
facilitate the cellular delivery of viral vectors. Cell surface receptors binding
peptides, membrane fusion peptides, endosomal lytic peptides, nuclear localization
signal peptides and membrane translocation signal (MTS) peptides as transporters
have been presented as agents to improve efficiency o f gene delivery (Tung et al,
2002). Pichon et a l (2001) reviewed the different types o f histidine-rich peptide,
histidylated oligolysine and disulfide-containing polylysine conjugates for nucleic
acid delivery. They illustrated that histidylated-polylysine caused a transfection 3 4.5 orders o f magnitude higher than polylysine, due to the permeabilization of
biological membrane by these peptides at pH 6.4 (Pichon et a l, 2001). Chamarthy et
a l (2003) reported the gene transfer properties o f three low molecular weight
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cationic peptides: Ki6, KioHô, and OioHe, in dendritic cells using a p-galactosidase as
the model antigen. They showed that OioHô is less toxic and has superior transfection
efficiency in vitro than Ki6 and KioHô. They also described that ex vivo transfected
dendritic cells with OioHe/DNA are capable o f triggering antigen-specific T cell
response in vivo.

Poly-L-lysine copolymers incorporating L-tryptophan (Wadhwa et a l, 1997), graft
poly-L-histidine (Benns et a l, 2000) are more efficient than polylysine-chloroquine
mixtures because o f the additional endosomal buffering capacity offered by histidine
side chain which is protonated below pH 6 (Midoux and Monsigny, 1999). The other
methods in polylysine based polyplexes were gluconylated polyhistidine (Pack et a l,
2000), replacing lysine residues with cysteine and tryptophan residues (McKenzie et
al, 2000) were also shown to be increasing the transfection.

Block copolymers are conjugates of at least two different polymer segments. Those
used in gene delivery usually consist o f polycationic acid segments and hydrophilic
blocks. The intention is that the cationic block can interact with polyanionic DNA
and induce self-assembly to form particles. The hydrophilic blocks will not be
involved in complex formation, but will remain oriented towards the solvent hence
provide aqueous solubility and surface shielding for ‘block ionomer complexes’
(Kataoka

uf/., 1996).

Methacrylate polymers have been used for microencapsulation o f cells, such as
erythrocytes, fibroblasts, lymphomas and the beta cells o f the islets o f Langerhans
(Mallabone et a l, 1989; Wells et a l, 1993). Because o f their facile synthesis.
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possibility o f functionalisation and biocompatibility they are found useful as gene
delivery carriers. Van de Wetering et al. (1999) reported that at physiological pH
half o f the tertiary amino groups of the polymer were protonated and the pKa was
around 7.4. After endocytosis, the acidic pH causes the remaining amino groups to
be protonated. This makes the endosomes swell and causes destabilisation o f the
membrane by osmotic forces. This mechanism may explain the cytoplasmic delivery
o f pDMAEMA-based polyplexes. Zuidam et al. (2000) studied the mechanism of
transfection using an endocytosis inhibitor and an endosome disruptive peptide
reporting that the endocytosis of the polyplex is presumably the principal pathway
for intracellular delivery of the plasmid.

Chitosan and its derivatives have also been introduced in the arena o f non-viral
vectors for gene delivery. Chitosan is a deacetylated derivative o f a polysaccharide,
chitin. It consists o f repeated units o f 2-amino-2-deoxy-D-glucose connected by p(l,4)-glycosidic bonds. Like PLL and PEI, it is also available in different molecular
weights with different degrees o f deacetylation (Borchard, 2001). Chitosan has an
apparent pKa o f 5.6 and is soluble only in acidic solutions. Not all amino groups are
protonated at physiological pH. Polyplexes based on these polysaccharides are stable
to salt and serum challenge (MacLaughlin et a l, 1998). Erbacher et a l (1998)
reported that the transfection efficiency of these polyplexes in HeLa cells in the
presence o f serum was comparable to PEI, but unable to transfect Caco-2 cells. To
avoid solubility problems at physiological pH, chitosan was modified by developing
trimethylated chitosan and proven to be able to transfect Cos-1 and Caco-2 cells
(Erbacher et a l, 1998; Thanou et al, 2002). Investigations indicate that chitosan
mediated gene delivery has low toxicity and little liver accumulation when low
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molecular weights are used (Chandy et a l, 1999). Recently, Alpar and co workers
(Li et a l, 2003) showed the sustained expression o f chitosan nanoparticles
containing luciferase gene for about 10 days in mammalian cells while commercial
transfectant produced an effect which lasted for less than two days

Other carriers developed for gene delivery include naturally occurring lipids such as
low-density lipoprotein (LDL) with stearyl PLL (Kim et a l, 1998) liposomes
utilising the single tailed fatty acid oleoyl-omithine (OLON) (Tang and Hughes,
1999) cholesterol in the form o f 3-pfN-(N’,N’-dimethylaminoethane)-carbamoyl]
cholesterol (DC-Chol) in conjunction with DOPE (Ajmani and Hughes, 1999). Graft
copolymers including PLL-arabinigalactan (Choi et a l, 1999), the polyether Pluronic
123 grafted with PEI (Nguyen et al, 2000), poly[N-(2-hydroxypropyl) methacryl
amide] (pHPMA) grafted with 2-(trimethylamino)ethyl methacrylate (Oupicky et al,
2000), lactose-PEG-PLL graft copolymers (Choi et a l, 1999), and pHPMA bearing
pendant chain o f aminoacids GFLG to coat PLL-DNA complexes have also been
tried with variable success.

Although varieties o f innovative approaches have been tried, use o f dendrimers as
gene delivery carriers are developed in lesser extent compared to other non-viral
vectors and need more progress. These molecules are recognized as the fourth class
of polymeric architectures, about thousand times smaller than cells, so they can enter
the cells easily. They can be synthesized in various predetermined sizes and can
interact efficiently with DNA by modifying their surface properties. The following
section will discuss in detail about the dendrimers and their use as gene delivery
carriers.
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1.6.3. Dendrimers
The term “ dendrimer” is derived from the Greek word ^'dendrorC' meaning tree and
""meros'' meaning repeating unit.

Dendrimers are nanometre-sized

spherical

molecules consisting of two or more dendrons that emanate from a common, central
juncture, a single atom, or an atomic group termed a core. This class o f
macromolecular structures are made up o f small repeating chemical units linked in a
step-wise (Fig. 1.4) branched manner to produce a dense, highly branched, spherical
structure that resemble tree (Tomalia et a i, 1990).
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Fig. 1.4. Schematic diagram illustrating the growth o f dendrimers. As the generation
increases the dendrimer becomes spherical in shape.

Complete dendrimers have a symmetrical quasi-spherical or spherical topology and
originate from a common central core. The compounds synthesised and discussed in
this thesis are referred to as dendrimers but are more accurately termed ‘partial
dendrimers’ or ‘dendrons’ as they are the asymmetrical fractions o f a dendrimer and
have lipidic portions in the core. In other words, they are the actual tree like
structure, because they possess branching units resembling crown and the lipidic
portion resembling the root system o f the tree as depicted in Fig. 1.5.
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Fig. 1.5. A correlation between parts o f the lipidic dendrons and a tree

1.6 3.1. Components of dendrimers
Dendrimers are highly branched polymers with three different structural or
architectural features; a central core, branching units and branching units possessing
surface functionalities. The stepwise repetitive reaction sequence gives rise to
different generations o f the same molecule which in turn determines size, shape,
surface chemistry, topology and flexibility o f the macromolecule. The term
‘generation’ is often used in dendrimer nomenclature for each layer o f branching
units added to construct the dendrimer. The core o f the dendrimer without any
branching units is referred to a ‘zero generation’ or ‘GO’ dendrimer. Each subsequent
addition o f branching units from the core is referred to as a successive layer and
results in a higher generation as can be seen in Fig. 1.6. At higher generations,
depending on the branching units used for the synthesis, the branches at the surface
of dendritic molecules direct them to adopt a globular confirmation because o f the
steric hindrance between the branches (Naylor et a i, 1989).

21

G=0

Core

Interior

Surface

Fig, 1,6. Components o f dendrimer. A diagram showing the different components o f
dendrimer and how the generation o f a dendritic molecule increases with each
additional layer o f branching units, where G is the generation (from
W W W . dendrichem. com)

1.6.3.2. Synthetic approaches
The two major approaches for the synthesis o f dendrimers are the divergent and the
convergent approach. As discussed in previous paragraphs, the step-by-step
assembly o f branch cells differ. In the divergent method, the branching units are built
radially from the core to the surface (Tomalia et a l, 1985; Zhang et a l, 1992)
whereas in the convergent approach (Miller et a l, 1992) the dendrimer branches and
surface functional groups are initially synthesised, purified and assembled to form a
dendrimer. Construction o f dendrimers may lead to very large macromolecules in the
molecular weight range from several hundred thousand to a few million. The
schematic representation of the two methods is shown in Fig. 1.7.
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Fig. 1.7. The synthetic approaches fo r dendrimers. Schematic comparison o f the
divergent approach: starts from the core to surface and the convergent approach:
from surface to the core.

The methods have their own advantages and disadvantages. The convergent method
is advantageous for low polydispersity or higher purity while the divergent approach
is better for its speed and efficiency with higher yield. The disadvantage of
convergent method is its operational complexity, as it requires more steps than
normal stepwise synthesis, including additional purification and characterization
steps for the intermediates. The disadvantage o f the divergent method is that it may
produce dendritic molecules with defects arising from incomplete reactions
particularly when using solid-phase methods because intermediates are neither
purified nor characterized. But still it is useful to synthesise low molecular weight
dendritic molecules adopting this technique. The synthesis o f the partial dendrimers
or dendrons used in this work will be discussed in detail in chapter 2.
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1.6.3.3. Size, shape and biomimicry of dendrimers
Experimental evidence shows that the dendrimers are somewhat floppy, flat and oval
in shape at lower generations and that they become spherical at higher generations.
The dimensions o f dendrimers vary from a nanometre up to 15 nm depending upon
the generations but still they are in the lower end o f nanoscopic range. In many
cases, the size o f the dendrimers increases in a controlled manner from 0.5-1.5 nm
per generation (Dvomic and Tomalia, 1996). Fig. 1.8 shows how dendrimer size can
be controlled by generation growth and sizes compared to biological structures and
biomolecules.
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Fig, 1,8. A comparison o f different generation o f PA M AM dendrimer (G 4-7) with a
range o f proteins, a typical lipid-hilayer membrane and DNA, indicating the closely
matched size and dimensionally scaled shape o f important proteins and
bioassemblies (Esfand and Tomalia 2001).
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1.6.3 4. Applications of dendrimers
The attractiveness o f dendrimer architecture allows usage in various arenas. The
wide range of dendrimer applications includes vehicles for drugs (Esfand and
Tomalia, 2001) and nucleic acids (Haensler and Szoka, 1993; Kukowska-Latallo et
a l, 1996; Shah et al., 2000; Joester et a l, 2003), calibration standards for size
exclusion chromatography (Dubin et a l, 1992; Shah et a l, 1996), ion exchange
processes (Jayaraman et a l, 1995), inks and photocopier toners (Winnik et a l, 1992)
semiconductors (Hall and Polis, 1987), photochemical molecular devices (Balzani et
a l, 1987), antoxidants (Migdal, 1994), catalysis (Sundell et a l, 1993), magnetic
resonance imaging contrast agents (Kim and Zimmerman, 1998), liquid crystals
(Percec et a l, 1994; 1995), as well as self assembling materials (Zimmerman et a l,
1996; Zeng and Zimmerman, 1997). Sadler and Tam (2002) reviewed the potential
applications of peptide dendrimers including protein mimetics, immunogens as well
as in immunoassays and serodiagnosis. Although a variety o f applications o f
dendrimers are possible, the scope of this thesis is to analyse the self-assembly and
potential in gene delivery o f dendrons.

Self-assembly of dendrimers
A rapidly growing area o f dendritic chemistry research is the study o f the surface
properties and self-assembly o f dendritic molecules. Self-assembly o f these materials
occurs spontaneously, involving the association o f these materials

2ind

supra

molecular interactions. The surface properties o f these materials depend on the
nature o f the terminal or surface groups o f the dendrimers, which can be either
reactive or passive or even a combination o f both (D'Emanuele et a l, 2003).
Zimmerman and co workers (1996) studied hydrogen bond mediated self-assembly
o f poly(aryl ether) dendrons covalently linked to a core-bis-isophthalic acid. The
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self-assembly involved hydrogen bond formation between carboxyl groups of
different dendrons and formed hexameric dendrimer aggregates. The same group
reported dendrons mimicking copolymer micellar systems (Zeng and Zimmerman,
1997).

Yanai et al. (2001) studied micelle formation by some amphiphilic lipid lysine
oligomers and reported that the surface activity was related to the polymer chain
length. Recently it was discovered in our laboratories that certain dendrimers with
lipidic character at all terminals of the molecule form vesicular structures. These
were found to form higher order structures in aqueous media, termed “dendrisomes”
(Al-Jamal et aL, 2003).

Dendrimers in drug delivery
Dendrimers can be used as potential delivery systems either by entrapping or
encapsulating drug molecules physically inside the dendritic structure or by attaching
them covalently onto the surface to produce dendrimer-drug conjugates. By
designing the suitable internal cavity o f a dendritic structure, drugs could be
entrapped and released in a controlled manner. Maciejewski (1982) proposed
encapsulating guest molecules into a special egg-shell like structure using cascade
branched oligomers, polymers and cyclodextrins. Rose Bengal entrapment in high
generation poly(propylene imine) dendrimers and an amino acid derivative to cap the
end group o f the dendrimer (the ‘dendritic box’) is another example o f entrapping
molecules (Jansen et a l, 1994). Newkome and co-workers (1991) demonstrated that
dendritic unimolecular micelle with a hydrophobic interior cavities were able to
solubilise various hydrophobic guest molecules. This group also synthesised
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dendrimer molecules with diaminopyridine as branching units which solubilises
barbituric acid (Newkome et a l, 1996). However the incorporation o f guest
molecules depends upon the architecture of a dendrimer. A recent development has
been the entrapment o f a bioactive compound (Leu-Leu-OMe) in glycodendrimers,
which contained sugar units in the peripheral region. The release o f the compound
was monitored on irradiation (Watanabe and Iwamura, 2003).

In order to enhance the controlled release o f drugs, covalent conjugates have also
been synthesised. Some examples of dendrimers in drug delivery and targeting
include cisplatin and doxyrubicin (Duncan et a l, 1992; Malik et a l, 1999), 5fluorouracil (Zhuo et a l, 1999), methotrexate and doxirubicin (Kojima et a l, 2000)
and methotrexate and folate (Kono et al, 1999).

Dendrimers in gene delivery
Progress in gene delivery research elucidates the potential o f dendrimers as gene
delivery agents. It was explored first after a report published by Haensler and Szoka
(1993) using PAMAM dendrimers for gene transfection. A high charge density due
to the presence o f protonated primary amino groups in the periphery and high water
solubility makes the use o f dendrimers as efficient gene delivery carriers
(Kukowska-Latallo et a l,

1996). PAMAM dendrimers, partially hydrolyzed

PAMAM dendrimers, poly(propylene imine) dendrimers, dendritic polylysines and
cationic lipidic peptide dendrimers have also been explored as DNA delivery
systems.
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Polyamidoamine (PAMAM) and Polypropylenimine dendrimers
Starburst dendrimers are nano-sized polyamidoamine polymers with regular
dendritic branching and radial symmetry. Kukowska-Latallo and co-workers (1996)
reported that PAMAM dendrimers have high transfection efficiency in a variety o f
cultured mammalian cells. It has also been reported that the ‘fractured dendrimers’,
obtained by heat treatment of intact dendrimers in a variety o f solvolytic solvents
resulted in increased flexibility and enhanced the transfection activity dramatically
(Tang et a l, 1996). Although PAMAM have ability to transfect a variety o f
eukaryotic cells, sometimes, additional compounds were necessary to accomplish the
process, which appeared to alter the nature o f the DNA/dendrimer complex. Qin et
a l (1998) demonstrated that PAMAM dendrimers mediated transfer o f plasmid
DNA in murine cardiac cells injected with the plasmid/dendrimer complex had wide
and extended expression up to 28 days, while the injection o f naked plasmid showed
expression for less than 14 days.

Partial functionalisation of dendritic molecules by GALAcys (a cysteine-containing
analogue o f the amphiphilic peptide GALA) assists in destabilization o f the lipid
membrane after endocytosis, thus preventing lysosomal degradation (KukowskaLatallo et al., 1996). Poly(ethylene glycol) functionalization o f G5-PAMAM
dendrimers produced a 20-fold increase in transfection efficiency using plasmid
DNA coding for a reporter protein p-galactosidase relative to partially degraded
PAMAM dendrimers (Luo et a l, 2002). The authors proved that the conjugate has
improved flexibility, decreased electrostatic interactions with the DNA and very low
cytotoxicity.
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DNA-dendrimer systems were also tried in combination with electroporation (Wang
et a l, 2001) and p-cyclodextrin (Roessler et a l, 2001) and showed that
electroporation caused

significant increase

in gene

expression (relative to

DNA/dendrimer systems) (Wang et a l, 2001) and o f p-cyclodextrin caused
formation o f smaller and more monodisperse particles (Roessler et a l, 2001).
PAMAM dendrimers functionalized with a-cyclodextrin showed luciferase gene
expression about 100 times higher than either unfunctionalized PAMAM or noncovalent mixtures o f PAMAM and a-cyclodextrin (Arima et a l, 2001). The
superiority o f the functionalized PAMAM was said to be due to the disruptive effect
of cyclodextrins upon biological membranes complexing with phospholipids and
cholesterol. It was also demonstrated that this enhanced activity was not a
consequence o f an improved complexation but was attributed to improved release o f
the DNA from the endosome into the cytoplasm, generated by the cyclodextrin
endosome-membrane disturbing effect.

Roessler and coworkers also developed a gene-delivery device by coating the surface
of

PAMAM

dendrimer/DNA

complexes

with

poly(DL-lactide-co-glycolide)

polymers, or by incorporating the conjugates into collagen/fibronectin membranes
for solid support-based transfection. Collagen proteolysis favoured the release of the
dendrimer/DNA complexes for a prolonged period thereby improving the efficiency
o f plasmid. This suggests the possibility o f using similar membrane systems for
controlled release o f DNA in specific organs or tissues (Bielinska et a l, 2000 and
Roessler et a l, 2001).
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Polypropylenimine has also been tried as a gene carrier as they contain fully
protonable nitrogens (van Duijvenbode et.al., 1998) which makes them ideal for
DNA condensing agent. Uchegbu and coworkers showed the generation 2
polypropylenimine dendrimer provides a sufficient level o f DNA binding with a low
level o f cell cytoxicity to give optimum in vitro gene transfer activity than higher
generations dendrimers (Zinselmeyer et aL, 2002).

Dendritic polylysines
Denkewalter et al. (1981) reported the synthesis o f dendritic polylysine in the early
80’s using benzhydrylamide as a core. These carriers can be synthesised in a welldefined manner with a precise number of terminal amino groups per molecule.
Dendritic poly (L-lysine) is a branched poly(L-lysine) which could not be
categorised as a “dendrimer” by the original concept described by Tomalia as it
consists of asymmetrical L-lysine residues. However

it is possible to categorise

them under the new concept o f dendritic molecule consisting o f amino acids.
This offers the suitability for the functionalisation o f these molecules by selecting
several protecting groups o f the lysine, such as Boc and Fmoc. It is also possible to
control the size and shape of these molecules and modify the surface o f the
molecules by using different ligands.

Unlike PAMAM dendrimers, there are very few reports about using dendritic
polylysine as a gene delivery carrier either alone or in combination with linear
polymers and PEG as block copolymers (Choi et aL, 1999; 2001). Ohsaki et al.
(2002) showed that mono-dispersed dendritic poly(L-lysine) (DPK) made o f
hexamethylenediamine as a core has a high transfection efficiency without
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significant toxicity and cell specificity. They also speculated that the PAMAM
dendrimer showed maximum efficiency at the 6^ generation consisting o f 192 amino
groups whereas their KG6 showed higher efficiency with 128 amino groups and
therefore it is the optimum generation for gene transfection. Recently, Okuda et al.
(2003) studied the time dependant complex formation o f dendritic polylysine with
DNA and showed that complexes of more than 1pm size composed o f several small
50-200 nm sized particles as the major species, which contribute to transfection in
vitro. The same group replaced the terminal lysines with arginines (KGR6) or
histidines (KGH6) and reported the KGR6 showed higher transfection whereas
KGH6 had no transfection efficiency (Okuda et a l, 2004).

Mannisto et a l (2002) studied the structure-activity relationship o f dendritic and
linear poly(lysine)s as well as PEGylated linear and dendritic lysine and revealed
that the [G-5]-dendrimer formed stable complexes with plasmid DNA but had low
transfection efficiency compared to linear polymeric transfection carriers. They
described PEGylated polylysine formed a complex size in the range o f 27-123 nm
and the transfection efficiency was improved at charge ratios o f 4:1, although the
reason for improved activity was unknown.

Cationic lipidic peptide dendrons
Lipidic poly-L-lysines/DNA complexes were found to be more efficient in vitro gene
delivery agents than cationic liposomes (Zhou et al., 1991; Surovoy et al., 1998)
Work on cationic lipidic peptide dendrimers with or without a sugar unit and a
nuclear localisation signal peptide was started in our laboratories, their transfection
efficiency shown in vitro using Cos-7 (fibroblast) cells (Toth et a l, 1999). From the
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different types of dendrimers studied, the polylysine-based dendrimers displayed the
highest transfection activity, the results indicating that the increase in the number of
terminal amino groups o f the dendrimers enhanced gene delivery. In a similar vein,
Shah et a l (2000) reported these cationic lipidic polylysine dendrimers had gene
transfer ability into cells without significant toxicity, toxicity was even lower when
complexed with DNA. Toth and co-workers (Wimmer et a l, 2002) have showed the
complexation ability of polycationic dendrimers with a lipophilic peptide core upon
oligonucleotides and reported their transfecting ability in (D-407) human retinal
pigment epithelium cells.

1.7. Objectives and outline of the thesis
It is clear from the literature that though there is extensive research on non-viral gene
delivery vectors there is no direct correlation between vector design and transfection
activity. Moreover it can be expected from the literature that the dendritic polylysine
could be one o f the base molecules for the development o f gene carriers. Because of
the diversity o f the problems in gene therapy, it is important to develop different
strategies, which allow gene delivery to different therapeutic targets. This can be
achieved by developing different types o f vectors. Several types o f vectors for gene
delivery will be applied in humans ultimately. Hence it is worth trying to develop a
“magic mixture” by including all the structural features rather than a “magic bullet”
(Zuber et a l, 2001) and to study their structural activity relationship in delivering
DNA.

The aim o f the work discussed in this thesis was to synthesise programmable
dendritic architectures of defined and controllable composition in terms o f the
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cationic nature on the surface using lysine and a lipophilic core achieved using
lipidic amino acids and to exploit the products as gene delivery carriers. It seems to
be advantageous to introduce a lipidic core in the dendritic lysine structure as this
can play a role in cell fusion. Chapter 2 will focus on the development o f such
dendritic molecules, the synthetic methods used to construct them, the rationale
behind their design and methods o f characterisation.

Due to the difference in the lipidic chains they may differ significantly in their
flexibility, which is an advantage as fractured dendrimers o f PAMAM have been
shown to have better transfection abilities. Chapter 3 will discuss the self-assembly
of dendrons in water and the flexibility of lipidic dendrons. In Chapter 4, the
formation o f dendriplexes by the interaction between dendrons and DNA and their
physicochemical characterisation towards their use as non-viral gene delivery agents
will be discussed. Chapter 5 will focus on the biological properties o f dendriplexes,
in particular the transfection and toxicity o f dendrons alone and as dendriplexes.
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Chapter Two

DESIGN AND SYNTHESIS OF DENDRITIC
MOLECULES

The members o f all classes of non-viral vectors discussed in the first chapter have
been commercialised and for some the structural-activity relationships have been
developed, but no breakthrough has been achieved yet. The versatility o f dendrimer
systems with programmable architecture leading to defined and controllable
composition, modification of its geometry using ligands and ease o f multiple
functionalisation compared to other delivery vectors enables the development o f
novel dendritic delivery vectors. We have designed and developed a series o f novel
lysine based dendritic molecules with or without lipid chains. We varied the number
o f lysines in the dendrons to control the number o f terminal amino groups and hence
their cationicity. These molecules tend to form complexes with negatively charged
DNA molecules and the resulting complexes can transfer the DNA into the cell.
Hence they may be used as a tool for gene delivery. We also varied the length and
number o f lipid chains in order to modify their lipophilicity and complexing ability
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with DNA. Some o f the lipophilic dendrons were expected to form supramolecular
aggregates on their own, which could be useful for the delivery o f other bioactive
molecules.

In designing dendritic molecules, the selection o f the cores, branching units, linkage
used to connect the branching units and the synthetic method o f choice play a
significant role. Some of the commonly used components o f dendrimer and peptide
chemistry as well as the ones selected in the design o f dendrons are discussed here.
The method adopted was solid phase peptide synthesis and hence the resin or solid
support, coupling reagents, protecting groups and the method used to cleave the resin
will also be discussed.

2.1. Dendrimer cores
There is diversity in the core selected to synthesise dendrimers and peptides. The
type of core selected in designing the artificial proteins or peptides structures is
critical because it may confer rigidity and exert conformational influence on the
overall structure o f the peptide dendrimer (Sadler and Tam, 2002). Most cores
employed in dendritic synthesis are simple, small organic molecules o f less than
IKD molecular weight. Some o f the commercially available cores used by many
groups to investigate the use o f peptide dendrimers in various applications are shown
in Fig. 2.1. The molecules synthesised and discussed here are referred to as
‘dendrons’ or ‘partial dendrimers’ and may be categorised as peptide dendrimers.
These molecules do not have an actual core as per original concept o f dendrimers
(Tomalia et a l, 1985), but a starting point. However for ease o f explanation we refer
to them as “cores” throughout.
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Fig. 2,1. Structures o f some commonly used amino, carboxylic and hydroxylic core
molecules.

The most common cores in the synthesis o f peptide dendrimers are simple amino
compounds, such as amino acids and dipeptides. The simplest amino cores are the
tris(ethylene amine) ammonia types, which have recently been utilized in the
formation o f peptide dendrimers. The use o f heterocyclic compounds such as
porphyrin and constrained and unusual amino acids have also been reported (Sasaki
and Kaiser, 1989). Recently dendritic poly (L-lysine) (DPK) (Ohsaki et a l, 2002)
and DPK with arginines and histidines as terminal amino acids (Okuda et a l, 2004)
were synthesised using hexamethylenediamine as an initiator core. Efforts may be
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required to select core molecules, which may have an impact in the drug and gene
delivery.

2.2. Branching units
A range o f branching units has been used for the synthesis o f dendrimers, depending
on the type and usage of the material need to be synthesised. In peptide dendrimer
synthesis, the largest group of branching units used are polyamino acids consisting
o f several branches o f a trifunctional acid (Tam, 1988; Rao and Tam, 1994). The
selection o f lysine and its homologues as branching units is most popular because of
their desirable qualities such as trivalency, reactivity and synthetic versatility. Lysine
has two amino groups (a, e) and a carboxylic acid group hence it becomes a
trifunctional amino acid which makes it suitable for the sequential propagation o f
lysine as a branching unit in dendritic synthesis. Its low molecular weight and
diamino nature allows the attachment ofpeptidesby providing a site for the addition
o f layers o f lysine as branching units. Di-protected Lys [Boc-Lys(Boc) or FmocLys(Fmoc)] is used to produce a core of multiple level o f lysine by using solid phase
schemes as a method of choice (Tam, 1988). One o f the criteria for the dendritic
branching unit is it should double the reaction sites after each addition. The diamino
group provides the situation where each additional layer doubles the number of
reaction sites at which the peptide monomer can be attached. The A° difference in
the distance between the a and e nitrogen and the carboxylic acid leads to
asymmetric growth o f each generation.

A typical branching lysine (K) unit consists of three lysines which offer a tetravalent
peptide (Fig. 2.2); further divergence of this tetravalent (K 2 K) unit to one or two
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additional levels o f lysines will generate di-K iK and tetra-K iK dendrons with
reactive ends o f 8 and 16 amino groups respectively, to which peptides can be
attached (Sadler and Tam, 2002). Peptides may be synthesised directly onto the
lysine dendron using a divergent strategy or dendrons can be further functionalized
with electrophiles and thiol nucleophiles for convergent ligation o f peptides.

K—]
K -K — Xaa-OH

Z
H

Functionalisation^

H

"n
K— K
K

n

K —K—Xaa-OH

c

Cl

d

SH

O

Functionalisation

K —J

Fig. 2.2. Polylysine cores consisting o f K 2K and di K 2K, where Xaa can be either
OH, an amino acid, peptide or organic core, [redrawn from Sadler and Tam

Ornithine is the other choice o f branching unit as it mimics putrescine, a biological
diamine that is well known for cross com plexation with DNA (Chiu and Oleinick,
1998). The selection o f this amino acid was restricted to lipidic dendrons because the
resulting com pounds have poor water solubility (Sakthivel, 1998a).

2.3. Branching unit connectors (linkages)
The type o f linkage used to connect the branching units o f the dendrimers is also
important because the stability o f the dendrimers in biological m ilieu depends on it.
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Many different linkages have been reported in the literature for the connectivity o f
the branching units o f dendrimers. Ferruti (1986) reported that when a spacer is
present, the amide bonds were cleaved to a small extent inside lysosomes but were
stable in the gastro-intestinal tract and the blood stream. Studies on the hydrolysis o f
bonds in biodegradable polymers showed that the polyamide bond is relatively
stable. The lability o f the polymeric bond in neutral conditions are in the following
order: polycarbonate > polyester > polyurethane > polyorthoester > polyamide
(Sanders, 1991). In this work, a relatively stable amide bond was chosen to link the
lipidic arms and dendritic branches to ensure that the dendrimer remained secure in
biological fluids. This approach proved successful and a variety o f dendrimers has
been developed in our laboratory (Sakthivel, 1998a; Purohit, 2003).

2.4. Solid phase peptide synthesis
The synthesis o f dendritic materials and peptides can be achieved by solution phase
synthesis (Denkewalter et a/., 1981) and solid phase peptide synthesis (SPPS). The
SPPS was originally elaborated by Merrifield (1963) and adopted here to develop the
dendritic materials. The basic principle o f solid phase peptide synthesis is the
sequential addition o f grooving chains to a solid support which is usually an insoluble
resin (2.4.1). The growth o f the chain can be achieved by the different approaches
discussed in the first chapter. The divergent approach is the method o f choice here.
The chains remain attached to the solid support throughout the synthesis and are
separated from soluble reagents and solvents by simple filtration and washing. The
final peptide is detached from the solid support followed by purification.
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Peptide synthesis can be carried out in a continuous process or in a batch-wise
process. A variety of manual, semi-automatic or automatic synthesisers are
commercially available for both methods. In the batch mode, the peptidyl resin is
placed in a filter reaction vessel and reagents added and removed under manual or
computer control. In the continuous flow method, the resin is contained in a column
through which reagents and solvents are added continuously by manual or automatic
control. The Fmoc strategy is fully compatible with the continuous flow method,
again depending on the instrument used, allowing for real-time monitoring o f the
progress o f coupling and deprotection by spectrophotometry.

In solid phase peptide synthesis N-a-protection is provided by the acid-labile Boc
group or the base-labile Fmoc group. After removal o f this protecting group using
trifluoroacetic acid (TFA) in Boc chemistry and piperidine in Fmoc chemistry the
next protected amino acid is added using either a coupling reagent or a pre-activated
protected amino acid derivative. Boc-group deprotection by TFA could lead to
alteration of sensitive peptide bonds as well as acid catalysed side reactions. In
Fmoc-group deprotection using piperidine the growing peptide undergo mild base
treatment however TFA is required for the final cleavage. All dendrons in this work
were synthesised using B oc chemistry. The coupling efficiency was checked using
the ninhydrin test (Section 2.4.6) during each addition. The resulting peptide
attached to the resin may be cleaved to yield a peptide. Side-chain protecting groups
are often chosen so that they are cleaved simultaneously with detachment o f the
peptide from the resin. The general scheme o f solid phase peptide synthesis (SPPS)
is shown in Fig.2.3.
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Fig. 2.3. Schematic representaion o f solid phase peptide synthesis (SPPS) showing
the sequential addition o f growing chains to a resin support follow ed by cleavage.
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2.4.1. Polymeric support or resins
The insoluble polymeric supports (resins) commonly available are the derivatives o f
a suspension copolymer of styrene (1% w/w) divinylbenzene shown below in
Fig.2.4.

M errifield resin

Boc-NH-CH-CH-O-CH

PAM resin

CH:

HO-N=C
MBNA resin

O xim e resin

Br-CH-CO
CM
B ro m in ated WANG resin

Br-CH-CO

O-CH2-CO-NH-CH;

CH

B rom inated PROA resin

Fig, 2,4, Structures o f some commercially available resins fo r solid phase peptide
synthesis, p-methylbenzhydrylamine (pMBHA) resin was used fo r the dendron
synthesis.

Mostly widely used resins include aminoacyl (4-carboxamidomethyl) benzyl ester
resin (PAM) (Mitchell et a l, 1978), and the /?-methylbenzhydrylamine (pMBHA)
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resin (Matsueda and Stewart, 1981). Cleavage from the PAM resin results in a
peptide with a free alpha-carboxyl group, while cleavage from the /?MBHA resin
yields a peptide \vith an alpha-carboxamide group. The pM BH A resin [(capacity =
0.67 mmol/g) (Calbiochem-Novabiochem UK Ltd, Notingham, UK)] was used for
the synthesis of dendritic molecules.

2.4.2. Coupling reagents
The use of in situ activating reagents is widely accepted because o f their simplicity,
fast reaction with nucleophile at the acyl carbon, even between sterically hindered
amino acids; that are generally free o f side reactions. The majority o f coupling
agents are based on phosphonium or aminium (formally knovm as uranium) salts
which, in the presence o f a tertiary base can efficiently convert the protected amino
acids to a variety o f activated species. The most commonly used coupling reagents in
routine SPPS shown in Fig. 2.5, include benzotriazolyloxy-tris- (dimethylamino)
phosphonium hexafluro-phosphate (BOP), PyBOP (Martinez et a l, 1985), 2-(lH Benzotriazole-1-yl)- 1,1,3,3-tetramethyluronium- hexaflurophosphate (HBTU), and
2-( 1H-Benzotriazole-1-yl)-1,1,3,3 -tetramethyluronium

hexafluroborate

(TBTU)

(Knorr et a l, 1989). While using aminium-based activation reagents they should not
be used in excess relative to the carboxylic acid component as this can lead to
capping of the amino terminus through guanidine formation (Gausepohl et a l,
1992). HBTU was chosen as the coupling reagent for the synthesis o f all molecules
in this work.
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Fig, 2.5. Structures o f commonly used coupling reagents in peptide synthesis. BOP:
benzotriazolyloxy-tris-(dimethylamino), PyBOP: phosphonium hexafluro-phosphate,
HBTU: 2-(lH-Benzotriazole-J-yl)- 1,1,3,3-tetramethyluronium- hexaflurophosphate,
TBTU: 2-(l H-Benzotriazole-1 -yl)-l, 1,3,3-tetramethyluronium
hexafluroborate.
H BTU was used fo r the dendron synthesis.

2.4.3. Peptide bond formation
The formation o f an amide bond between two amino acids requires energy. As
carboxylic acids react effectively with amines at elevated temperatures, one o f the
groups that will produce the desired amide must be activated. Currently, activation of
the carboxyl group (C- activation) remains the fundamental principle o f all coupling
methods in use. Efficient and unambiguous peptide-bond formation requires
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chemical activation o f the carboxyl component o f the N-a-protected amino acid. For
HBTU mediated coupling one equivalent of reagent was used together with a tertiary
base to ensure a carboxy component in its anionic form. HBTU mediated coupling
can progress

vza different pathways.

The

highly reactive

acyloxyuronium

intermediate formed initially reacts rapidly with the amino acid carboxylate to form
symmetrical anhydride or gets converted to effective benzotriazolyl active ester.
Both intermediate species then undergo nucleophilic attack by free amnio group to
yield a final peptide. Alternative pathway is symmetrical anhydride can be converted
to effective benzotriazolyl active ester and yield a desired product after reacting with
alkyl amide. Accumulation o f all these pathways results in efficient coupling.

2.4.4. Peptide chain assembly
The following basic aspects o f solid phase peptide approach o f Merrifield (1963)
have to be understood in order to use this technique effectively (Sakthivel, 1998a).
•

The peptide is covalently linked to a solid support.

•

Once swollen in the appropriate solvent, the solid support provides an
interpenetrating polymer network, within which the syntheses take place.

•

The covalently attached peptide chains are effective in solution.

•

Peptide and resin mutually enhance solvation o f each other.

•

Reactions are rapid and obey normal kinetics.

Repeating the following steps assembles the peptide chain:
•

First the t-Boc protecting group is removed from the a-amino group o f the

resin-bound amino acid using 50-65% (v/v) TFA (KMZ Chemicals Ltd, Surrey, UK)
in DCM. This reaction is rapid {Xm - 20 s) and goes essentially to completion within
15 min.
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•

The resulting trifluroacetate salt o f the peptide resin is then neutralised with

the hindered tertiary amine diisopropylethylamine (DIEA). The use o f a highly
purified tertiary amine helps minimise side reactions (Tam et a l, 1979). The
rationale behind the peptide bond formation using HBTU has been discussed in the
above section. However the choice of organic solvent in which the resin swollen is
important for maximising solvation and rapid coupling. In this thesis the polar
solvent, dimethylformamide (DMF) (Applied Biosystems, Cheshire, UK) was used
as the swelling solvent, which improves the coupling efficiency.

2.4.5. Monitoring the efficiency of reactions
In solid phase peptide synthesis, product purity depends on the removal of
intermediates which is achieved by filtration and washing by organic solvents during
the process. Therefore it is important to monitor all reactions involved in chain
assembly until the completion o f the synthesis. It is important to have precise
information o f the progress at all steps of chain assembly so that the synthetic
chemistry can be optimised. Monitoring the efficiency o f chain assembly is o f prime
importance to ensure the production of a molecule o f high purity and known
structure.

The efficiency o f chain assembly based on coupling and deprotection is usually
evaluated by the resin test known as the ‘Kaiser’ or ‘ninhydrin’ test. This is the most
widely used qualitative test for the presence or absence o f free amino groups, and
was devised by Kaiser (1970). This is a simple, quick, sensitive and accurate test
(> 99.9%) with the good reproducibility. However it should be noted that some
deprotected amino acids do not show the expected dark blue colour typical o f free
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primary amino groups (Fontenot et a l, 1991), and that proline, being a secondary
amino acid, does not yield a positive reaction.

The solutions termed 1, 2 and 3 respectively were prepared and used for the Kaiser
test as follows.
Solution 1: 19 g o f liquified phenol (99.5%) was dissolved, by o f heat, in 6 ml
absolute ethanol.
Solution 2\ 0.5 ml aqueous solution o f potassium cyanide (0.001 M) was added to
24.5 ml pyridine (99%).
Solution 3: 1.25 g ninhydrin (99%) was dissolved in 25 ml ethanol (95%).

Following deprotection o f the amines with TFA and washing with DMF, a very
small amount o f the peptide-resin sample was taken and washed several times (five
or six) with DCM/MeOH (50:50 ratio) and transferred to a small glass tube. Two
drops of solution 1, four drops of solution 2 and two drops o f solution 3 were added
to the sample and the tube was placed in an oil bath at 100°C for 5 min. Then about
5 ml 60% ethanol was added to the contents o f the tube and observed. A dark blue
coloured solution indicated the presence of free primary amino groups. The same
sampling method was used to follow the coupling of Boc-protected amino acids but
a clear solution as an end result indicated that all free amino groups have undergone
coupling. A reagent blank was prepared using ninhydrin reagents and 60% ethanol
for the comparison. The coupling efficiency was greater than 99% in all the dendrons
synthesised.
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2.4.6. Deprotection and cleavage of final peptide from the resin
The final steps in the synthesis of peptides were the removal o f side chain protecting
groups and cleavage o f the peptide from the resin support. The side chain protecting
groups, in our case the N a- Boc group was removed by using TFA, before cleavage,
in order to prevent alkylation of methionine side chains by terbutyl cations generated
during cleavage reaction conditions (Noble et al, 1976). Generally the side chain
protecting groups and the peptide anchoring bond are designed to be labile in strong
acids such as Hydrogen fluoride (HP) and Trifluromethanesulphonic acid (TPMSA).

HP is the most popular reagent for cleavage o f peptides from Boc-based synthesis. It
appears to be the most versatile and least harmful to a wide variety o f peptides
synthesised on Boc-based resins (Stewart and Young, 1984). HP has many desirable
characteristics for deprotection o f synthetic peptides (Sakakibara, 1971). Treatment
with HP results in the generation o f highly reactive carbonium species, since
acidolysis proceeds by an SnI reaction mechanism (Tam et a l, 1983). To prevent the
carbonium by-products alkylating side chains o f the peptide, scavengers such as pcresol, p-thiocresol and anisole are added to the reaction mixture to mop up these
reactive species. The major drawback o f this procedure remains its highly toxic and
reactive nature that requires the use o f expensive HP-resistant fume hoods and
cleavage apparatus. Other strong acids such as TPMSA and trimethylsilyl
trifluoromethanesulfonate (TMSOTf) can be used as alternatives to HP for cleavage
from PAM and MBHA resins. Although less reactive than HP, both TPMSA and
TMSOTf are extremely corrosive and great care must be taken when using them.
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2.4.6.I. HF apparatus and cleavage
The HF apparatus consists o f HF cylinder, a mercury manometer, a reaction vessel, a
vacuum pump and a calcium oxide trap connected to a network o f tubes with
numerous taps which control and maintain the internal air pressure in the reaction
vessel during the process as well as the entry and exit o f HF. N a- Boc group was
removed and resin containing peptide was dried using a vacuum and placed in the
HF reaction vessel with an appropriate scavenger and a Teflon coated stirrer bar. The
reaction vessel was attached to the HF apparatus and cooled using liquid nitrogen.
The air pressure inside the apparatus was adjusted to 280-300 mmHg using the
vacuum pump and the air pressure maintained by sealing the vacuum using the
appropriate tap. The next step was to control the flow o f HF into the reaction vessel
by visually monitoring its collection (approximately 10ml per gram o f resin). When
a sufficient amount o f HF was collected, its supply into the vessel was cut off whilst
monitoring the mercury manometer to ensure there was no mercury suck-back. The
reaction vessel was positioned in a beaker o f ice and left to stir using a magnetic
stirrer for 60-90 min to cleave the resin from the molecule. Following cleavage o f
the resin, the apparatus was adjusted to allow the removal o f traces o f HF and left for
30 min. The crjide peptide was isolated by dissolving in dilute acetic acid and
lyophilised. HF cleavage was the method o f choice for the cleavage o f all molecules
synthesised and discussed in the present work.

2.5. Synthesis of Dendrons
A series o f dendrons with or without lipidic cores were synthesised by using solid
phase peptide synthesis. The dendrons without the lipidic core are dendritic lysines
having 8, 16 or 32 amino groups whereas the lipidic dendrons contain 1,2 or 3 chains
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o f a-amino decanoic acids (Cio) or a-amino tetra decanoic acids (C m) or a-amino
octadecanoic acids (Cig) attached by peptide bonds.

2.5.1. Core design and branching units
For the synthesis o f cationic lipidic dendrons, a-lipoaminoacids such as a-amino
decanoic acid (Cio), a-amino tetra decanoic acid (C h ) or a-amino o f octadecanoic
acid (Cis) were used as core. Attaching one, two or three such lipidic chains at the
starting point, the lipophilicity and the flexibility o f the molecule may be varied.
Using the lysine as a branching unit both the size and the generation o f the dendrons
were increased.

2.5.2.a -lipoaminoacids
The a-aminoacids with long alkyl side chains called lipoamino acids stand for a class
o f compounds having the structural features o f both lipids and aminoacids. These
lipidic aminoacids can be oligomerised to produce lipidic peptides that include linear
homo-oligomers, hetero-peptides in which the peptide chain is assembled with
amino acids and lipoamino acids and cyclic structures produced by chain cyclisation.
The cyclic structures yield a compound resembling in appearance as that o f micelles.
It could be expected that the chimeric nature o f these classes o f molecules would
reflect their physical properties. They should be lipophilic as they possess the long
alkyl chains, but show polar and conformational behaviour characteristic o f amino
acids and peptides. By varying the structure, the physical nature o f the compounds
may be varied, for example, the changes in the length o f alkyl chain may alter the
lipophilicity of the compounds. The potential uses o f these compounds include
lubricants, polishes, cosmetics, detergents and as water resistant in biocompatible
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films (Gibbons, 1988). Toth et a l (1991) reported their possible use in the field o f
drug delivery as an aid in drug formulations.

The synthesis o f these lipoaminoacids can be achieved by two ways: one is by
stirring the appropriate a- bromoalkanoic acid with ammonium hydroxide for several
days (Takino et al., 1989) and the other is reacting the ethyl acetamidomalonoate
with a- bromoalkanoic acid (Gibbons et a l, 1990). The second method was adopted
for the synthesis o f a- amino lipidic acids by our research group and used. The
reaction involved in the synthesis is illustrated schematically in Fig. 2.6.

CH3

(CH2)X-------Br

COOCH2CH3
H-C-NHCOCH3
COOCH2CH3

+

Na/EtOH,
reflux
r

COOCH2CH3
H3C— (CH2)x-------CH-NHCOCH,
COOCH2CH3
X= 7, 11, 15
1. Cone. HOI, reflux
2. NaOH, pH 7
!r
H3C

(CH2)x

coo
1

®

ÇH
'©
NH3

Fig, 2.6. The reaction involved in the synthesis o f lipidic aminoacids.

Three

a-

amino lipidic acids namely

decanoic acid

(C h )

and

a-

a-

amino decanoic acid

aminooctanoic acid

(C ]g )

( C io ),

a- amino tetra

were synthesised to use them as

a core in the lipidic dendrons. The general structure is shown as folllows.
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NH2-CH-COOH
(CH2)x

C om pound 1a: X =7 a - am ino d ecan o ic acid (Cio)
C om pound 1 b: X =11 « - am ino tetrad e ca n o ic acid (C14)

CHa________ C om pound 1c: X =15 a - am ino octan o ic acid (Cig)

The a- amino decanoic acid (compound la ) was synthesised as follows. To the pre
cooled 1 litre round bottom flask containing absolute ethanol (270 ml), sodium
pellets (0.7 mol) were added and stirred until dissolved. Diethyl acetamidomalonoate
(0.35 mol) and 1-bromooctane (0.47mol) were added and heated under reflux for
24h. The mixture was poured on to ice/water (500 ml) after cooling and the
precipitate was filtered and washed with water. The crude solid was put into a round
bottom flask. Concentrated hydrochloric acid (540 ml) and DMF (60 ml) were added
and the mixture refluxed for 24h. The resulting mixture was allowed to cool, poured
on to ethanol/water (3:1) and neutralised with concentrated aqueous ammonia. The
precipitate was filtered and washed with ethanol/water. The molecule was confirmed
by mass spectroscopy.
Yield: 70%
C 10H 21O 2N (MW: 187)

Compound lb was synthesised using diethyl acetamidomalonoate (0.22 mol) and 1bromododecane (0.29mol) in the same way as discussed above.

Yield: 93%
C 14H 29O 2N (MW: 243)
In a similar way compound Ic was synthesised using diethyl acetamidomalonoate
(0.23 mol) and 1-bromohexadecane (0.32 mol).
Yield: 81%
C 18H 37O 2N (MW: 299)
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2.5.2.1. Protection of amino groups
There are varieties of protecting groups used for the amino function o f amino acids
(Bodanszky, 1984). Some of them include acyl groups: formyl, chloroacetyl and
phthalyl; alkyl groups: triphenyl methyl and benzyl; p-toluenesulphonyl (Tos);
urethanes: carbobenzoxy (Z), tertiary butoxycarbonyl (t-Boc) and 9-fluorene
methoxy carbonyl (Fmoc). Because of its economy and simplicity involved in the
removal procedure t- Boc was chosen for the protection o f a- amino lipidic acids.
Not only the simplicity it also had an excellent solubility in organic solvents used in
the synthetic procedure. The compounds la , l b and Ic were Boc protected to obtain
the compounds a- (tert-butoxycarbonylamino) decanoic acid (Id,), a- (tertbutoxycarbonylamino) tetradecanoic acid (le) and a- (tert-butoxycarbonylamino)
octadecanoic acid (If). The synthesis was achieved by reacting ditertiary
butyldicarbonate ((Boc)2)0) (Tarbell et a l, 1972) with the corresponding lipidic
amino acids. The reaction condition and the pathway involved are shown in Fig. 2.7.

ÇH3 O
O
CH,
H3C—Ç—O—C—O—C—O—Ç-CH3
CH3 ' x
CH3
Ditertiary buiyidicarbonate

O

^

1 - pH 11-12
^ H3C-C— O— C— N-CHCOOH
2 . Room tem p
Au
Ù
3 . Citric acid, pH 3
B oc- iipidic am ino acid
X-ÇH
COO
©

a - am ino decanoic acid (C10)
a - am ino te tra d e c an o ic acid (C14)
a - am inooctanoic acid (Cig)

Fig. 2,7. The pathway involved in the synthesis o f a, -amino protection o f
lipoaminoacids
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DL-a-amino decanoic acid (0.098 mol) was suspended in a 2:3 mixture o f tert-h\iXy\
alcohol/water and 8M NaOH was added drop by drop to pH 13. Di-^erf-butyl
dicarbonate (0.139 mol) in tert butyl alcohol was added and the pH adjusted to 11-12
and the mixture stirred for 2-3 h. The mixture was diluted with water and pH was
brought down to 3 by adding citric acid. The resulting oil was extracted with ethyl
acetate after drying it using anhydrous MgS 0 4 and the organic layer was evaporated.
The residue was titrated with cold acetonitrile and the product was filtered and dried
to get a compound Id.

Yield: 85%
MS: m/z (%)CisH29N04 (287.4): 332 [M+2Na-H]+ (100), 311 (18), 310 [M+Na]*
(99), 254 (30), 232 (58), 188 (12), 186 (14), 142 (17), 57(41).

Compound le
The same procedure was followed to Boc- protect a- amino tetra decanoic acid (0.22
mol) using D\-tert-huiy\ dicarbonate (0.33 mol) in tert butyl alcohol.
Yield: 87%
MS: m/z (% )C | 9H 3,N 0 4 (343.5): 389 [M+H+2Na]+ (11), 367 [M+H+Na]'" (100), 343
[M]^ (14), 244 (72), 215 (12), 198 (24), 153 (15).

Compound I f
Simillarly a- aminooctanoic acid (0.23 mol) Boc protection was done using 'Di-tertbutyl dicarbonate (0.34 mol) in tert butyl alcohol.
Yield: 79%
MS: m/z (%)C23H4sN04 (399.6): 444 [M+2Na]^ (77), 422 [M+Na]'" (100), 366 (24),
344 (63), 300(12), 254 (94).
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2.5.3. Dendritic lysines
Dendritic poly (lysine)s can be synthesised with a precise number o f terminal amino
group per dendrimer. We synthesised lysine dendrons or dendritic poly (lysine) with
different degrees o f cationic nature on the surface. The number o f lysine units in the
molecule was varied in order to produce 8, 16 or 32 amino functional groups. There
was no linker used in the synthesis as we synthesised in this work only dendrons not
dendrimers. The Boc-Lys (Boc)-OH in which both the a- and 6-amino functions of
lysine were Boc-protected, was attached to the solid support followed by
deprotection resulted in two free amino groups. The subsequent additions were made
using Boc-Lys (Boc)-OH. Each addition of lysine units resulted in two couplings.
Hence, the first level o f lysine coupling produced two terminal amino groups; the 2"^
led to four amino groups; and 3"^^, 4*^ and 5^*’ levels o f coupling produced 8, 16 and
32 terminal amino groups, yielded compounds 2a, 2b and 2c respectively.

All couplings were performed using HBTU and DIEA (the molar quantities used
were doubled for each generation of growth with Boc-Lys (Boc)-OH). After
cleavage (Ig resin peptide, 10 ml HF, 1.5 h at -5°C) from the resin, the dendrons
were isolated and dissolved in dilute acetic acid and lyophilised. They were cleaved
from the resin using HF and solubulised in dilute acetic acid and lyophilised. The
resulting compounds were characterised by mass spectroscopy and purified by RPHPLC. The schematic representation of the structure and the molecules synthesised
(Table 2.1) are shown as follows.
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LYS— NH

Table 2.1 List of dendritic lysines synthesised and their properties.

Compound

R

Terminal
groups

2

a

H

8

2

b

Lys-(NH2)2

16

2

c

Lys-[Lys-(NH2 )2]2

32

Nomenclature

Molecular
formula

MW

MS (m/z)
915(M+H)

Yield

C42H87O7N 8

914.34

(L)i5(NH2)i6

C90H183O15N 31

1939.84

971(M+2H)/2

78

(L )3 i (NH2)32

C186H375O31N 63

3990.84

999(M+4H)/4

75

(L)7(NH2)8

82
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2.5.4. Lipidic dendritic lysines
Lipoamino acids (LAA) are synthetic amino acids that have the structural properties
o f lipids with those o f amino acids and peptides. Hence one could expect tri
functional or even multi-functional activity from one molecule. LAAs with a
hydrophobic side chain that increases the lipophilicity o f the compound to which it is
attached, have been used to increase the stability to degradation o f a number of
peptides (Wong and Toth, 2001). To vary the lipophilicity o f the dendritic
polylysine, a series of lipidic lysine dendrons were synthesised using a- (tertbutoxycarbonylamino)

decanoic

acid

(Id),

a-

(tert-butoxycarbonylamino)

tetradecanoic acid (le) and a- (tert-butoxycarbonylamino) octadecanoic acid (If) as
lipidic moieties in the starting point or the core.

2.5.4.I. Dendritic lysines with decanoic acid as a lipidic core
The lipid lysine dendrons with 8, 16 or 32 amino terminals were synthesised. The
cationicity and lipophilicity o f the molecules varied due to the amino functional
groups

and

the

lipid

chains

in

the

core.

The

lipid

chain

[a-

(tert-

butoxycarbonylamino) decanoic acid (Id)] was attached on the solid support.
Depending on the type o f lipidic dendron synthesised, the number o f lipidic chain
varied from one to three. After deprotection o f Boc from lipid chain the subsequent
layers were built using Boc-Lys (Boc)-OH. Each addition o f lysine units resulted in
two couplings. Hence, the first level o f lysine coupling produced two terminal amino
groups; the 2"^, 3"^^, 4^ and

levels o f coupling produced 4, 8, 16 and 32 terminal

amino groups respectively. The schematic representation o f the structure with three
Cio chain is given as follows.
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lys

NHpHCONHCHCONHCHCONH

The range o f compounds (3a-3i) synthesised are shown in Table 2.2. The resulting
compounds were cleaved from the solid support and dissolved in dilute acetic acid
and lyophilised. They were characterised by mass spectroscopy (Sec. 2.6) and purified
by RP-HPLC

(Sec.2.7). As the lipophilicity o f the compound varied, the

concentration o f dilute acetic acid used varied. However they were freely soluble in
10-15% acetic acid. The compounds with lipid chains are expected to be in
diastereomeric form and they were purified as mixture and used as such for further
studies.
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Table 2.2 List of dendritic lysines with decanoic acid lipidic core synthesised and their properties.

Compound

R

Number
of (Cio)
lipid
chains

3a

NHz

1

8

3b

Lys-(NH2)2

1

16

3c

Lys-[Lys-(NH2 )2]2

1

32

3d

NHi

2

8

3e

Lys-(NH2)2

2

16

3f

Lys-[Lys-(NH2 )2]2

2

32

3g

NHz

3

8

3h

Lys-(NH2)2

3

16

3i

Lys-[Lys-(NH2 )2]2

3

32

Terminal
groups

Nomenclature

Molecular
formula

MW

MS (m/z)

Yield

(Cio)](L)7(NH2)g

C52H 106O31N 16

1083.55

543(M+2H)/2

72

(C ,o)l(L ),5(N H 2),6

C 100H202 O16N 32

2109.05

704(M+3H)/3

65

(Cio) i(L)3i(NH2)32

C196H394 O32N 64

4160.05

833(M+5H)/5

56

(Cio)2(L)7(NH2)8

C62H 125O9N 17

1252.76

627(M+2H)/2

71

(C io)2(L)i5(NH2)i6

C 110H221O 17N33

2278.26

760(M+3H)/3

67

(Cio)2(L)3l(NH2)32

C206H413 O33N 65

4329.26

1444(M+3H)/3

54

(Cio)3(L)7(NH2)g

C72H 144O10N 18

1421.97

711(M+2H)/2

76

(Cm )3(L)i5(NH2)i6

C 120H240 O18N 34

2447.47

817(M+3H)/3

65

(Cio)3(L)3l(NH2)32

C216H432 O34N 66

4498.70

1500(M+3H)/3

54
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2.5.4 2. Dendritic lysines with tetra decanoic acid as a lipidic core
We also synthesised tetradecanoic acid (lb) based lipid lysine dendrons to modulate
the overall lipophilicity o f the compounds. As in the case above the lipophilicity was
varied by using one, two or three lipid chains. The a- (tert-butoxycarbonylamino)
tetradecanoic acid (le) was used as a starting point and the lysine layers were build on
it to get the compounds (4a-4i). The schematic representation o f the structure with
three Cm lipid chain is shown below. The compounds were characterised by mass
spectroscopy and purified by RP-HPLC and the range compounds synthesised and
their properties are listed in Table 2.3. It is important to mention here the yield o f
these compounds were greater compared to Cio series. The concentration o f acetic
acid used to dissolve them varies from 10-20%.

LYS— NHQHCONHÇHCONHÇHCONH
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Table 2.3 List of dendritic lysines with tetra decanoic acid lipidic core synthesised and their properties.
Number
Compound

R

0 f( C i4 )

lipid
chains

Terminal
groups

NH2

1

8

4b

Lys-(NH2)2

1

16

4c

Lys-[Lys-(NH2 )2]2

1

32

NH2

2

8

Lys-(NH2)2

2

16

Lys-[Lys-(NH2 )2]2

2

32

NH2

3

8

4h

Lys-(NH2)2

3

16

4i

Lys-[Lys-(NH2 )2]2

3

32

4a

4d
4e
4f
4g

Nomenclature

Molecular
formula

(Ci4)l(L)7(NH2)g

Yield

MW

MS (m/z)

CsôHinOgNiô

1139.62

570(M+2H)/2

75

(Ci4)i(L)i5(NH2)i6

C104H210 O16N 32

2165.13

1083(M+2H)/2

70

(C i4)i(L)3i(NH2)32

C200H402 O32N 64

4216.13

1055(M+4H)/4

64

(C i4)2(L)7(NH2)8

C70H 141O9N 17

1364.91

683(M+2H)/2

78

(C i4)2(L)i5(NH2)i6

C 118H237 O17N 33

2390.42

1196(M+2H)/2

71

(Ci4)2(L)3i(NH2)32

C214H429 O33N 65

4441.42

1481(M+3H)/3

69

(C i4)3(L)7(NH2)8

C84H 168O10N 18

1590.20

796(M+2H)/2

81

(Ci4)3(L)i5(NH2)i6

C132H264 O18N 34

2615.12

873(M+3H)/3

75

(C m)3(L)3i(NH2)32

C228H456 O34N 66

4666.17

1168(M+4H)/4

72
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2.5.4 3. Dendritic lysines with octa decanoic acid as a lipidic core
To enable the study o f the effect of chain length we also synthesised lipid lysine
dendrons with one, two or three a-amino octanoic acid (Ic) with the dendritic lysine.
The schematic representation o f the structure with three C l 8 chain (octadecanoic
acid) is given below. The range of compounds synthesised (5a-5i) and details about
the compounds are shown in Table 2.4.

LYS— NHÇHCONHÇHCONHÇHCONH2

After the cleavage o f the compounds, the crude peptide dendrons were dissolved in
various concentration of 20-30% dilute acetic acid and lyophilised. The lyophilised
dendrons and were purified using HPLC. Mass spectroscopy confirmed their mass.
As in the above cases the compounds were obtained in isomeric forms and used as
such.
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Table 2.4 List of dendritic lysines with octa decanoic acid lipidic core synthesised and their properties.

NH2

Number
0 f(C i 8 )
lipid
chains
1

5b

Lys-(NH2)2

1

5c

Lys-[Lys-(NH 2 )2]2

1

32

NH2

2

8

5e

Lys-(NH2)2

2

16

5f

Lys-[Lys-(NH 2)2]2

2

32

NH2

3

8

Lys-(NH 2>2

3

16

Lys-[Lys-(NH 2)2]2

3

32

Compound

5a

5d

5g
5h
5i

R

Terminal
groups
8
16

Nomenclature

Molecular
formula

(Ci8)i(L)7(NH2)g

Yield

MW

MS (m/z)

C60Hi22OgNi6

1195.71

599(M+2H)/2

80

(C,g),(L)i5(NH2)l6

C 1O8H218O 16N 32

2 2 2 1 .2 1

741(M+3H)/3

78

(Cig)i(L)3l(NH2)32

C204H410O32N 64

4272.21

713(M+6H)/6

75

(Ci8)2(L)7(NH2)8

C 78H 157O9N 17

1477.08

739(M+2H)/2

83

(Ci8)2(L)i5(NH2)i6

C 126H 253O 17N 33

2502.58

835(M+3H)/3

78

(Cis)2(L)3l(NH2)32

C222H445O33N 65

4553.58

912(M+5H)/5

72

(Ci8)3(L)7(NH2)g

C96H 192O 10N 18

1758.45

880(M+2H)/2

84

(Cig)3(L)is(NH2)l6

C 144H288O 18N 34

2783.95

929(M+2H)/2

76

(C i8)3(L)3i (NH2)32

C240H480O34N 66

4834.95

1208(M+4H)/4

71
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2.6. Mass spectrometry
The most compelling evidence for the structural control observed with divergent
dendrimer synthesis is based on mass spectroscopy. These methods have gained
wide acceptance and are routinely used to assess both dendritic purity (structure
ideality), as well as mono-dendrimer polydispersity (Hummelen et a l, 1997). Both
electrospray mass spectrometry (ES-MS) and Matrix Assisted Laser Desorption
Time o f Flight (MALDI-TOF) Mass Spectrometer were used to obtain the mass
spectra o f compounds synthesised.

Electro-Spray Ionisation M ass Spectrometry (ES-MS):
Eelectrospray mass spectrometry (ES-MS) was obtained using Finnigan Masslab
Navigator quadropole mass spectrometer (N2 flow, 400 L/h; temperature, 150°C;
cone voltage 25 V; capillary voltage 3V)

M ALDI- TOE M ass spectrometry
Mass spectra were also obtained using a Voyager- DE PRO MALDI -TO F
(Biospectrometry Workstation, Applied Biosystems). 10 pi o f a diluted sample
solution (dissolved in 1:1 actonitrile and 0.1 % TFA) was mixed with 10 pi saturated
cyano-4-hydroxycinnamic acid solution, and then 1 pi was loaded on the sample
plate. The mixture was allowed to dry until all the solvent evaporated and then
measured on the instrument and some o f the representative spectra are shown in
Appendix 2.
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2.7. High performance liquid chromatography (HPLC)
HPLC equipment consisted of an Applied Biosystems 400 Solvent Delivery System
and an Applied Biosystems 1480 injector Mixer (Applied Biosystems, Cheshire,
UK). Solvent gradients were affected by two microprocessor-controlled Gilson 302
single piston pumps. Compounds were detected with an Applied Biosystems
Programmable Absorbance Detector and chromatographs were recorded with LKB
2210 single channel chart recorder (Pharmacia Biotech Ltd, Herts, UK). All solvents
(Rathbum Chemicals Ltd, Walkerbum, UK) were o f HPLC grade and filtered under
vacuum through a 25 pm filter, prior to column application. Analytical separations
were carried out using a Beckman Ultrasphere Octyl column (5 pm, 4.6 mm x 250
mm) with a guard column (5 pm, 4.6 mm x 45 mm), obtained from Beckman
Instruments, Bucks, U.K. Semi-preparative separations were carried out using a Cig
Hypersil CDS column (10 pm, 10 mm x 250 mm) obtained from FSA
Chromatography, Leicestershire, UK. Preparative separations were carried out using
TSK-Gel preparative Cig column (20 mm x 300 mm) obtained from HPLC
Technology, Macclesfield, UK.

2.8. Discussion
Dendritic lysines as well as dendritic lysines with lipidic core were synthesised
successfully. In order to understand the structure o f these molecules easily, a simple
nomenclature was developed to differentiate these new compounds and this will be
used throughout the thesis. In the compound (L) 7(NH 2)g, L represents the number o f
lysines present in the structure and the number o f amino terminals is 8. In a similar
way the other compounds with lipid chains were also named. For example, in
(Cx)3(L)7(NH 2)g, (Cx) is the lipidic amino acid with an alkyl chain length (x = 10,
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14, 18) and the suffix the number of these chains; (L) indicates lysine and the suffix
the number of branching units; (NH 2) indicates the terminal amino groups with again
the suffix denoting the number o f terminal amino groups.

Some of the compounds which have relatively higher lipophilicity formed micelles
or aggregates at higher concentrations. Their surface properties were characterised
using surface tension and their self-assembly using field flow fractionation coupled
with multiple angle laser light scattering (MALS). This work is described in Chapter
3. The effect o f lipid chain on the flexibility o f molecule was also studied using
NMR. Some o f the compounds were used to form complexes with DNA, the
physicochemical properties of which will be discussed in Chapter 4. The role o f
lipophilicity in transfection and biological properties is approached in Chapter 5.
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Chapter Three

CHARACTERISATION OF DENDRONS: SELFASSEMBLY AND FLEXIBILITY
3.1. Introduction
Self-organisation or self-assembly is a key phenomenon in biological systems. It
occurs by the interplay o f several factors such as hydrophobic interactions, hydrogen
bonding, ionic interactions and van der W aals’ attractions. Among these, hydrogen
bonding and hydrophobic interactions are the main factors for the higher order
structures o f proteins, nucleic acids and lipids in aqueous media. Self-assembly o f
both complete spherical dendrimers and partial dendrimers (dendrons) has been o f
interest because o f the potential applications o f supramolecular dendrimer structures
(Dykes and Smith, 2003).

Amphiphilic dendrimers are known to exhibit micelle-like behaviour (Liu and
Fréchet, 1999). Structured assemblies of dendrimers have been demonstrated using
lipophilic polyamide dendrimers (Sakthivel et a l, 1998) and lipid-lysine oligomers
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(Yanai et a l, 2001). As some o f the dendrons discussed here are amphiphilic, having
both hydrophilic and hydrophobic moieties, there is a possibility for them to selfassemble. Hence the self-assembly of the new materials were characterised using
surface tension measurements, asymmetric flow field-flow fractionation- multi-angle
light scattering (aFFF-MALS) and nuclear magnetic resonance (NMR). This chapter
describes some surface chemical properties, the self-assembly and the flexibility o f a
few lipidic dendrons.

3.2. Materials and methods
3.2.1. Surface tension measurements
The dendrons were dissolved in 0.1% sodium chloride in concentrations from 0.001
mM to 10 mM. Glassware was cleaned using a chromic acid solution. Following
this, glassware was filled with distilled water and sonicated for about 20 min at 30°C
and this was repeated a few times with a final wash with AnalaR grade water. It was
then dried in an oven at 70°C overnight and precautions were taken to avoid
contamination 'with debris or dust. The surface tension at the air/liquid interface was
measured by the Wilhelmy plate method at 25 °C (Tensiometer DCA-312, Cahn
Instruments). The surface tension of the liquid is the force per unit area acting at
right angles along the length of the surface (N m’’). This method is based on
measuring the force required to withdraw a plate from the given liquid. This allows
for the direct measurement o f surface tension from the force (in Newtons) measured
by microbalance and the perimeter (in metre) o f the plate. The surface tension is
related to the force (F), perimeter (1*) and the contact angle as per the equation
F=

r

7 lv

C os

6
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Where Ylv surface tension between liquid and vapour surface and the 6 is assumed to
be zero. Surface tension values were plotted as a function o f the logarithm o f the
dendron concentration.

3.2.2. Asymmetric flow Field flow fractionation (aFFF)
FFF - Multi-angle light scattering (MALS) techniques were applied in the size
characterization o f polystyrene latex and a dextran, polystyrene particles, casein
micelles and several food polymers (McKinnon et a i, 1999). Coupling MALS with
suitable chromatographic or fractionation methods, molar mass and size distributions
can be obtained. The asymmetric flow fleld-flow fractionation technique (aFFF) has
proven to be a powerful separation tool for different samples within the
macromolecular, colloidal and micron size range particles (Li and Giddings, 1996).
The technique separates components that differ in their diffusion coefficients and
thus in their hydrodynamic size. This provides excellent opportunities for the size
characterization o f polymers and an advantage o f this technique is the possibility of
measuring a broad range o f sizes, from a few nanometer to 50 micrometer. This
makes aFFF well suited for detecting and characterizing both single dendron
molecules and aggregates. The self-assembly o f amphiphilic dendrons was
characterised by using an aFFF-M A LS- DRI (Differential refractive index) set up.

3.2.2.I. Principles and Theory
In all the FFF techniques the parabolic flow profile arises from the pumping o f the
carrier solvent through a thin, flat separation channel (Giddings, 1993). This flow
will transport the sample axially along the channel. Sample components are also
exposed to a transverse force caused by cross flow, acting perpendicular to the
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carrier flow during transport through the channel. This drives the sample components
to one of the channel walls (the accumulation wall) and the flow is counteracted by
size-dependent diffusion. This makes the method capable o f separating components
that differ in size and shape. At equilibrium, small particles having large diffusion
coefficients attain a higher elevation from the channel wall (the accumulation wall)
and thus are transported faster through the channel due to the parabolic velocity
profile of the transport flow. These differences in flow velocity produce differences
in the transport times o f the components through the channel. This results in a
separation over time o f differently sized components, the small components being
eluted first, which is the reverse to that o f size exclusion chromatography (Wittgren
et a l, 1996). Asymmetrical flow FFF is a modification o f flow FFF, having one
solid upper wall placed opposite to an accumulation wall permeable to the flow. The
separation channel in the aFFF is shown in Fig. 3.1.

Inlet

Field

Outlet

Flow
II——,
' *v/ __
----

Fig. 3.1. Schematic representation o f separation channel used in the asymmetric
flow FFF. Sample components o f various sizes (A and B) are subjected to cross-flow
(the transverse flow), which forces them toward the ultrafiltration membrane, and to
the channel flow (the axial flow), which transports them through the channel outlet.
Brownian diffusion counteracts the transverse movement. At equilibrium, the
differently sized sample components have different mean elevations above the
ultrafilter membrane.
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The inlet flow generated by the carrier liquid in these channels is divided into a
transverse crossflow, which exits through the permeable wall and an axial flow that
transports the sample components along the channel to the outlet end. The use o f an
asymmetrical channel with trapezoidal geometry results in dilution o f the sample
zone being less than in a rectangular channel

(Litzén,

1993). A PTFE

(polytetrafluoroethylene) spacer (350nm) (Hoechst AG, Wiesbaden, Germany) with
a trapezoidal geometry defined the channel. The channel length is 28.5 cm. The
trapezoidal breadth is 2.1 cm at the inlet end and 0.47 cm at the outlet end, the whole
set being sandwiched together tightened with bolts. The ultrafiltration membrane
used was regenerated cellulose (Eclipse Amicon) with 1000 MW cutoff. The level o f
retention in asymmetrical flow FFF depends on the ratio o f the crossflow rate and the
outlet flow rate (Wittgren et al, 1996).

The relationship between retention time (tj, and hydrodynamic size (dn), for
asymmetrical flow FFF has been reduced to a simple linear relationship. The
retention parameter (1) is related to the diffusion coefficient D o f a separated
component.
D = IVcW /A

(1)

where Vc, the cross-flow rate, W, the channel thickness and A, the area o f the porous
membrane. Using the Stokes-Einstein equation, the diffusion coefficient for a
spherical particle can be translated into the hydrodynamic diameter (dn) by

D = kT/ 37iridH

(2)

where k is the Boltzmann constant, T, the temperature, and q, the viscosity
coefficient. The linear relationship between the hydrodynamic diameter dn and the
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retention time U is obtained using the formula

dH = tr X 2kTA/ TUitoVcW

(3)

A linear retention time scale can thus be transformed into a size scale by direct use of
the above equation.

3.2.2.2. Multi-angle light scattering (MALS)
Static light scattering is a well-known technique for measurement o f molecular mass
(Wyatt 1993). The amount of light scattered is directly proportional to the molar
mass and concentration of the sample. The molecular mass (Mw) o f a
macromolecule can be calculated from a light scattering experiment by the
relationship

Kc/R(0) = 1/ Mw+ 2 A 2C

(4)

Where c is the solute concentration, R(0) is the excess Rayleigh factor, 0 is the
scattering angle, A 2 is the second virial coefficient, and constant K is given by

K=

4 k\ o^ (dn/dc) ^
---------------------^N a

(5)

r|o is the refractive index o f the solvent, dn/dc is the refractive index increment o f the
sample in solution, X is the wavelength of the light and N a is Avogadro's number.
For a polydisperse sample. Equation (4) can be written as

R(0) = KSciMi

(6)

and combined with the expression for the weight average molecular mass.
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I c iM i
Mw = --------------Ic i

(7)

This equation (4) is valid for any type of scatterer if the radial axis o f the particle is
less than A/20 o f the wavelength. If the particle is larger, the scattering from different
parts o f the particle will exhibit a difference in phase. The phase difference will be
dependent on the scattering angle and increases as the observation angle is increased.
For the decrease in scattering intensity, a special scattering function V(6), which
describes the angular variation of the molecular scattering given by

^(O) = 1- aisin^^/2 + a2sin'^0/2-....

(8)

is introduced to the equation (4), where the coefficients a; and a] depend on the size
of the particle (rg), the wavelength of the light (1) and the observation angle (6) and
therefore the equation (4) becomes

Kc/ R (0 =1/ Mw P(6»)+ 2Azc

(9)

The angular variation o f the scattered light is directly related to the size o f the
molecule. Hence the radius of gyration (rg) can be calculated from the angular
variation by measuring the scattering intensity at different angles.

Dendron samples were prepared in 0.1% sodium chloride and injected into the
channel using auto sampler (Agilent). Two motor-driven computer controlled liquid
flow valves regulated the flow inside the channel o f the separation system (aFFF)
and the outlet flow rate. The flow rates were delivered by pump and the motor valves
directed by the Eclipse software. Fractionations were performed according to the
method developed in the software (Eclipse). In brief, the initial step was the elution
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to make sure the channel is free from contamination. Then the dendron samples were
injected at a flow rate of 0.2 ml/min. The sample was then concentrated to a narrow
zone by focussing. The sample in the zone was allowed to separate in elution mode
and the eluted sample monitored continuously by the photometric detector. The
scattering intensity in each small “slice” of the fractionated sample was measured
using the multiple light scattering (MALS) instrument (Wyatt Technology
Corporation, Santa Barbara, USA) connected to the online differential refractive
index detector (DRI), (Optilab DSP). The signals from the detector were collected by
ASTRA software. The light scattering and refractive index profile acquired by the
ASTRA were analysed by a Debye Plot. The intercept o f a plot gives the molar mass
(Mw) and the initial slope gives the radius of gyration (rg).

After each elution, the carrier liquid (0.1% sodium chloride and 0.001%
Trifluoroacetic acid) was directed through the channel for 10 min at 1 ml/min in
elution and injection mode in order to remove any sample material left in the channel
and in the injection loop. Flushing was carried out mainly using the same carrier
liquid.

3.2.3. NMR Spectroscopy
High resolution NM R is well suited for the study o f the association o f amphiphilic
compounds: micelle formation o f drugs (Florence et a l, 1970), the effects o f large
number o f carbon in alkyl chains on micelle formation and aggregation numbers
(Persson et a l, 1976) have been elucidated using NMR chemical shifts. Nonionicionic surfactant mixed micelles have also been studied using *H NMR chemical
shifts, relaxation time and two-dimensional nuclear Over Hauser enhancement (2D
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NOESY) measurements. Interaction between a novel gemini surfactant and
cyclodextrin (Abrahmsén-Alami et a l, 2002) and the ability o f crown ether
functionalised with dendritic lysine repeat units interact with cationic guests (Dykes
and Smith, 2003) has been investigated using NMR.

NMR spectra o f the dendrons with or without lipid chains were acquired at
different concentrations in both 100% D 2O and 10% D2O/90% H 2O solutions. All
spectra were obtained using a Bruker AVANCE 500 MHz NM R spectrometer at
298K with a Windows 2000 computer and X-WIN 3.1 software. Two-dimensional
nuclear Overhauser enhancement spectra (2D NOESY) and Total Correlation spectra
(TOCSY) were acquired in a phase-sensitive manner using time-proportional phase
incrementation for quadrature detection. TOCSY spectra were recorded with a spinlock mixing time o f 60 ms and mixing times o f 300 and 500 ms used in NOESY
experiments. Chemical shifts were referenced to internal standard sodium 3-trimethylsilyltetradeuteriopropionate

(TSP).

Spin

lattice

relaxation

time

(T1

measurements) were obtained using the inversion-recovery method with solvent
presaturation.

3.3. Results and Discussion
3.3.1. Surface tension measurements
Amphiphilic molecules behave as surface-active agents because o f their dual
structural property. This activity is due to the escape o f the hydrophobic region o f
the molecule from the aqueous environment. The lipidic dendrons also have the two
different regions in the molecule and hence it was expected that they would exhibit
surface activity. The surface activity of the molecule depends on the nature o f
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hydrophilic and hydrophobic group. As the lipidic dendrons vary with their
hydrophilic and hydrophobic groups the influence o f the length o f lipid chains in the
dendrons on surface activity was studied using a series o f dendrons by measuring the
surface tension (y).

All the lipidic dendrons reduce the surface tension o f water. It was observed that the
dendrons with Cio [(Cio)3 (L)7(NH 2)g] lipid chains did not produce a limiting surface
tension even at higher concentrations. The repulsion between multiple surface amino
groups may be greater than the hydrophobic attraction among the lipid chains which
may not allow this dendron to self-assemble like the classical surfactants. On the
other hand dendrons with three C 14 and Cig [(Ci4 )3(L)7(NH 2)g and (Cig)3(L)7(NH 2)g]
lipid chains produce a more classical surfactant-concentration plot (Fig. 3.2).

70
65
60
55

Log concentration (M)

Fig, 3,2. Surface tension versus log concentration plots for A (Ci4) 3(L)7(NH 2)s
and •(C i 8) 3(L) 7(NH 2)s dendrons in 0.1% sodium chloride at 25°C.
However the influence of number o f lipid chains in self-assembly was not as
expected. The value o f y at the CMC is higher for the longest lipidic chain dendron
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than for the short chain dendron. The limiting surface tension o f the dendron
(Ci 8)3(L)7(NH 2)8 was higher (60 mN/m) compared to that o f (Ci 4) 3(L)7(NH 2)8 which
was 55 mN/m. This trend is opposite of that expected for a single chain surfactant
containing polyoxyethylene ether (Attwood and Florence, 1983) where increasing
the length of hydrophobic chains of the surfactant generally leads to greater
reduction in surface tension. However our results are in line with the findings of
Lawrence et a l, (1997) who studied double chain surfactants with a highly polar
head group containing polyethylene glycol (PEG

750).

They reported that the surface

tension values at the CMC of their synthetic double chain surfactants: 2 C 8MPEG 750,
2 C 10MPEG 750, 2 C 12MPEG 750

are respectively 35.5, 40.0 and 44.2 m N m '\ The

notable difference in the limiting surface tension indicates that when the length o f
lipid chains increases, the multiple chains of C 18 somehow alter the adsorption. The
possibility could be that the lipid chains transform from the extended form to dumb
bell shape due to inter chain interaction and form intra molecular aggregates, which
may make the molecule less surface active.

The critical micellar concentration (CMC) obtained for the (Ci 4) 3(L)7(NH 2)8 and
(Ci 8) 3(L)7(NH 2)8 dendrons were 7.5 x 10'^ M (log -4.12) and 4.3 xlO'^ M (log -4.37)
respectively.

The surface excess concentration from the slope o f the plot o f y against log
concentration just below the CMC was calculated by means o f Gibbs equation F= (1/RT) (d Y /dlogC) and area per molecule was also calculated using the equation A
=

1 /(N a

y), where N a is avogadro’s constant. The area per molecule for

(Ci4) 3(L)7(NH 2)8 and (Ci 8) 3(L)7(NH 2)8 are respectively 1.37 nm^ and 1.63 nm^.
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3.3.2. Asymmetric FFF-MALS
FFF - Multi-angle light scattering (MALS) techniques can be used for determining
molar mass and size distributions. Fractograms o f three generations o f non-lipidic
dendrons were collected initially. The elution pattern shows a clear trend in the
elution time which increases with increase in molecular weight. The molar mass
versus volume plot shown in Fig. 3.3.

Molar M ass vs. Volume
1.0x10®
•
.
■

(L)7(NH2)8
(L)15(NH2)18
(L)31(NH2}32

_ 1.0x1 O'

O)
% 1.0x10^

8.5

9.0

9.5

10.0

10.5

Volume (mL)

Fig. 3.3. Molar mass versus elution volume plots fo r the non-lipidic dendrons. The
plots showing the elution o f three generations o f dendrons superimposed with
concentration detector signals show that the molecules elute as monomers or dimers
(MW 915, 1940 and 3991). The samples were prepared in 0.1% sodium chloride.
Fractions were collected with a flow rate o f 1ml/min in the same medium.
The scattering intensity obtained for the dendron (L) 7(NH 2)g was less as the
molecular weight o f the dendron is 915 and the cutoff membrane used was 1000 Da.
The other two dendrons elute mostly as monomers or dimers as seen in the graph.

Modification of the dendron structure with lipidic chain makes the dendritic
molecule amphiphilic. The elution o f four different dendrons with a general formula
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(Cx)3(L) 7(NH 2) 8 ' x= 0,10,14,18 is shown in Fig. 3.4. Except the non-lipidic one, all
the other dendrons have three lipid chains. The molecular weight range is 915-1758.

0.6
(L)7(NH2)8

0.4

(C10)3(L)7(NH2)8
(C14)3(L)7(NH2)8
(C18)3(L)7(NH2)8

0.2

-

0.2
Volume (ml)

Fig. 3.4. Fractogram o f four different dendrons with a general form ula
(Cx)3(L)7(NH 2) 8 '. X=0,10,14,1S, in 1.0 mg/mL in 0.1% sodium chloride showing the
dendrons with more lipidic part elute as aggregates compared to non-lipidic and
lipidic dendrons ^ d h few er hydrophobic chains. Fractions were collected at a flow
rate o f 1ml/min in the same medium.
The molar mass versus volume plot is shown in Fig. 3.5.
Molar Mass vs. Volume
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(C10)3(L)7(NH2)8
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Fig. 3.5. Molar mass versus elution volume fo r the samples o f fo u r different
dendrons with a general formula (Cx)3(L)7(NH2) 8-‘ X=0,10,14,18 in 1.0 mg/mL in
0.1% sodium chloride showing Cm and C/g dendrons aggregate whereas Co and Cm
do not. The monomeric BSA standard (MW 66 000) was used fo r comparison.
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The non-lipidic dendron (Co) and the dendron with ( € 10)3 lipidic chain elute quicker
than the ( € 14)3 and the (C|g )3 dendrons though all o f them are in the same molecular
weight range.The fractogram differentiates the elution o f aggregating dendrons from
non-aggregating dendrons in the same series. Moreover the molar mass

versus

elution plot proves that the dendrons (L) 7(NH 2)g and (Cio)3 (L)7(NH 2)g elute as
monomers or dimers but the rest elute as aggregates. It confirms the greater
lipophilic dendrons self assemble and form stable micelles or aggregates.

The cumulative weight fraction versus molar mass plot shown in Fig. 3.6 confirms
the aggregate formation by Cm and Cig dendrons. The molecular weight increment is
compared with the known standard BSA (MW 66,000).

1.0
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(L)7(NH2)
(C10)3(L)7(NH2
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(C18)3(L)7(NH2
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Fig. 3.6. Molar mass versus cumulative weight fraction plots fo r the samples o f four
different dendrons with a general form ula (Cx)3(L)7(NH 2) 8: X=0,10,14,18 showing
the weight fractions of Co and Cw are equal to their monomer molecular weight but
Ci 4 and C 18 dendrons aggregate. The monomeric BSA standard is used fo r
comparison.
For dendrons with greater liphophilicity (C 14 and Cig), the signals allow calculation
of the weight average molecular weight (Mw) of aggregates, which is significantly
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different from the molecular weight of their monomers (1590 and 1758 respectively).
The aggregation number is calculated from the micellar molecular weight divided by
the molecular weight o f dendrons. Molecular weight o f dendron, weight average
molar masses (Mw), aggregation number and radius o f gyration (Rg) o f the four
dendrons are shown in Table 3.1.

Table 3.1 Aggregation number and radius (rg) obtained from MALS-FFF for
four dendrons.
Theoretical
Dendron
MWMALS

^

MW

MALDI

Mw

Agg. No.

(nm)

(L)7(NH2)s

914.3

915.7

1.293 X 10"

1-2

nd*

(C io)3(L)7(NH2)s

1421.9

1422.8

1 . 4 3 4 X 10"

1-2

nd*

(Ci4)3(L)7(NH2)g

1590.2

1591.1

5.270

10"

33

20±3

(Ci8)3(L)7(NH2)g

1758.4

1758.9

1.380 X 10^

78

32±3

X

1

nd = not determined as the value s lows 0 nm lecause o f low signal to noise ratio.

From these studies it can be seen that the molecules with three C 14 or Cig lipid chains
self assemble but the fewer lipophilic dendrons do not. The self-assembly seems to
be spontaneous probably due to the overwhelming lipophilicity o f the molecule.

In case of the dendrons without a lipid chain and those eluted as monomers, the LS
signals-to-noise ratio is not high enough to characterize their size with precision. The
limitation in using MALS is that rg values below 10 nm are difficult to obtain, which
is a disadvantage when working with small macromolecules. That is the reason why
the radius o f gyration (rg) values of the dendrons eluted as monomers were not
determined.
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One reason for self-assembly of C 14 and Cig dendrons could be explored by the
thermodynamic factors involved. Micellisation is the way o f minimising the free
energy o f the system. In the case o f non-ionic surfactants the -CH 2 contribution to
micelle formation is -2.92 kJmol'% a value independent o f the chain length. For
cationic surfactants little dependence on the structure o f hydrophilic group has been
reported (Attwood and Florence, 1983). The -C H 2 contribution to micelle formation
o f cationic surfactants is approximately -2.72 kJm of' and the -CH 3 group
contribution is -8.79 kJmoF^ (Tanford, 1980). The average methylene group
contribution values o f -2.5, -2.0 and -1.8 kJmol’’ have also been reported for double
chain surfactants with bulky hydrophilic groups
2 C 12MPEG 750 respectively

2 CgMPEG 75o, 2 C 10MPEG 750,

(Lawrence et al, 1997).

Theoretically the standard free energy of aggregation

(AGagg)

may be imagined to be

divided into an electrical component arising from the ionic head group and the
hydrophobic contributions.
AGagg = A G h 0 +A G el

a) In case o f (Cio)3 (L)7(NH 2)g it has been observed from the FFF data (Table 3.5)
that they do not aggregate so one can assume that for this compound
AGagg ~ 0
therefore

AGho = - AGei

Therefore for (Cio)3 (L)7(NH 2)g, assuming the alkyl groups behave as in cationic
surfactants,
AGh0 = -[(8.79X 3) + (2,72x7x3)] = -83.49 kJm ol''
which suggests that
AGei = 83.49 kJmoF*
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b) In case o f (Ci4)3 (L)7(NH 2)g there are an additional 12 -C H 2 groups compared with
(C io )3 (L )7 (N H 2 )8 ,

therefore
AGaggi4 = -116.13 + 83.49 = -32.64 kJmol'^
which is comparable to the free energy of association o f cetyl pyridinium chloride
(-32.8 kJm of'at 25 °C) (Simoncic and Span, 1998).

c) In case o f (Ci 8) 3(L)7(NH 2)g
AGaggig could be calculated in the same fashion to be -65.28 kJmol'L

The above calculation may be quite crude but assist in the understanding o f the
process involved. Moreover it is not surprising that these values would be different
compared to single chain surfactants because the actual contact o f the hydrocarbon
chain with water is restricted due to of inter-chain interactions.

Using the CMC and assuming a sufficiently large extent o f association the free
energy o f micellisation of an ionic species,

(AGagg)

was calculated using the

approximation
AGagg = 2R T In (CMC)
AGaggi4 = 4.606 RT (log CMC)

Substituting the CMC values from surface tension studies yields

AGaggi4 = -66.9 kJm ol'' (CMC = 7.5xl0'^ M)
AGaggi8 = -69.7 kJm or' (CMC = 4.3 xlO'^ M)

These values were compared with the theoretically derived values, which assume
that the alkyl groups contribute independently (Table 3.2).
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Table 3.2 Surface properties and estimated thermodynamic parameters for
aggregation of (Ci4)3 (L)7 (NH2)8 and (Ci8)3 (L)7 (NH 2 )s dendrons.
Lipidic dendron

Surface tension
at CMC(mNm’^)

(Ci4)3(L)7(NH2)g
(Clg)3(L)7(NH2)g

AGaggOcJmor')" 1

AGagg(kJmor^)’

55.2

Log
CMC
(M)
-4.12

-32.6

-66.9

61.0

-4.37

-65.2

-69.7

* Calculated assuming the contribution o f CH 2 group in m icelle formation is -2 .7 2 kJmof'
**Calculated from surface tension data using the approximation AGagg= RT In (CMC)

Although the AGaggis value is closer, agreement with the theoretical and practical
values is less impressive. As the decrease in log (CMC) with alkyl chain length is
not linear, this indicates that the contribution o f -C H 2 to the free energy o f
aggregation is not constant for these dendrons.

The FFF studies were conducted for all the dendrons and the results confirmed that
those non-lipidic dendrons and most of the lipidic dendrons do not aggregate as they
elute as monomers or dimers except for those few dendrons with higher lipophilicity
such as (Ci4)3(L)7(NH2)g, (Ci8)2(L)7(NH2)g, (Cig)3(L)7(NH2)g, and (Cig)3(L)i5(NH2)i6It is not surprising that the higher amino dendrons (dendrons with 16 and 32 amino
groups) with fewer lipidic chains did not aggregate because increasing the number o f
amino groups o f dendrons modifies the geometry as well as increases the hydrophilic
part o f the molecule which prevents their self-assembly. Fig. 3.7 shows the
experimental aggregation numbers of lipidic dendrons obtained from FFF studies
versus the total number of carbon atoms present in the lipidic part.

84

100
is) 2 (^)

2)

( C js) 3 ( L ) i5(NH2)
g 25
O)
O)
24
T otal n u m b e r o f c a r b o n s in lipid c h a i n s

Fig. 3.7. Aggregation number (n) against the total number o f carbon atoms in the
lipidic chains, (m ) dendrons with three lipid chains and 8 amino groups:
[(C]o)3(L) 7(NH 2)8 , (C n) 3(L) 7(NH2) 8.
The insert (•) shows the
aggregation number for a compound with 2 Cis lipid chains with 8 amino groups
and (à.) shows the effect o f increasing the number o f the ionic head groups.

In the homologous series o f dendrons the aggregation number depends on the length
o f the hydrophobic chains. However the number o f molecules in the aggregate is
greatly influenced by the head groups as well as the number o f lipidic chains in the
dendrons (Fig. 3.8). In the series of lipidic dendrons, the hydrophilic part dominates
for the dendrons with fewer hydrophobic chains, for example (C , 4)2(L) 7(NH 2)g, so
that it does not self-assemble. However the (Ci 8)2(L)7(NH 2)8 dendron leads to an
increase in aggregation suggesting increased packing. Hence we can expect not only
the lipidic part to play a role in aggregation but also the geometry o f the molecule as
explained by Israelachvili et al. (1976) and Tanford (1980). They reported the
governing factor o f the shape of a micelle is the packing o f hydrophobic chains o f
the surfactant molecules. The molecular assembly is also determined by the degree
of binding and repulsion between the molecules. The more binding interactions
occurring between the molecules, the larger will be the assemblies formed, because
monomers are less likely to escape. The structure and stability o f any aggregate is
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dependant on both internal conditions such as critical packing parameter, i.e. the
relative size o f the hydrophilic to hydrophobic portions and external conditions such
as concentration and temperature (Zeng and Zimmermann, 1997).

Generally surfactants with a small hydrophobic chain relative to the hydrophilic head
form spherical micelles. While dendritic architectures form unimolecular micelles
with a hydrophobic core surrounded by a hydrophilic shell (Liu et al., 2000)
dendrons self-assemble into different shapes. Some examples o f schematic
representations o f the structures formed from dendron aggregates are shown in Fig.

3. 8 .

Fig, 3,8. Schematic representation o f the self-assembly o f 12-ABG dendrons into
supramolecular cylindrical (left) and spherical (right) dendrimer and subsequent
formation o f columnar hexagonal and cubic liquid crystalline assemblyrespectively
(Adoptedfrom Balaguruswamy et a i, 1997).
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The transmission electron micrographs confirmed the self-assembly o f some o f the
lipidic dendrons at higher concentrations. The aggregates formed with 5mg/ml o f
lipidic dendron [(Ci4)3(L) 7(NH 2 )g] in 0.1% sodium chloride is shown in Fig. 3.9.

I P

fp f

Fig. 3.9. Transmission electron micrographs o f lipidic dendron: (C/ 4) 3(L) 7(NH 2)8
aggregates form ed in 0.1 Vo sodium chloride showing the aggregate size o f about 50
nm in diameter which is comparable to the size (radius 23 nm) obtained from FFF
studies.
It is clear that the aggregates are in the size range o f 50 nm in diameter but some o f
them seem to be elongated or deformed from spherical shape. Normally ionic
surfactants form spherical micelles, whereas double chain surfactants with large
hydrophobic groups form plate like micelles. On the other hand, double chain
surfactants with huge hydrophilic groups form prolate ellipsoidal structures
(Lawrence et al., 1997). Rather these dendrons have three chains and asymmetrical
lysine branches and hence more studies are required to confirm the packing o f these
dendronic micelles.
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3.3.3. NMR Spectroscopy
3.3.3.1. Assignments of NMR Spectra
The role o f the lipid chains in aggregate formation was further clarified indirectly by
the structural changes occurring in the dendron solutions using
spectroscopy. The

NMR

NMR assignment of the three different dendrons, (L)7(NH 2)g,

(Ci4)i(L)7(NH2)8 and (Ci 4) 3(L)7(NH 2)g was achieved using standard sequential
assignment procedures for proteins (Wüthrich et al, 1986) taking into consideration
o f additional peptide bonds on the Ne group. For the assignments o f NMR spectra the
lysine units o f these dendrons could be categorised as interior and exterior or
terminal residues. The general structure of the dendrons showing the interior and
exterior lysine in different colours is shown in Fig. 3.10.

A characteristic o f the interior residues (Lys 1, 2 and 3) is that they have two types o f
amide proton (Hno and Hne), both involved in forming a peptide bond, while the
external residues have no Hn protons, but two NH 2 groups bound to C-a and C-s.
First, the spectrum o f (L)7(NH 2)s as the simplest molecule in the series was analysed
and assignments derived for the peptide bond. The different regions o f ID proton
NMR spectrum o f the lysine dendron (L)7(NH 2)g in 10% D 2 O / 90% H 2O is shown in
Fig. 3.11, 3.12 and 3.13.
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Fig. 3.10. The general structure o f dendrons showing the interior and exterior
lysines in different colours denoting the terms used in the discussion: fo r example
term 2a is used fo r the second lysine (2) attached to alpha (a) position o f the first
lysine, (e) denotes the e- position.

Though much overlap is expected because o f the 7-lysine amino aeids the amide
region of the spectrum (Fig. 3.11) has well dispersed amide protons chemical shifts
with a few overlapping peaks.
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ppm

Fig. 3.11.
NMR spectra o f
% / 90 %) at room temperature.

region o f the (L) 7(NH 2)s dendron in D 2O/H 2O (10

Four peaks were detected in the region o f the a protons in the ID spectrum (Fig.
3.12), two down field peaks o f three internal a protons and two upfield peaks o f four
external a protons.

4.4

4 .3

4 .2

4 .0

3 .8

3 .7

3 .6

Fig. 3.12. 'H NMR spectra o f H a proton region o f the (L) 7(NH 2)8 dendron in
D 2 0 /H 2 0 (10 % / 90 %) at room temperature.
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The presence o f NH 2 groups in the exterior residues shifts the H-a and H-e protons
upfield compared to same protons of the interior residues. The peaks in the rest of
the spectrum were overlapping (Fig. 3.13) indicating that peaks o f the side-chain of

Fig. 3.13. ' H NMR spectra o f side chain proton region o f the (L) 7(NH 2)s dendron in
D 20 /H 2 0 (10 % / 90 %) at room temperature.
branching units were mostly in a similar environment. However, the exterior
residues are more exposed to a polar environment since their H-p, H-y and H-5
protons are significantly shifted downfield (Fig. 3.13) and have higher chemical
shifts compared to same protons of the interior residues (Table 3.3).

Additionally the environment of the external residues bound to the H N a group of
interior residues is different from the residues bound to the FINc group (Fig. 3.14 and
3.15). This is indicated by the upfield shift of HNs peaks that implies that residues
bound to the N H a are less exposed to water. They are bound to the end o f interior
residues and therefore most likely to be more flexible and fold to minimize contact
o f CH2 groups with water.
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Table 3.3 Assignments of H NMR spectra of (L)7 (NH 2)s dendron.
1Sequence
L y s -1
L y s- 2 "
L y s-2 =
L y s-3**
L y s-3 " =
L y s- 3 " '
L y s-3 = :

H-Na
8.44
8.65
8.61

H-a
4.23
4.32
4.22

H-P
1.76
1.79
1.76

4.05
4.05
3.96
3.96

1.91
1.91
1.89
1.89

H-y
1.38
1.38
1.40
1.38
1.46
1.46
1.44
1.44

H-Ô
1.55
1.56
1.55
1.48
1.72
1.72
1.71
1.71

The spin system assignment of individual residues o f the

H-e
3.23
3.23
3.17

H-Ne
8.21
8.37
8.37

3.02
3.02
3.01
3.01

7.94

NMR spectra was

achieved by TOCSY spectra and the sequential assignments using the fingerprint
regions o f TOCSY and NOESY spectra. The assignment o f three interior lysine
residues (Fig. 3.14) was straightforward and unambiguous, hence the correlations
between H-N and other side chain protons were detected.

The crosspeaks from H-N to H-a, H-p and rest o f side chain protons were easily
identified and distinguished in the amide region (Fig. 3.14) and the rest o f the 2D
TOCSY spectrum (Fig. 3.15). The additional peptide bond at Ne group introduced a
specific pattern in the spin system of lysine residue; H-Ne protons have produced a
triplet in the amide region of ID ^H spectrum and additional crosspeaks in 2D
TOCSY due to correlation with other sidechain protons.
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Fig. 3.14. Two dimensional ' H TOCSY spectrum o f (L)7(NH 2)s dendron in D 2 0 /H 2 0
(10 % / 90 %) at room temperature; Hn to side chain proton region.

The exterior lysine residues do not have 2D TOCSY crosspeaks in the amide region
to sidechain proton region, due to the absence of H-N protons. N aH ] and NaH]
protons o f this residue overlapped in 1D spectrum, and had a single set o f crosspeaks
between side chain protons and some NcHi at 7.943 ppm. However, two different
types of lysine residues were easily distinguished owing to characteristic TOCSY
crosspeak pattern o f H-a to H-e protons. The rest o f the crosspeaks from the
remaining protons were present in the TOCSY spectrum, but assignment to
individual residues was only achieved at the latter sequence-specific stage.

Sequential assignment was completed by concatenation o f H-N to H-N and H-a to
H-N sequential NOESY connectivities. The sequential assignment was not
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straightforward, because of some overlap between crosspeaks in the amide to alpha
proton region of the NOESY spectrum, and unusual placement of the lysine residues
in the dendron. Full assignment of (L)7(NH 2)g dendron is given in Table 3.3.

ppm

L2a& e L 3ae& ee

-1 .5

-

■f
L1

2.0

L 3aa& ea
-2 .5

-3 .0

-3 .5

-4 .0

if
-T—.

4.5

T
—I

4.0

r-.

r-i

p-.

3.5

r-,

r—|

3.0

'""I

2.5

2.0

T"’
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Fig. 3.15. Two dimensional ‘H TOCSY spectrum o f (L) 7(NH 2)s dendron in D 2 0 /H 2 0
(10 % / 90 %) at room temperature; side chain to side chain proton region.

The strong crosspeak in the NOESY spectrum at 8.439; 4.320 ppm gave us an
indication of close proximity between H-N and H-a protons, and according to
structure, that could only be H-N of the first residue and H-a o f the lysine bound to N
(2 ). This has been identified in 2 out o f 3 interior residues. The cross peak 8.212;
4.220 ppm indicated the close proximity of H-Ne o f the first residue to H-a of the
third interior residue (the one bound to N-s of the first residue - 2^). Crosspeak at
8.653; 4.051 ppm has indicated the correlation between H-N o f 2^ residue to H-a of
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the lysine from the exterior shell bound to N o f 2^ residue, denoted as 3*^. In a
similar manner, the crosspeak at 8.612; 4.051 ppm has indicated a correlation
between N o f 2® residue and H -a proton of lysine residue from the exterior shell
bound to the N o f the 2® residue, denoted as

These two exterior lysines have all

same corresponding chemical shifts indicating that they are exposed to the similar
environment.

The lysine

and 3®®are bound to the Ne groups o f 2® and 2®, respectively. The H -a

protons o f these two residues (3^® and 3®®) have a different environment to that o f the
H -a protons o f 3 ^ and 3®^, but all their corresponding (CH 2) sidechain protons have
same chemical shift. The rest o f the protons were assigned using combination
TOCSY and NOESY peaks.

The spin systems and NOE patterns of (Cm)i(L)7 (NH 2)8 and (C i 4) 3(L)7(NH 2)g lysine
residues resemble the corresponding patterns o f the (L)7(NH 2)g lysine residues, and
using the strategy described above, it was possible to assign most o f the peaks in 2D
TOCSY and 2D NOESY spectra. The lipid chain protons were assigned through the
following crosspeaks starting from peak o f CH 3 protons.

3.3 3.2. H NMR spectra - concentration studies
The NMR spectra o f (Ci 4)i(L) 7(NH 2)g and (Ci 4) 3(L)7 (NH 2)g in D 2 O were obtained at
different concentrations. Generally, the ID NM R spectra o f these dendrons
resembled the spectrum o f (L)7(NH 2)g, except for the introduction o f lipid chain
peaks. The patterns observed and the assignments rules for (L)7(NH 2)g spectra were
used in the assignments o f (Ci 4)i and (Cn)] spectra. The assignments o f NMR
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spectra were achieved for the higher concentration sample and translated into low
concentration spectra. The NMR spectra of the (Ci 4 )3(L)7(NH 2)g at 0.05 mM
(monomeric form) and 1.2 mM (aggregated form) and (C]4)i(L) 7(NH 2)g at 0.025 mM
1.2 mM and were analysed and the assignments are shown in Tables 3.4 and 3.5
respectively.

The concentration dependant changes in the chemical shift o f the methyl group o f
the lipidic amino acid (ô = 0.85 ppm) were used as an indicator o f the aggregation
process. The changes were expressed in Hz relative to the chemical shift o f the
lowest concentration. The changes in chemical shift o f the methyl group o f the
lipidic amino acid (5 = 0.85 ppm) indicated that the molecule does not aggregate up
to 0.05 mM and the concentration at which aggregates formed is around 0.075 mM
(Fig. 3.16).

N
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.C
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Fig. 3.16. Chemical shift changes fo r the CH 3 group o f lipidic chain o f the dendron
(Ci4) 3(L) 7(NH 2)8 in D 2O/H 2O at room temperature showing the aggregation starts at
log -4.12 M (0.075 mM)
This is in good agreement with our surface tension studies suggesting that geometric
factors impede the association of the more bulky ( € 14)3 compound.
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Table 3.4 Assignments of
NMR spectra of (Ci4 )i(L)7 (NH2 )8 dendron at 0.025 mM and 1,2 mM, in
H-p
H-T
H- Na
H-a
H-Ô
1Sequence
1.2
1.2
1.2
0.025
1.2
0.025
1.2
0.025
0.025
0.025
1.76
1.38
1.34
1.54
Lys - 1
8.56
8.61
4.23
1.78
1.55
4.23
1.79
1.38
1.54
L y s- 2 "
8.52
4.24
4.24
1.78
1.38
1.55
1.38
L y s- 2 "
1.79
1.38
1.55
1.54
8.45
4.28
4.28
1.78
1.46
8.64
4.04
1.47
1.72
1.79
L ys- 3 ^
3.96
1.90
1.91
1.46
8.64
4.04
1.90
1.91
1.47
1.72
1.73
3.96
Lys-3™
1.44
3.94
1.9
1.44
1.71
8.39
1.88
1.70
L ys- 3 "
3.89
1.44
1.44
1.71
L y s-3 ^
3.94
1.9
1.70
1.88
&39
3.89
1.80
1.31
1.30
1.27
L ip -1
8.49
4.28
1.86
1.26
4.29
Some o f NH protons were not assigned due to very small concentration
-

-

-

-

-

-

-

10% D2 O and 90% H2 O at 298 K
H-NE
H-£
1.2
0.025
1.2
0.025
3.21
3.21
825
8.28
3.21
3.21
822
&25
3.21
8.24
8.21
3.21
3.02
3.01
3.02
3.01
2.99
3.01
3.01
2.99
0.87
0.85
-

-

-

-

-

-

-

-

-
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Table 3.5 Assignments of ^I NMR s pectra of (Ci4)3(L)7(NH2)g c endron a
H-a
H- Na
H-P
HJ
Sequence
1.2
1.2
1.2
0.05
0.05
0.05
1.2
0.05
Lys - 1
8.66
4.30
4.30
1.76
1.38
1.76
1.35
L y s-2 *
8.62
4.26
4.21
1.41
1.76
1.75
1.35
L y s-2®
8.54
4.24
4.24
1.41
1.76
1.75
1.35
L y s-3 ^
4.05
4.02
1.47
1.91
1.47
1.89
4.02
Lys - 3'"
4.05
1.47
1.89
1.91
1.47
Lys - 3*' 3.92
4.11
1.93
1.47
&28
1.89
1.48
L y s -3 =
3.92
8.40
3.92
1.47
1.89
1.69
1.43
L ip - 1
4.32
4.27
8.46
1.85
1.31
1.89
1.29
L ip - 2
8.51
4.26
4.26
1.31
1.89
1.85
1.29
L ip - 3
8.46
4.18
4.23
1.31
1.89
1.76
1.29
-

-

-

-

-

-

mM, in 0% D2 O and 90% H2 O at 298 K.
H-NE
H -£
1.2
1.2
1.2
0.05
0.05
8.25
1.51
3.18
3.19
1.51
3.22
3.21
8.03
1.51
T22
7.99
3.22
1.72
3.04
3.01
1.72
3.01
3.04
1.73
3.04
2.99
3.01
1.71
2.99
0.84
1.26
0.871
1.26
0.871
0.84
1.26
0.871
0.84
-

H-a
0.05
1.56
1.56
1.56
1.71
1.71
1.71
1.71
1.72
1.72
1.72

-

-

-

-

-

-

-

-

-

-

-

-

-
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3.3.3.3. T1 Measurements
The mobility o f a fragment is proportional to the T1 value o f that fragment
(Buschhaus et al., 2003). T1 measurements were performed to study the mobility of
different segments in dendrons. The reported T1 values o f lipidic amino acid H a
protons were regarded with caution due to the heavy overlap with H a protons o f the
interior residues. Results obtained using the inversion-recovery method with solvent
presaturation are shown in the Table 3.6. The overlap o f some signals led to
classification assignment of T1 values to protons o f internal, external lysine and
lipidic residues. The T1 values of CH 2 groups o f lipidic amino acids are also
averaged from the values o f most CH 2 groups o f the hydrocarbon chain.

The T1 values for different fragments of (L)7(NH 2)g dendron are similar, the values
are between 0.38 and 0,73 s, indicating a quite high inflexibility o f the groups. The
H-e protons of external residues have higher T1 values and hence higher mobility, as
it might be expected that those groups along with the NH 2 groups should be close to
the surface o f the molecule, with more freedom to move.

In the (Ci 4)i(L) 7(NH 2)8 dendron, the H-a protons are more flexible than the
corresponding protons o f (L)7(NH 2)g; the methyl group o f the lipidic chain appears to
be more flexible (Tl=2.56s). The (Ci4)3(L)7(NH 2)g dendron behaves differently from
the (Ci4 )i(L) 7(NH 2)g dendron: the mobility o f the hydrocarbon chains o f former is
smaller compared to single hydrocarbon chain in (Ci 4)i(L) 7(NH 2)g. Additionally, the
internal H-a protons o f (Ci 4)3(L)7(NH 2)g have a similar mobility as the internal H-a
protons of (L)7(NH 2)g.
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Table 3.6 T1 relaxation times for (L)7 (NH2)s» (Ci4)i(L)7 (NH2)8 and (Ci4)3 (L)7 (NH 2)8 dendrons
T1 (s)
Proton
(Ci4),(L)7(NH2)g
(C i4)3(L)7(NH2)g
(Cl4)3(L)7(NH2)g(C i4)i(L)7(NH2)8
(L)7(NH2)g
0.025 mM
1.2 mM
0.05 mM
1.2 mM
Interior Ha
1.28
1.05
0.52
0.56
0.65
Exterior Hg
1.21
0.55
0.92
0.85/0.38
0.41/0.52/0.92
Interior Hg
0.42
0.38
0.39
0.40
0.40
Exterior Hp
Interior YL,
Exterior Hy
Interior Hg

0.40

0.44

0.45

0.45

0.42

0.38
0.46
0.43
0.73

0.42
0.49
0.48
0.85
1.07
0.62

0.45
0.48
0.48
0.64
0.35
0.58

0.42
0.44
0.45
0.53
0.68
0.51

2.11

0.91

0.64

Lipidic A A Hg

-

Lipidic A A

-

0.39
0.59
0.54
1.00
0.95
0.700

-

2.56

Exterior H§
Interior Hg
Exterior Hg

CH2
Lipidic A A

CH3
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It indicates that three hydrocarbon chains of the (Cm)3 (L)7(NH 2)8 interact with each
other and create a comparatively constrained hydrophobic nucleus within a single
molecule. This nucleus may not interact with lysine branches as the single
hydrocarbon chain does in (Ci 4)i(L) 7(NH 2) 8.

Formation of aggregates in (Cm)3(L)7(NH 2)8 decreases the mobility o f the
hydrocarbon region and the H -a groups. It is notable that the mobility o f H-P, H-y
and H-Ô do not change with the addition o f lipidic amino acids or with the
aggregation state o f dendrons.

3.4. Conclusions
Dendrons with or without lipid chains have been characterised for their self
assembling behaviour by surface tension, NMR and FFF studies. In the series o f
lipidic dendrons, the hydrophilic part dominates for the dendrons with fewer
hydrophobic chains such as (C io)i, (C io) 2 , ( € 10) 3 , ( € 14) 1, ( € 14) 2 , and (Ci8)i and
prevents the molecule from self-assembly. The contribution o f methylene group to
the free energy o f aggregation is not constant for these dendrons because o f the
interchain interaction o f lipid chains within the molecule. Aggregation number
against the total number o f carbon atoms in the series lipidic dendrons indicates that
not only the lipidic part to play a role in aggregation but also the head group and the
geometry o f the molecule. The concentration dependent changes in the chemical
shift indicates the (Ci 4) 3(L)7(NH 2)8 associate at the concentration o f 0.075 mM. The
o f mobility o f CH 3 groups in the lipid chain is greater for the (Ch)] dendrons than
for ( € 14)3 dendrons indicates the flexibility is more with the single chain dendron
whereas the flexibility is restricted in three chain dendrons due to aggregation.
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Chapter Four

DENDRIPLEXES: PHYSICOCHEMICAL
CHARACTERISATION
4.1. Introduction
The field of non-viral gene delivery vectors comprises o f cationic lipids and/or
cationic polymers, which were discussed in detail in chapter 1. To differentiate the
non-viral systems developed by utilising cationic lipids and/or polycations the
following nomenclature was developed. The DNA/lipid complexes are termed as
“lipoplexes” and the complexes o f DNA/ cationic polymers as “polyplexes” (Feigner
et a l, 1997). The dendritic systems developed in our laboratory, as discussed in
chapter

2,

have the structural properties o f both cationic lipids and polycations.

Hence we have termed the complex formed from lipidic dendritic systems and DNA
as “dendriplexes”.

The ability o f non-viral mediated transfection is attributed to the following
physicochemical properties according to Pedroso de Lima et a l (2001).
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1. Condensation o f DNA by electrostatic interaction between the non-viral vectors
and DNA.
2. The surface charge of the resulting complexes, a net positive charge can promote
association with negatively charged cell surfaces; and
3. Fusogenic or osmotic properties exhibited by vectors induce fusion and thereby
destabilisation o f membranes and facilitates the intracellular release o f complexed
DNA.

Although there are similarities and differences between the two well documented
systems, lipoplexes and polyplexes, from a physicochemical point o f view, in both
systems, the DNA is incorporated into a complex as a result o f the interaction
between cations and anions (Kabanov, 1999). The driving force o f such binding is
the release of low molecular mass counterions associated with the charged lipids or
polymers into the external media, which is accompanied by a substantial entropy
gain (Radier et a l, 1997). Lipoplexes are formed by the self-assembly of lipid
molecules as well as complexation with DNA (Gershon et a l, 1993). Hence the
hydrophobic domain is one o f the major factors that determines the size, shape and
stability o f the dispersion. Many lipoplexes reported so far are polydisperse and
reveal strong non-equilibrium behaviour with variation in size, charge and
stoichiometry (Templeton et a l, 1997). Polyplex formation does not usually require
interaction o f polycationic molecules with each other. Hence more flexibility can be
achieved by varying the compositions o f the polymer mixture, the molar mass and
architecture of the polycation as well as introducing side chains or target specific
ligands.
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Based on polyelectrolyte theory (Kabanov et a l, 1991) we could expect that there
may be many similarities between these different polymers in forming complexes
with DNA, but the details o f binding properties are likely to differ between
polymers, leading to a plethora of possible formulations. Hence thorough
understanding o f polymer- DNA interactions are necessary to relate the biological
activity o f these complexes to their physicochemical and colloidal properties. The
physicochemical characteristics that determine the successful use o f these systems
both in vitro and in vivo include size, charge density and colloidal stability for both
lipoplexes and polyplexes.

This chapter describes the formation and physicochemical characterisation of
dendriplexes by studying the binding properties o f different dendrons with DNA
through agarose gel electrophoresis and ethidium bromide displacement studies.
Dendron/DNA complexes were also studied for their colloidal properties such as size
and charge by photon correlation spectroscopy and zeta potential measurements.

4.2 Materials and methods
Calf thymus DNA was purchased from Sigma-Aldrich and plasmid DNA (Promega)
was amplified and purified using a endotoxin-free plasmid purification kit (Qiagen,
UK Ltd).

Plasmid

integrity was confirmed

by

gel

electrophoresis.

DNA

concentrations were determined by absorbance at 260nm in a UV spectrophotometer.
Luria Bertani (LB) agar, DNA molecular weight markers, restriction enzymes EcoKL
or Hin dlll (England Biolabs), deoxyribonuclease I (DNase I), agarose, ethidium
bromide and other chemicals were purchased from Sigma-Aldrich.
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A LS50B, (Perkin Elmer) spectrofluorimeter was used for fluorimetric experiments
and a Malvern PCS4700 system (Malvern Instruments) and Malvern Zetasizer,
Malvern, UK were used for the size and charge measurements, A Philips CM 120
Bio Twin (Einhoven Holland) transmission electron microscope was used.

4.2.1. Extraction and purification of plasmid DNA
4.2.1.1. Amplification of plasmids
Plasmids were amplified in the host strain E.coli DH5a. A single bacterial colony of
the E.coli DH5a containing the desired plasmid for purification was picked from a
freshly streaked selective LB agar plate (ampicillin 50pg/ml) and from this colony a
starter culture o f 10 ml LB broth containing selective antibiotic was grown for 8 h at
37°C with shaking (approx 300rpm). After 8h, the starter culture was diluted 1:500
into 500 ml o f selective LB broth and incubated at 37°C overnight.

4.2.12. Purification of plasmids
Plasmids were isolated from the host E.coli strain and purified using a QIAGEN kit
according to the manufacturer’s instructions. The alkaline lysis method is the basic
principle involved in the purification. In brief, after harvesting the bacteria from the
cultures by centrifugation (4500g for 20min, 4°C) they were resuspended in Tris
hydrochloride buffer (50 mM, pH 8.0) containing ethylenediamine tetraacetate
(EDTA) (lOmM). To the resuspended bacterial pellet, sodium hydroxide (200mM)
containing 1% sodium dodecyl sulphate (SDS) was added at room temperature in the
presence o f ribonuclease A (RNaseA) which leads to lysis o f bacteria and digests the
liberated RNA. SDS solubilises the phospholipids and protein components o f the cell
membrane causing lysis o f the cells. Sodium hydroxide denatures the chromosomal
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and plasmid DNA and proteins. The lysate was neutralised by the addition o f acidic
potassium acetate (3.0 M, pH 5.5) which causes the SDS to precipitate and form
salt/detergent complex entrapping the denatured proteins, chromosomal DNA and
cellular debris. Plasmid DNA, being smaller and covalently closed renaturates and
remains in solution. The precipitated debris was removed by filtration and the clear
lysate (treated with endotoxin removal buffer

to remove endotoxins) was loaded

on to the QIAGEN- tip ion exchange resin. The resin employs a diethylaminoethaol
(DEAE) complex, which binds plasmid DNA, but not impurities such as RNA,
protein, carbohydrates and small metabolites. The impurities were removed by
washing

with

a

solution

of

sodium

chloride

(l.OM)

containing

3-(N-

morpholino)propanesulphonic acid (MOPS) (50mM pH 7.0) and 15% iso propanol.
The plasmid DNA was eluted from the ion exchange resin with NaCl (1.25M, pH
8.5). The DNA was precipitated by mixing with 0.7 volumes o f isopropanol and then
centrifuged at 15,000g for 30 min (4“C). The supernatant was removed and the DNA
pellet resuspended in 70% ethanol and centrifuged at 15,000g for 15 min (4°C).
After the removal o f ethanol, the plasmid DNA was air dried for approximately 20
min and finally suspended in endotoxin-free TE (pH 8.0) or sterilised water.

4.2.I.3. Spectrophotometric assay of DNA
The concentration o f DNA was determined using the strong ultraviolet absorption o f
the nitrogenous base at 260nm. At this wavelength, the extinction coefficient of
DNA (E26o=20, in a 1 cm cell) corresponds to a DNA concentration o f 1mg/ml. For
example A 26o=l represents a concentration of 50pg/ml. The relationship between the
DNA concentration and absorbance at A 260 is linear and is used to quantify DNA.
The relationship applies to purified double standard DNA with guanine (G) and
cytosine (C) combined content o f 50%. However the presence o f RNA, proteins,

106

detergents and organic solvents also contribute to absorption at this wavelength and,
since the absorption maximum for DNA and protein is 260 and 280 nm respectively,
an approximate measure of isolated DNA purity can be determined by using the
A 260/A 280 ratio. All plasmid DNA used in this work had an A 260/A 280 ratio =1.85 or
greater.

4.2.I.4. Characterisation of plasmid DNA using restriction enzyme digestion
Restriction enzymes can be used to recognise specific base sequences in double
stranded DNA and cleave both strands o f the duplex at specific sites. Restriction
enzyme digestion was performed on the purified plasmids in a sterile eppendorf tube
to confirm the plasmid structure, size and purity. The restriction enzymes EcoRI or
Hind III were used to cut the plasmids and hence linearise them to give a single band
upon electrophoresis.

4.2.2. Preparation of dendriplexes
Stock solutions o f DNA and dendrons of 1pg/ml were prepared in sterile distilled
water and used for various studies. 10 pg of DNA (pGL3-control or Calf thymus)
and required amounts o f dendrons were diluted in 250 pi o f water or appropriate
medium separately. Required amounts o f dendrons for different molar charge ratios
were calculated according to the equation below and added to DNA solution by flash
mixing and allowed to incubate for 30 min. The complex solution was diluted with
water or appropriate media and used accordingly.

.
, rj j
Weight o f DNA
Chdxge ratio
, ,
Amountofdendron = ------- ----- ------------x --------------------------- x M W oj dendrons
RMW o f nucleotide Number o f ch arg es
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4.2.3. Electrophoretic retardation
Dendriplexes with different molar charge ratios were prepared by adding the
required amounts o f dendrons to plasmid DNA. After mixing by brief vortexing the
complexes were incubated for 30 min at room temperature. The samples were loaded
onto a 1% agarose gel in TAE and electrophoresed for 60 min at lOOV. The gels
were then stained with TAE containing EB and destained and photographed on UV
transilluminator to visualise DNA. The gel loading dye was not added as it may
interact with the dendrons.

4.2.4. Ethidium bromide displacement
Fluorescence studies were carried out at excitation and emission wavelength o f 260
nm and 595 nm respectively with a slit width at 5nm. An IBM compatible personal
computer was used for data collection, using FL Winlab (Perkin-Elmer) software.
DNA solutions (lOpg/ml) were mixed with ethidium bromide (500ng/ml) and
allowed to equilibrate for 2-3 min. Aliquots (Ip l) o f dendron solution (Ipg/pl) were
added and the fluorescence measured after equilibration. The molar charge ratio o f
the complexes incrementally increased and the fluorescence measured after each
addition. The fluorescence was expressed as the percentage o f the maximum
fluorescence signal when EB was bound to DNA in the absence o f competition for
binding. The value was corrected for the background fluorescence exhibited by EB
alone.

4.2.5. Hydrodynamic particle size determination
Dendriplexes were prepared with a final concentration o f 10 pg DNA/ml as
mentioned above. The z-average particle sizes were determined by dynamic light
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scattering at 25° C at a fixed angle of 90°, 200 fim aperture size and laser power o f
40mW. The viscosity (0.88 mPa.s) and refractive index (1.33) o f distilled water at
25° C was used for data analysis. The double distilled water pre filtered with 0.2pm
filters was used throughout. The complexes were prepared directly in cuvettes
cleaned by rinsing with double distilled water and the data collected after 30 min
incubation at room temperature. The instrument was calibrated routinely using
standard reference latex particles (AZ Electrophoresis Standard Kit, Malvern
Instruments). Measurements were analysed by CONTIN algorithm. Values are
provided as the mean o f 10 runs o f automatic measurements.

4.2.6. Zeta potential measurement
Complexes were initially prepared with DNA (50 pg) in water via a single addition
of dendrons and mixed by vortexing briefly. They were then diluted to 5 ml with
water (0.22 pm filtered). The zeta potential measurements were carried out in the
capillary electrophoresis cell using a Malvern Zetasizer at 25°C. The sampling time
was set to automatic. Average values were calculated from the data from five runs.

4.2.7. Transmission electron microscopy
Complexes were produced by the addition o f dendron solution to plasmid DNA in
water or HBSS and incubated for 30 min at room temperature. Few pi o f the sample
at +/- charge ratio o f 5:1 was added on to the grid then the excess buffer was
removed carefully by the edge o f the moist filter paper and stained with 1 % uranyl
acetate. After removal o f the stain the grid was air-dried. Photomicrographs were
recorded at magnifications ranging between 26,000 and 72,000 at an operating
voltage o f 120 kV.

109

4.2.8. Nuclease protection of dendriplexes
The ability o f DNase to degrade DNA in free form and in the dendriplexes form was
determined by using DNase 1. Free DNA and complexes were treated with ten fold
excess DNase 1 and incubated at 37°C in buffer containing Mg^"^ for 15min, and the
reaction was stopped by adding 0.1 mM EDTA. The DNA was recovered using
ethanol precipitation. The centrifuged pellet was washed with 70% ethanol and
collected in water and loaded onto the 1% agarose gel in TAE and electrophoresed
for 60 min at lOOV.

4.2.9. Molecular modelling
Models o f dendrons and dendriplexes were generated using QUANTA96 (MSI) and
energy minimized using CHAARM (MSI). In dendriplex modelling, the terminal
amino group of dendrons was allowed to contact with the negative phosphate group
o f DNA. The position o f the DNA is fixed due to limitations o f the software and the
energy minimized.

4.3. Results and Discussion
4.3.1. Preparation of dendriplexes
It is well documented that the mode o f formation o f the complexes strongly
determines their final physicochemical features and thereby modulates their
biological activity. The empirical rule followed in the formation o f lipoplexes to
prevent the aggregates is the addition of lipid and DNA. If a positively charged
particle is desired, DNA should be added to a cationic liposome suspension; the
reverse will apply for the formation of negatively charged particles. The rate o f
addition o f polycation solution to DNA solution also affects the size and molecular
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weight of the complexes (Oupicky et a l, 2000). However in our case the empirical
rule for lipoplex mentioned above does not apply but the rate o f addition affects the
size of the dendriplex formed. Hence we followed fast addition o f dendron solution
into DNA solution to produce small dendriplexes.

4.3.2. Electrophoretic retardation
The DNA binding ability o f dendrons was investigated by analysis o f the
electrophoretic mobility of DNA in an agarose gel (retardation assay). The
electrophoretic mobility o f DNA was affected by all the dendrons indicating that
they can bind to DNA. The DNA retardation of some representative dendrons at 1:1
(A) and 2 :1(B) charge ratios are shown in Fig. 4.1.

1 2 3 4 5 6 7 8 9

10 11 12

1 2 3 4 5 6 7 8 9

10 11 12

Fig, 4,1. Mobility o f dendriplexes in 1% agarose gel in TAE buffer showing the
difference in the DNA binding o f dendrons (A) at 1:!(+/-), and complete binding (B)
at 2: !(+/-) charge ratio. The samples loaded in the lanes from left to right were as
follows. Lane 1 marker DNA, lane 2 free DNA (200ng), lanes 3-12 are (L)}s(NH2) i 6,
(Cio)i(L)i5(NH2)i6,
(Cio)2(L)i5(NH2)i6,
(C iq)3(L) I s(NH 2) 16,
(C 14) i(L) I5 (N H 2 ) 16.
(Ci8) 3(L)i5(NH 2) i 6 respectively.
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The condensing ability o f dendrons varied with their cationicity and lipophilicity as
seen in Fig. 4.1.A. This indicates that the DNA condensation or binding ability
differs with different dendrons. Most o f the dendrons condense the DNA between
1.5 and 2 (+/-) charge ratio. However the complete retardation o f free DNA was
observed at 2:1 charge ratio (+/-) as no free DNA was noticed in the lane.The DNA
retardation by one of the lipidic dendrons (Ci 4)3(L) 7(NH 2)8 is shown in Fig. 4.2.
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Fig. 4.2. Agarose gel electrophoresis showing the effect o f charge ratio on DNA
binding o f lipidic dendron (C \^ 3(L) 7(NH 2)s , Lanes 1-7 are fo r complexes at charge
ratios o f 10:1, 5:1, 4:1, 3:1, 2:1, 1.5:1, 1:1+/- dendrons and DNA respectively.
Lanes 8 and 9 are Plasmid DNA and DNA marker respectively.

The mobility of DNA was not completely affected by the dendrons at a 1:1 charge
ratio as only some o f the DNA retained in the well, indicating that the binding was
not complete. However at 1.5:1 ratio there was no DNA in the lane as the whole o f
DNA was retained in the well, suggesting that the dendron can bind the DNA above
the point of charge neutralisation. Linear PLL o f lower molecular weight (2.9 kDa)
condenses the DNA at higher charge ratios (2.5:1) compared to higher molecular
weight PLL (20kDa) which condenses about 0.6:1 (Mannisto et a l, 2002). They also
speculated that the dendritic poly lysine G3 o f molecular weight less than 1000 does
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not bind DNA effectively. This could be due to the shape and orientation o f the
molecule as the phosphate group of DNA do not reach some positive charges
because the DNA is not flexible enough to wrap around the small PLL molecule. We
also observed that the condensing ability o f linear PLL was less when compared to
our non-lipidic and lipidic dendrons. The differences in the condensing abilities of
non-lipidic and lipidic dendrons were studied in detail using four different dendrons
with 8 terminal amino groups. Above the 2:1 charge ratio the condensation o f DNA
was complete and hence the charge ratios o f 1:1 and 0.5:1 (+/-) are shown in Fig. 4.3
to differentiate the DNA retardation.
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9

10

Fig. 4.3. Agarose gel electrophoresis showing the DNA binding efficiency o f nonlipidic and lipidic dendrons. Lanes 1,2,3,4 are 1:1 +/- ratio lanes 5,6,7,8 are 0.5:1
+/- ratio o f dendriplexes prepared from (C]8) 3(L) 7(NH 2) 8, (Ci 4) 3(L) 7(NH 2) 8,
(C]o)3(L)7(NH2)8 , (L)7(NH2)8 respectively and lane 9 and 10 are plasm id DNA and
a DNA marker.
No significant difference was noted within the lipidic dendrons but the non-lipidic
dendron [(L)7(NH 2 )g] retarded DNA in a different manner (lanes 4 and 8). This
indicates that the dendriplex formation with lipidic dendrons would be different from
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the non-lipidic counterpart. To find out the difference in the binding abilities an
ethidium bromide displacement assay was performed.

4.3.3. Ethidium bromide displacement
The displacement o f ethidium bromide (EB) from EB/DNA complex by cationic
polymers has been reported as an indicator of the complex forming potential o f DNA
delivery systems (Tang and Szoka, 1997). The ability o f the dendrons to condense
DNA was quantified by EB displacement from a DNA/EB complex by dendrons.
The molar ratio at which they form a compact complex, C 50 (concentration at which
50% of the dye complexed with DNA is displaced by the addition o f dendrons) and
CE 50 (charge excess ratio) were quantified using this assay. EB produces a strong
fluorescence signal upon intercalation with DNA. As the dendron solution was
introduced to the EB/DNA complex the EB fluorescence was reduced due to the
inaccessibility o f DNA to EB. Complete suppression o f fluorescence was obtained
after a 2:1 +/- charge ratio is reached (Fig. 4.4). The binding affinity ranking based
on C 50 was found to be (C]g)3(L)7(NH2)8> (Ci4)3(L)?(NH2) g > (Cio)3(L)7(NH 2)g >
(L)7(NH 2)g and the C 50 values were 3.9, 4.5, 5.6, 6.5 respectively. It is important to
note that the C 50 value for the linear polylysine o f molecular weight IkDa was found
to be 9.5. Lucas et al. (1999) reported that to condense DNA greater molar ratio o f
lower molecular weight polylysines are required compared to higher molecular
weight polylysines. Our results are also in line with their findings.

The results suggest that the binding affinity is higher for dendritic polylysine than for
their linear counterparts and that binding is influenced by the lipophilicity o f the
dendrons. The CE 50 (charge excess ratio) o f the four different dendrons and linear
PLL (MW 1000) were found to be 1.0, 1.2, 1.4, 1.8 and 2.8 respectively. Further the
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low molecular weight linear poly lysine was unable to form compact complexes even
at a 5:1 charge ratio. These results are in good agreement with the results obtained by
others for polylysine based systems (Lucas et a l, 1999; Mannisto et a l, 2002).
Dendritic polylysine in both the lipidic and non-lipidic form was able to form a
complex at that ratio. This is perhaps due to the accessibility o f the phosphate groups
o f the DNA to the amines of dendrons owing to the flexibility caused by lipidic part
o f the structure.

Electrophoretic

mobility

studies are consistent with

EB

displacement studies, which show that compact complexes were formed between
1.5:1 and 2:1 (+/-) charge ratios. This could be an indication that at a 1:1 ratio
(though theoretically sufficient amino groups are present to form a complex) all the
amino groups in the terminal portion o f dendrons may not be available for the
complexation.

100

75

25

C h a rg e ratio + /-

Fig. 4.4. Ethidium bromide displacement assay showing the effect o f dendron
concentration on the reduction in fluorescence intensity o f ethidium bromide. The
fluorescence o f DNA solutions (lOpg/ml) in water containing ethidium bromide (500
ng/ml) was measured and set to J00%. Following stepwise addition o f
dendron/polylysine ir\ water, the resulting fluorescence was measured after 2 min.

(L h(m 2h .m (C„h(Lh(NH:h . k. (Cu)3(Lh(NH2) s .

O

(C,s)3(Lh(NH2) s
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4.3.4. Hydrodynamic particle size
The size o f the vector complex is also an important factor as it affects the
transfection efficiency (Sheng et a l, 1996). The manner by which the size o f cationic
liposomes affect the physicochemical properties and biological activity o f lipoplexes
is an important issue that needs to be clarified (Pedroso de Lima et a l, 2001). The
DNA condensation into small particles is an important prerequisite for gene delivery
employing polycations (Dunlap et a l, 1997). The z-average size o f the particles
formed by spontaneous interaction between DNA and dendrons were examined by
PCS. The results indicate that the z-average particle size o f the dendriplexes
decreases as the molar charge ratio increases (Fig. 4.5) and is usually explained in
terms o f DNA condensation.

150

01:01

02:01

03:01

05:01

Charge ratio +/-

Fig, 4.5. The z- average diameter o f the dendriplexes determined by PCS at 25 °C.
Dendriplexes were prepared in water using lOjug/ml o f DNA and dendrons •
(L)7(NH2)s , ■ (C io)3(L)7(NH2)8, A
□ (C i 8)3(L)7(NH2)8 at different
charge ratios after 30 min incubation.

In the case o f linear pLL of smaller molecular weight it was difficult to measure the
size because o f flocculation. However it was possible to measure the size
immediately after complex formation, which was again in the same size range as that
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o f dendriplexes. Kabanov et al. (1999) also reported that light scattering (PCS)
analysis of complexes formed using smaller pLL was frustrating because o f
problems such as solubility and flocculation.

It has been reported that the complexes formed with either PEI or DOTAP tend to
aggregate over time and the size increase to nearly 1.4 pm upon prolonging the
incubation (Moret et a l, 2001). There was no such growth observed in the
dendriplexes prepared using one o f the lipidic dendron (C, 4) 3(L)7(NH 2)g at 5:1
charge ratio in aqueous media even after 24 h in water. The effect o f the type o f
DNA on the size of dendriplexes at different storage time is shown in Fig. 4.6.
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Fig. 4.6. The effect o f type o f DNA on the z- average diameter o f the dendriplexes
prepared from lipidic dendrondetermined by PCS at 25°C.
Dendriplexes were prepared in water using 10 pg/ml o f c a lf thymus and plasm id
DNA at 5 :1 charge ratios after different time o f incubation upto 24h.
However like other polyplexes the size o f dendriplexes also differ in different
different media. The effect o f salt concentration was also studied using 10 and 100
mM phosphate in PBS for preparing the complex. The size increase in the presence
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o f higher salt concentration may be explained by salt induced aggregation or
bridging effect o f the complexes in the presence of salt.

In the presence o f a higher salt concentration the size o f the complexes increases
almost 2-3 fold. Aggregation was also higher in the presence o f serum after 2h. The
effect o f media PBS, PBS/DMEM and serum on the size o f dendriplexes are shown
in Fig. 4.7.

30min

Fig, 4.7. The effect o f medium on the z- average diameter o f the dendriplexes
prepared from lipidic dendron: (Ci4) 3(L)7(NH 2)8 determined by PCS at 25 °C.
Dendriplexes were prepared in different media using lOpg/ml o f c a lf thymus DNA at
a 5:1 charge ratio after 30 min or 2 h incubation.

The lipoplexes for transfection studies were mainly prepared from large unilamellar
vesicles (LUVs) o f size range close to 100 nm and formed small unilamellar
liposomes (SUVs) of size range between 20-100 nm. The size o f dendriplexes o f all
lipidic dendrons in water was around 100 nm hence they may behave like SUVs. It
has also been demonstrated that higher transfection efficiency were obtained with
larger size lipoplexes size range between 300-700 nm than smaller size complexes
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(50-100nm) (Tomlinson and Rolland, 1996; Deshpande et al., 1998). Even after
aggregation in the medium containing serum the size range is less than 700nm hence
it could also be speculated that they should be suitable to use as transfecting agents.

4.3.5. Zeta potential of dendriplexes
The zeta potential o f the particle also influences the particle intake or transfection in
cells. The zeta potential of dendriplexes was negative at lower molar charge ratio and
even at 1:1 indicating the excess phosphate groups o f DNA is present in the
complex. Above a 1:1 charge ratio the values become positive due to an excess of
dendrons indicating that all the DNA is incorporated into the particle and the DNA is
completely condensed. The surface charge o f the dendriplexes is positive above a 1:1
charge ratio, in good agreement with electrophoresis and EB displacement studies.
But the zeta potential values differ for different dendriplexes (Fig. 4.8).
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Fig, 4.8. Zeta potential o f dendriplexes in water as a function o f charge ratio using
( C i 8 )3 (L )7 ( N H 2 ) 8 .
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In the case of dendriplexes with non-lipidic dendron [(L)7(NH 2 )g] and the dendrons
with the Cio lipid chains [(Cio)3(L)7(NH 2)g] the zeta potential values were around 15
mV. In the dendriplexes with more hydrophobic dendrons, [(Ci4 )3(L)7(NH 2)g] and
[(Cig)3(L)7(NH 2)g], the zeta potential increased with the addition o f dendrons and
reached 35 - 40 mV at 5:1 charge ratio. The reason for the difference in the charge of
dendriplexes o f different dendrons might be explained by the following hypothesis.
The excess dendrons above the charge neutralisation ratio, which were not involved
in the condensation o f DNA, may interact hydrophobically with primary
dendriplexes.

Hence

the

interaction

depends on

hydrophobicity

the

more

hydrophobic dendrons produce more surface charged particles than less hydrophobic
dendrons.

4.3.6. Transmission electron mieroscopy
Although the z-average diameter of the dendriplexes in water determined by PCS
was around 100 nm the TEM images show much smaller sizes at the same ratio as
seen in Fig. 4.9.
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Fig. 4.9. Transmission electron micrographs o f dendriplexes form ed by utilising
dendrons without a lipid chain (L)7(NH 2)s (A) and with a lipid chain (Ci4) 3(L)7(NH 2)8
(B) in water at a 5:1 ratio.
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It is interesting to note that the TEM pictures show that dendriplexes formed by the
lipidic dendron [(Cio)s(L)7(NH 2) 8] in HBSS aggregate but the aggregates (around
200 nm) appear to be the result of flocculation o f small dendriplexes (Fig. 4.10).

200nm I----------------5 2 .0K 1 2 .0 4 .0 2

Fig. 4.10. Transmission electron micrographs showing the aggregation o f
dendriplexes form ed by DNA and dendrons (Cio)3(L) 7(NH 2)s in HBSS at 5:1 ratio.

4.3.7. Nuclease protection of dendriplexes
In order to deliver the DNA effectively into the nucleus the complexes should not be
disrupted by the nuclease present in the cytoplasm. Dash and colleagues (1997)
reported that degradation of DNA is inhibited following condensation with pLL
though low molecular weight pLL offers less protection than higher molecular
weight species (Dash et a l, 1997). Dendriplexes formed with low molecular weight
dendrons seemed to protect the DNA from DNase 1 even after 15 min o f incubation
at 37°C (Fig. 4.11) though there was a slight degradation observed under the same
conditions. The naked DNA was completely digested within 2 min. Dendriplexes
formed with (Cio)3(L)7(NH 2)8 dendron provided less protection when compared with
dendriplexes formed with the other dendrons.
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Fig. 4.11. Agarose gel electrophoresis showing the protection o f DNA from nuclease
after dendriplex formation. Lanes from right to left 1: DNA marker, 2: plasmid
DNAalone, 3: plasm id DNA digested with DNase, 4,5,6,7: dendriplexes o f
(L)7(NH2)8, (Cw)3(L)7(NH2)8. (C]4) 3(L)7(NH2)8, (Ci8)3(L)7(NH2)8 digested with
DNase I.

4.3.9. Molecular modelling of dendrons and dendriplexes
It is believed that the lipidic chains o f the dendrons can react with the backbone of
DNA by hydrophobic interaction to complement the electrostatic interaction. In
order to confirm this hypothesis o f dendriplex formation we have developed a model
in which a piece o f double stranded DNA with 32 base pairs was allowed to contact
with 4 molecules (Ci 8) 3(L)7(NH 2)8 o f dendrons. The positive amino group o f the
dendron was made to contact the negative phosphate group o f DNA. In dynamic
simulations, the dendrons rearrange themselves in such a way that their lipidic
portions move towards the DNA backbone and are ready to interact with the other
part o f the DNA through the possible hydrophobic interaction. The proposed model
o f dendriplex formation is shown in Fig.4.12.

122
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Fig. 4,12. Computer generated model o f dendriplexes. A. dendron B. DNA (32 base
pair) C. Dendriplexes- side view D. Dendriplexes top view.

4.4. Conclusions
Physicochemical characteristics and in vitro transfection o f poiycation-DNA
complexes can be controlled by proper choice o f the polycation structure and
conditions for their self-assembly with DNA (Reschel et al., 2002). Cationic
dendrons based on lysine with or without lipid chains were able to form dendriplexes
with DNA. The binding ability o f non-lipidic dendrons was lower when compared to
lipidic dendrons. The reason might be that while theoretical population o f protonated
amino groups remains the same; the actual number o f protonated groups
available/involved for the complexation may differ. The electrostatic inter or intra
molecular repulsion o f the cations may reduce the actual number o f protonated
groups available for the interaction. In the case o f non-lipidic dendrons this is
pronounced while in lipidic dendrons, this repulsion may be minimized because of
the lipid chains. The strength o f cooperative binding between DNA polycations is
not only due to electrostatic interactions but also due to the steric effect o f bulky
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substituents (Schindler and Nordmeier, 1997). Reschel et a l (2002) has also
demonstrated the higher stability o f their PAEMA/DNA complexes compared to
PLL/DNA complexes due to the greater hydrophobicity o f the polymer carbon chain
compared to PLL. Our experimental results confirm the thrust o f these findings.

Although most dendrons form particles o f less than 100 nm diameter certain degree
of aggregation was noticed in presence o f higher salt and serum with some o f the
dendriplexes. The higher the lipidic chains in the dendrons the greater protection to
DNA from nuclease degradation. (Lleres et a l, 2001) suggested that poor gene
delivery could arise from short hydrophobic chains (10 carbon atoms) o f molecules
which differ from classical cationic lipids. As we observed the aggregation and poor
DNase protection o f dendriplexes formed by (Cio)3(L) 7(NH 2)g one can expect the
lower transfection compared to higher carbon chain dendrons.

Even though the dendriplexes reported here suggest that these have suitable
physicochemical properties which might make them useful as gene delivery carriers,
only biological studies involving transfection and toxicity can confirm the ability o f
these systems as useful gene delivery vectors. This is discussed in the following
Chapter.
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Chapter Five

BIOLOGICAL CHARACTERISATION OF
DENDRONS AND DENDRIPLEXES
5.1. Introduction

The lipoplexes and polyplexes available today show variable efficiency in
transfection o f cells with DNA but still they are less efficient than viral vectors and
in v/vo gene transfer is not well predicted by in vitro results. The reason for this
could be due to the nature o f the biological barriers in vivo, or factors that are not
present in in vitro cell culture systems (Ruponen et a l, 1999). Under optimum
conditions the lipoplexes/polyplexes exhibit a net positive charge that is a
prerequisite for efficient uptake into the target cells (Feigner et a l, 1987).

Proteoglycans

(PGs)

are

a

large

group

o f macromolecules

consisting

of

glycosaminoglycan chains (GAGs), [e.g. chondroitin sulphate (CS), dermatan
sulphate (DS) and heparan sulphate (HS)] which are covalently attached to a protein
core (Kjellen and Lindahl, 1991). Owing to their polyanionic nature and association
with the cell membrane, they are potential candidates for the binding and uptake o f
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positively charged compounds such as polybasic peptides and cationic lipids. The
colloidal complexes may also interact with these extracellular matrix materials and
may subsequently influence the gene transfer efficiency o f the vectors. The gene
transfer efficiency o f such positively charged complexes might depend on how well
the complexes retain their stability in the presence o f these GAGs. If the interaction
is pronounced, properties such as size, charge, mobility, and DNase susceptibility,
will be affected. Hence the stability o f complexes in the presence o f GAGs is one of
the rate limiting steps in gene transfection. A better understanding o f these properties
before subjecting them in vivo is a prerequisite.

Another limitation o f non-viral gene delivery systems is the cytotoxicity o f the
carriers, so efforts have been taken to design carriers with lower toxicity by
conjugation with a variety of agents. The lower molecular weight polycations such
as polyethylenimine (Fischer et al, 1999), chitosan (Richardson et a l, 1999) and
polymers conjugated with p-cyclodextrin (Hwang et a l, 2001) are found to be less
toxic in both cultured cells as well as in experimental animals compared to high
molecular weight polycations. Due to their low molecular weight and molecular
architecture the novel dendrons discussed in this thesis are expected to have a lower
toxicity than higher molecular weight polylysine based carriers.

In dendrimer mediated transfection, efficiency depends on dendrimer generation and
in turn the type and number o f amino groups present in the molecule. Lower
generation dendrimers have poor condensing ability and at the same time higher
generations have higher cytotoxicity. However the conjugates o f PAM AM with
cyclodextrin (Gonzalez et a l, 1999) and dendrimer with lipidic chains (Toth, 1999)
showed improved transfection at lower generations.
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This chapter describes the biological properties of a range o f dendrons, in particular
their toxicity when complexed with DNA or alone and their transfection ability. The
stability of these complexes in the presence of heparin sulphate was also discussed.
The effect o f some o f these novel carriers as a vaccine adjuvant was also tested by
complexing them with tetanous toxoid.

5.2. Materials and methods
The following chemicals were purchased from Sigma chemical Company (UK) Ltd:
Ethidium bromide, Bovine serum albumin (BSA), Biochinchonic acid (BCA), (3[4,5-Methylthiazol-2-yl]-2,5-diphenyltetrazolium

bromide

(MTT),

heparin,

Dimethylsulphoxide (DMSO). BHK-21 cells and CaCo-2 cells were obtained from
European centre for cell collection, UK. PGL3 control vector encoding firefly
luciferase, Luciferase assay system and cell culture lysis reagent (CCLR) were
obtained from Promega, UK. pD sR edl-N l, a plasmid encoding a red fluorescence
protein was obtained from Clonetech, USA. Foetal calf serum (PCS), Glasgow’s
modified minimum essential medium (GMEM), Dulbecco’s Minimum Essential
Medium (DMEM), Phosphate buffered saline (PBS) were from Gibco BRL, Life
Technologies, UK and Tissue culture flasks (TPP, Switzerland) 96-black bottom
plate, 24 well plates and chamber slides were from Nalgen Nunc, USA. Lipofectin®
and Lipofectamine plus® were purchased from Life Tecnologies, USA. 96 well flat
bottomed microtiter plates were from Dnatech labs., Sussex, UK and Balb/c mice
were purchased from B & K Universal, Hull, UK. All other materials were either
bought from Analar or molecular biology grade.
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5.2.1. Cytotoxicity of dendrons and dendriplexes
Cell viability in the presence o f dendrons and dendriplexes was evaluated by using
the MTT assay (Mosmann, 1983). Different cell lines such as BHK-21 cells and
Caco-2 cells were plated in a 96 well plate at an initial density o f 10,000 cells/well in
200 pi o f growth medium and incubated at 37°C in a humidified atmosphere
containing 5% CO 2 until confluent. Dendrons and dendriplexes in phosphate
buffered saline (PBS) were added together with the medium, a total volume o f 100
pi, and incubated for different time intervals such as 4h, 8h and 12h. Medium was
removed and replaced with fresh medium containing (3 -[4,5-Methylthiazol-2-yl]2,5-diphenyltetrazolium bromide, MTT) solution and incubated for a further 4h.The
resulting MTT-formazan was dissolved in 200 pi o f dimethylsulphoxide (DMSO)
and absorbance measured at 570nm, with a reference absorbance at 630nm. Results
were expressed as the percentage viability with respect to control cells treated with
medium alone, i.e. no dendrons or complex.

5.2.2. In vitro transfection of dendriplexes
In vitro transfection experiments were carried out using Baby Hamster Kidney
(BHK-21) and human colon adenocarcinoma (Caco-2) cell lines. For the transfection
using BHK-21 cells 24 well plates and for the Caco-2 cells chamber slides (Nalgen
Nunc, USA) were used. Detailed procedures are discussed in the following sections.

5.2.2.1. Cell culture routine
Growth media was replaced every 48h (unless otherwise stated) following two rinses
with pre-warmed PBS. Passage o f cell lines was carried out approximately at 90%
confluence according to the recommendations o f the European Collection o f Cell
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Cultures (ECACC). In brief, this was achieved by rinsing twice with pre-warmed
PBS followed by the addition of 1 x trypsin/EDTA in PBS just to cover the cells.
They were incubated at 37°C for 2-3 min until a few cells started to detach. The rest
of the cells were detached by gently tapping the sides o f the culture flask. Media
containing 10% PCS was added to inactivate trypsin and centrifuged at 1000 rpm for
5 minutes. The supernatant was discarded and the cells resuspended in an
appropriate volume o f complete media by pipetting several times. The cells were
then transferred into pre-warmed flasks/plates with a suitable cell density. The
numbers of cells were counted using a Neubauer counting chamber.

Freezing cells fo r storage
The cells were cultured following the above procedure, but after trypsinisation the
freezing media (95% PCS with 5% DMSO) was added to a cell density o f
approximately 2xl0Vml. The cell suspension was mixed briefly and 1 ml o f the
suspension placed into cryogenic tubes (suitable for liquid nitrogen storage) and
placed overnight in a slow freezing vessel “Mr. Prosty” (Nalgene) -80“C before
storage in a liquid nitrogen vessel. Cells were revived from storage by warming at
37°C for one minute and resuspending in at least 10-15 ml o f pre-warmed complete
media before centrifuging at 1000 rpm for 5 minutes. The supernatant was then
removed and complete media added. The cells were then placed into a 25 cm^ cell
culture flask and incubated as for normal maintenance.

BHK-21 cells were maintained in Glasgow’s minimum essential medium (GMEM)
supplemented

with

10%

foetal

calf serum,

2mM

L-glutamine,

50mg/ml

streptomycin, 50 U/ml penicillin, and 5% Tryptose phosphate broth at 37°C in a

129

humidified atmosphere containing 5% CO 2 . The Caco-2 cells were maintained in
Dulbecco’s minimum essential medium (DMEM) containing 10 % foetal calf serum
and antibiotic at 37°C in a humidified atmosphere containing 5% CO 2 .

5.2.2.2. Transfection of BHK-21 cells
On the day before transfection, the BHK-21 cells were plated at a density o f 5% 10"^
cells per well in a 24-well plate and incubated at 37°C in a CO 2 incubator until they
were 70-80% confluent. Dendriplexes with different (+/-) charge ratios o f 0 (DNA
only), 2.5, 5, 10 and 20, using 2pg of DNA were prepared in 50pl o f PBS and
incubated for 30min at room temperature and mixed with 200pl o f medium just prior
to addition to the cells. The cells were washed with 0.5 ml 1 x PBS, and 250 pi
GMEM without FBS was added to the cells. The dendriplexes dispersed in the media
were gently poured onto the cells. After incubation at 37°C for 4h, the medium was
replaced with fresh medium containing 10% FBS and incubated for further 36h. The
cells were harvested using cell culture lysis reagent (CCLR) and luciferase assays
were performed according to the protocol described by the manufacturer (Promega).
The transfection efficiency was normalised to milligrams o f protein and reported as
log RLU (Relative light units)/mg of protein. The protein concentrations o f cell
lysates were measured by using the standard Bradford assay with bovine serum
albumin (BSA) as standard.

5.2.2.3. Luciferase assay
Luciferase expression was assayed using Promega luciferase assay system. The cells
were aspirated and washed with PBS. A minimal volume (50pl) o f cell culture lysis
reagent (CCLR) was added to each well and the lysed cells were scraped and
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transferred to a 1.5 ml microcentrifnge tube. The tubes were briefly centrifuged to
pellet the cell debris. Lysates were collected and immediately stored at -70°C until
analysis. To measure the luciferase expression, 10 pi o f cell lysate was placed into
the 96- well black bottom plate, the luciferase assay reagent (luciferin-lOOpl) was
added to the well and the resultant chemiluminescence intensity was measured for 10
seconds using a luminometer and expressed as Relative Light Units: RLU.

5.2.2.4. Cellular protein estimation
Proteins reduce alkaline copper (II) to copper (I) in a concentration dependent
manner. Biocinchonic acid (BCA) is a highly specific chromogenic reagent for Cu
(I), forming a purple complex with absorption maximum at 562 nm, which is directly
proportional to protein concentration. Because o f this property BCA can be used to
assay for protein concentration as follows: duplicate samples (lOpl) o f unknown
protein concentration were mixed with 200pl o f BCA reagent, incubated at 20 °C for
10 min and the mixture assayed at 562 nm. Known amounts o f BSA dissolved in
buffer used in the cell lysis procedure were assayed at the same time to produce a
standard curve. The total amount of protein in the cell extracts was determined using
the standard curve.

5.2.2.5. Transfection of Caco-2 cells
For transfection using Caco-2 cells, the cells were grown on chamber slides (Nalgen
Nunc, USA). The slides contain two chambers for duplicate experiments. The
chamber slides have a surface area o f 4 cm^ seeded at 1 x 10^ cells per chamber (2.5
xl O^ cells/cm^). The cells were incubated in 2 ml o f media containing 10 % PCS for
24 h at 37 °C and 5 % CO 2 in air until they were 40 - 50% confluent.
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Plasmid (pD sR edl-N l)

DNA/dendron or DNA/Lipofectin

complexes were

prepared using serum-free Optimem-I medium and left to incubate for 30 min at
room temperature.

The cells in the chamber slides were washed once with 1 ml o f serum-free media.
Then the complex was mixed with 0.8 ml o f serum-free media and then added to the
cells and incubated for 8h at 37 °C in a humidified atmosphere containing 5 % CO 2 .
After incubation the medium was replaced with fresh medium containing 10% FBS
and incubated for further 24h. Then the media was removed and the slides were
washed twice with 1 ml of pre-warmed PBS. Then 0.5 ml o f 4 % w/v formaldehyde
solution in PBS was added and left to incubate for 15 min at room temperature. The
formaldehyde solution was discharged and the slides washed twice with 1 ml of
PBS. The chambers were removed from the slides and 1 - 2 drops o f glycerol was
used as mounting media to seal the cover slip. The slides were viewed under a
fluorescence microscope (Nikon Microphot FXA) with a rhodamine filter.

5.2.3. Release of DNA from dendriplexes
DNA solutions (lOpg/ml) were prepared in HBSS in the presence o f ethidium
bromide (500ng/ml) and the fluorescence exhibited was set as 100%. Dendrons were
added to reach the molar charge ratio of 3:1 +/- and incubated for 30 min to stabilise
the complex until no decrease in fluorescence was observed. To this 20pl o f 1 %
heparin solution was added and incubated for 30 min at 37°C and fluorescence
recorded and the percentage fluorescence restored was calculated as described in
section 2.4. Fluorescence was also recorded after 4 h incubation to determine the
maximum release o f DNA. To see the effect o f dendritic lysine and lipid chain in
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complexing and releasing the DNA, linear polylysine (M W 1000) was used as a
comparator.

5.2.4. Dendrons as vaccine adjuvants
Experimental Animals
6-8 weeks old female Balb/c mice (20-24g body weight) were purchased from B &
K Universal, Hull, UK. The mice were handled according to Home Office
regulations in the School o f Pharmacy and given standard mouse diet and water.

Immunisation schedules
The mice were immunised intramuscularly in groups o f three with 50pl o f PBS
containing 50 pg o f dendrons and 5-Lf units o f tetanus toxoid (TT) or free TT in the
same buffer. Injections were given in the thigh o f the right hind leg o f mice using 1.0
ml calibrated disposable plastic syringes with 25G x 5/8 needles. To compare the
adjuvant effect o f dendrons, alum, a commonly used adjuvant was selected and
administered in the same way. Mice were bled from the tail vein at various time
intervals. Blood samples were obtained by causing a small nick in the tail vein and
100 pi o f blood was collected into a capillary tube. The serum was collected from
these blood samples after coagulation and the sera o f each mouse were transferred to
an eppoendorf tube and stored at -20°C until analysed.

Enzyme-linked immunosorbent assay (ELISA)
Serum samples obtained after immunisation were analysed for the presence o f anti
tetanus toxoid (TT) IgG, IgGl and IgG2a antibodies by an enzyme linked
immunosorbent assay (ELISA) (Gregoriadis et a l, 1993). Immunoassay plates were
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coated with TT by placing 50pl (100-Lf units/100 pi) into each well and incubated
overnight at 4°C whereby antigen absorption to the plates occurred. Unbound
antigen was aspirated and the plates were washed three times with PBS containing
0.025% Tween-20 (washing buffer). To avoid non-specific binding, plates were
treated with 0.1 ml per well o f 2% BSA in washing buffer for 2h at 37°C and washed
three times with washing buffer. After the plates were washed with washing buffer
50pl PBS was added to each well, 50pl duplicate samples added to the first well,
were serially diluted. The plates were then incubated for Ih at 37°C. After washing
the plates as mentioned previously, 50pl per well o f horseradish peroxide-conjugated
goat anti-mouse immunoglobulins (IgG, IgGl and IgG2a) were added at 1:4,000
dilutions in washing buffer containing 2 % BSA incubated at 37°C for Ih. The
colorimetric end point was measured spectrophotometrically at 492 nm on an ELISA
reader. Immune response was expressed as log o f the reciprocal o f serial serum
dilution required for OD to reach a reading o f about 0.2 (end point dilution). Antigen
specific antibody responses were measured on the basis o f absorbance readings, as
determined by ELISA. The mean of the log serial dilution end points and their
standard deviation were calculated for each animal group.

5.3.Results and Discussion
5.3.1. Cytotoxicity of dendrons and dendriplexes
5.3.1.x. Cytotoxicity of dendrons
Ideally the polymers including dendrimers or cationic lipids developed as non-viral
vectors should not only be non-toxic, non-immunogenic and biodegradable, but also
have a high plasmid carrying capacity and controlled release properties at the target
site

(Sgouras

and

Duncan,

1990).

Although the

term

“ biocompatibility”
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encompasses different properties of the biomaterials, in vitro cytotoxicity and bloodcompatibility behaviour are the two important aspects in biomaterials screening
(Sgouras and Duncan, 1990). Fischer et al. (2003) studied the in vitro cytotoxicity of
different polycations and ranked their toxic effect as follows: Poly(ethylenimine) =
poly(l-lysine) > diethylaminoethyl-dextran > poly(vinyl pyridinium bromide) >
Starburst dendrimer > cationized albumin > native albumin. They also found that the
magnitude o f the cytotoxic effects of polymers was time and concentration
dependent. The molecular weight and the cationic charge density o f the polycations
are the key parameters for the interaction with the cell membranes which leads the
cell damage (Fischer et a l, 2003).

Even though the toxicity o f the PAMAM dendrimers is lower compared to the other
polycations, there is ambiguous evidence regarding their biological safety, and in
fact, they have been shown to be haemolytic owing to their cationic properties
(Roberts et al.,

1996; Malik et al., 2000).

D ’Emanuele

and

co-workers

(Jevprasesphant et a l, 2003) showed the influence on toxicity to Caco-2 cells using
surface modified cationic PAMAM. The surface modification on (G2, G3, G4)
PAMAM with either lauroyl chains or polyethylene glycol (PEG) 2000 reduces
toxicity markedly.

The dendrons synthesized here are lower generation dendrimers containing a
maximum o f 32 amino groups, which is equivalent to G3 o f PAMAM. They have a
lower molecular weight, the maximum being 4835 Da. Moreover they are attached to
lipid chains, hence based on the literature evidence one could expect that they should
possess lower toxicity. However the attachment o f the lipids and the branching units
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are different from the PAMAM and surface modified PAMAM so they might well
behave quite differently from other type o f dendrimer systems. Hence the toxicity
studies were carry out before utilizing them for transfection. The cationic charge
density is a main cause for the toxicity o f higher generations dendrimers. This
concept was confirmed as the cytotoxic effects o f dendrons vary depends on the
generation and concentration o f the dendrons (Fig. 5.1).
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Fig. 5.1. Cytotoxicity o f non-lipidic dendrons on the viability o f BHK-21 cells after
12h incubation time using the concentration range from 0.01 mg/ml to 1 mg/ml
solution. The cell viability was determined by M TT assay and was shown as the
percentage viability and the mean± SD o f three determinations.

Though the cell viability was decreased at higher concentrations still their

IC 50

values seem to be well above 1mg/ml for all the non-lipidic dendrons. The maximum
concentration studied was limited to 1mg/ml, which was lOOpg/well in 96 well
plates, well above the concentrations dendrons needed for transfection.

In order to find the influence o f time of exposure the dendron (Ci 4)3(L)7(NH 2 )g was
selected as this had been previously compared with known transfecting agent
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Lipofectin and shown to be less toxic (Bayele et a i, 2004) in a collaborative study.
The toxic effect o f amount o f dendrons and the time o f exposure is shown in Fig.
5.2. From the results it can be confirmed that the cytotoxicity increases with the
concentration of dendrons added and the exposure time. The IC 50 o f this dendron is
>1 mg/ml at 4b and IC 50 is around 0.5 mg/ml at 8 and 12b. Hence for the further
studies 4b incubation was used to compare the toxicity o f the different dendrons.
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Fig. 5.2. Cytotoxicity oflipidic dendron: The effect o f dendron (Ci 4) 3(L) 7(NH 2)s on
the viability o f BHK-21 cells after 4h, 8h and 12h incubation time using the
concentration range from 0.01 mg/ml to 1 mg/ml. The cell viability was determined
by MTT assay and was shown as mean± SD o f three determinations.

To compare the toxicity of different dendrons and the influence o f lipidic chains at
the dendron core, four different dendrons were selected that have the same number
of amino terminals. Up to a concentration o f 0.25 mg/ml there was little difference
observed but above that concentration there is a notable difference: Cio and C 14
dendrons reduced the viability but not Cig dendrons.Cig compounds maintain the
viability more or less equal to that of the non-lipidic dendrons (Fig. 5.3). It was

137

found that the lengths of carbon chains in the core influence the toxicity. It is
interesting to note that the shorter (C io) carbon chains decrease the viability to a
greater extent than longer carbon chains.
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Fig. 5.3. Effect o f carbon chain lengths on the percentage viability o f BHK-21 cells
after 4h incubation time the cell viability was determined by M TT assay and was
shown as mean± SD o f three determinations.

This might be explained on the basis o f other individual properties such as surfaceactive property o f the dendrons. The influence o f carbon number in the lipid chain on
toxicity is shown in Fig. 5.4. Although the dendrons have the same number o f (8)
amino terminals the toxicity was higher with Cio dendron, which was more or less
equal to that of toxicity o f C h dendrons. But the toxicity was reduced with Gig
dendron that was comparable to that of non-lipidic dendron (Co). It is interesting that
the compounds showing the greatest reduction in surface tension has the highest
toxicity.
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Fig. 5.4. Effect o f carbon chain length o f 8 amino dendrons, o f general structure
(Cx)3(L)7(NH2)8 on the toxicity o f BHK-21 cells. The cell toxicity was compared with
the limiting surface tension o f the dendrons.
1he related trend was obtained with the dendrons with 16 amino groups, o f general
formula (Cx)3(L)i 5(NIl 2)i6, where x is 0, 10,14 and 18. However the toxicity was
increased with 16 amino dendrons compared with 8 amino dendrons (see Fig. 5.4
and 5.5). Again it can be seen that the compounds showing the greatest reduction in
surface tension show the maximum toxicity.
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Fig. 5.5. Effect o f carbon chain length o f 16 amino dendrons o f general structure
(Cjj3(L)i5(NH 2) i 6 on the toxicity, o f BHK-21 cells. The cell toxicity was compared
with the limiting surface tension o f the dendrons.
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Fig. 5.6. The effects o f different lipidic dendrons containing three Cio (d), C 14 (b) and
C 18 (c) carbon chains on the viability o f BHK-21 cells after 4h incubation time using
the concentration range from 0.01mg/ml to i mg/ml. The cell viability was determined
by MTT assay and is shown as mean ± SD o f three determinations.
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From the above graph it can be confirmed that the optimum chain length that did not
cause higher toxicity would be Cig. However apart from the carbon chain length the
overall toxic effect o f dendrons depends on other factors such as geometry and the
amino groups in the terminals. It seems that the decrease in viability is not only due to
the terminal amino groups o f the dendrons but also the balance between the basicity
and lipophilicity. It can also be speculated that if the basicity is the only factor
responsible for the toxicity the dendrons with 32 amino groups should be more toxic
than the dendrons containing

8

and 16 amino groups.

But the different trend observed indicates that the balance between the amino groups
and the lipophilicity plays a role in the interaction between the dendrons and the cell
surface. Although there is no direct correlation observed between the toxicity and the
structure of the dendrons their IC 50 values given in Table 5.1 show the toxicity o f
dendrons.

Based on the IC

50 values

their toxicity can be ranked as follows:

( C io) 3 (L ) i 5 (N H 2 ) i 6 > ( C i 4)3(L )3 i ( N H 2)32 > (C i4 )3 (L )l5 (N H 2 )l6 > (C ig )3 (L )3 i(N H 2 )3 2 >
( C lg )3 (L )i5 (N H 2 )l6 >

(C i4 )3 (L )7 (N H 2 )g >

(C io )3 (L )7 (N H 2 )g >

(C

io)3 (L )3 i (N H 2)32

>

( L )3 i ( N H 2)32> ( C ig )3 (L )7 (N H 2 )g > ( L ) i5 (N H 2 ) l6 > (L )7 (N H 2 )g .
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Table 5.1 Toxicity index of dendrons in BHK-21 cells at 4h.
Compound

Dendrons

IC50 mg/ml

2

a

(L )7 (N H 2 )g

» 1 mg/ml

2

b

( L ) i 5 (N H 2 ) i 6

» 1 mg/ml

2

c

(L )3 i (N H 2)32

>1 mg/ml

((:io)3(L)7(TSTl2)8

1mg/ml

3g
3h

(C

io)3 (L ) i 5 (N H 2 ) i 6

0.3mg/ml

3i

(C

io)3 (L )3 i (N H 2)32

>1 mg/ml

4g

0.9mg/ml

( C m )3(L )7(N H 2 )8

4h

(C

m )3 (L ) i 5 (N H 2 ) i 6

0.35mg/ml

4i

( C i4)3(L )3 i (N H 2)32

0.35mg/ml

5g

(C i8 )3 (L )7 (N H 2 )g

» 1 mg/ml

5h

(C ig )3 (L )i5 (N H 2 )l6

0.5mg/ml

Si

(C ig )3 (L )3 i(N H 2 )3 2

0.5mg/ml

Cell viability was quantified by M TT assay as described in section 5.2.2 (n=3)

The

minimum

IC 50 for the

dendrons was

found

to

be 0.3

mg/ml for

(Cio)3 (L)i 5(NH 2)i 6 and hence a 0.25mg/ml concentration was used to study the effect
o f other dendrons on cell viability. Although all the dendrons showed more than
60% cell viability at this concentration, the dendrons which maintain more than 95%
cell viability are considered to be non- toxic compared to their counterparts and
some o f them were used for transfection studies.
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5.3.1.2. Cytotoxicity of dendriplexes
It has been well documented that the polycation/DNA complexes are less cytotoxic
than uncomplexed polycations. The toxicity of the dendritic polylysine and lipidic
dendrimers reduce significantly when complexed with DNA rather using alone (Shah
et al., 2000; Ohsaki et al., 2002). Here, in this study one particular dendron was
selected to determine the effect of free and complexed dendron on cell viability (Fig.
5.7). The cell viability was determined at different times up tol2h.

□ Free dendron □ 5:1 □ 10:1

0>

60

Fig. 5.7. Cytotoxic effects o f (C/4) 3(L) 7(NH 2)8 dendron and dendriplex o f two
different charge ratios on BHK-21 cells after 4h, 8h and 12h incubation time using 2
fig DNA/well. The cell viability was determined by M TT assay and was shown as
mean± SD o f three determinations.

Results indicate that the free dendron maintains viability at 4h. However reduced
viability was noticed after 8 and 12 h. When complexed with DNA, toxicity is
reduced and the viability was maintained even after 12 h at 5:1 charge ratio but with
the 10:1 charge ratio, the cell viability was slightly reduced after 12h. Even though
the viability was reduced the toxicity was still less than that o f the free dendron.
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These studies highlighted a significant decrease in the level o f cytotoxicity upon
addition o f the complex to the cells when compared to the free dendrons. This may
be due to the lack o f free positive charge on the complex surface, which is generally
responsible for disruptive interactions with the cell membrane.

These studies were also to optimize the incubation time o f dendron/DNA complexes
in contact with cell cultures while performing the transfection experiments, in which
we studied a maximum of 4h-8h without the toxicity.

5.3.2. In vitro transfection of dendriplexes
The gene transfer abilities o f transfecting agents may vary with different parameters
such as the type o f cell lines, the cell density, the amount o f plasmid DNA, the
volume o f the transfecting agent or the charge ratio, incubation time for transfection
and also the incubation time following transfection (Clavereau et a l, 2000). Two o f
the similar type o f dendrons [(Ci4) 3(L)7(NH 2) 8, (Ci 4)3(L)i 5(NH 2)i 6] developed at the
School o f Pharmacy have been used to transfect a range o f cell lines and different
transfection efficiencies were noticed (Fig. 5.8). (carried out by Dr. H.Bayele at
University College London, Royal Free Campus, Department o f Haematology).
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Fig. 5.8. Transfection efficiencies o f lipidic dendrons in several cell lines: Various
cell lines were transfected with complexes containing 5pg luciferase DNA and
different amounts o f dendrimer. The cells were harvested and luciferase assays
performed after 48h and the gene expression was expressed as RLU/mg o f protein.
(Redrawn from Bayele et a l, 2004)
The transfection ability varied from 10-fold to as high as 300 fold depending on the
cell type as well as dendrons and these differences may be due to differences in cell
surface charge or membrane architectures which are main parameters which
determine the ease o f macromolecule entry. In order to get reproducible results it is
important to optimise the parameters mentioned above. As the transfection ability
varies from cell line to cell line one particular cell line, the BHK-21, a fibroblast cell
line was selected.

5.3.2.1. Effect of charge ratio of dendriplexes on transfection
In charge based transfection methods such as calcium phosphate, cationic lipid or
dendrimer mediated transfection the DNA: transfection reagent ratio is an extremely
important parameter to optimise for every new cell type and DNA construct used
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(Clavereau, 2000). Even though the positively charged complexes are produced at or
above the theoretically neutral charge ratio, the N/P ratio that showed better
transfection efficiency varies with the type o f polycation used. Better transfection
was obtained at charge ratio such as 1.5-2:1 for different polycations and PEL (MW
23K), 10:1 for PEL (MW 30K)/DNA (Eee et al., 2002) 4:1 for dendritic polylysines
and their analogues (Ohsaki et a l, 2002; Okuda et a l, 2004), 8-12:1 for amphiphilic
dendrimers (Joester et a l, 2003) and 200:1 for PAMAM and its conjugates with
cyclodextrin (Kihara et a l, 2002).

The transfection activity o f different dendrons at various +/- charge ratios (Fig. 5.9)
showed that the highest transfection was obtained at a 10:1 charge ratio. But the
transfection activity was reduced at the 20:1 ratio, perhaps could be due to the
toxicity caused by excess dendrons.
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Fig. 5,9. Effect o f charge ratio on transfection o f BHK~21 cell The cells were
incubated with dendriplex containing 2 pg o f plasmid DNA and dendrons at different
charge ratios fo r 4h. Cells were harvested 40h after transfection as detailed in the
methods. Data represent the mean ± SD o f three determinations. Statistical analysis
was performed by ANOVA and the significance level p < 0.05 except 10:1 ratio o f
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This indicates that cell viability decreased with prolonged incubation time, but the
viability was maintained at lower charge ratios and lesser incubation time. From this
study it was decided to use the 10:1 charge ratio for further transfection experiments.

53.2.2 Effect of amount of plasmid DNA
The amount of plasmid DNA used for the transfection experiments is also an
important factor which has an influence in the transfection and must be optimised.
Two different dendriplexes at 10:1 charge ratio containing different amounts o f
plasmid DNA ranging from 0.5-2.5 ng was used to study the optimum amount o f
DNA required for transfection experiments (Fig. 5.10). The transfection efficiency
increases with increasing amount o f DNA up to 1.5 [ig o f DNA/ well and no
significant increment was noticed after this amount and hence 2 jug/well was
optimised as the amount of DNA needed for the transfection experiments.
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Fig. 5.10. Transfection efficiencies o f dendriplex containing various amounts o f
plasmid DNA and two different dendrons at 10:1 (+/-) charge ratio in BHK-21 cell
lines after incubation fo r 4h. Data represent the mean± SD o f three determinations.
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5.3.23 Effect of incubation time on transfection
In charged based transfectants the incubation time plays a role in the efficiency of
transfection as prolonging incubation obviously lead to cytotoxicity and change in
the morphology o f the cells (Fischer et a l, 2003). Transfection efficiency o f
dendriplex using 10:1 (+/-) charge ratio o f (C,g)3(L)7(NH 2)8 and 2 pg o f plasmid
DNA was studied using BHK-21 cell lines up to 12h incubation times was studied.
Fig. 5.11 shows the effect of incubation time on transfection.

O)

Incubation time in h

Fig, 5,11. Effect o f incubation time on transfection. Transfection efficiencies o f a
dendriplex containing 2 pg o f plasmid DNA and (Cig)3(E) ?(NH2)3 a/ 10:1 (+/-)
charge ratio in BHK-21 cell lines after different incubation times. Cells were
harvested 40h after transfection as detailed in the text. Data represent the mean± SD
o f three determinations
Although there was a slight increase (7.2 to 7.4) in the transfection after 12 h
incubation the transfection efficiency after 4 and 8h incubation does not show much
difference. But considering the toxicity o f the dendrons over a prolonged incubation
time the incubation time was optimised as 4h for the further experiments.
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S.3.2.4. Effect of amino groups of dendrons on transfection
The transfection efficiency of dendrimers varies with dendrimer type and structure.
Kihara et al. (2002) showed that the transfection o f PAMAM dendrimer increases
with increasing generation up to G3 (containing 32 amino groups) but decreases at
G4 (64 amino groups). However it was showed that the 6^ generation (192 amino
groups) was the optimum generation that had the maximum efficiency. The
transfection efficiency of three type o f non-lipidic dendrons with 8,16 and 32 amino
groups were showed in Fig. 5.12 indicates that the efficiency increases with
increasing generation. The transfection efficiency o f the lowest generation (8 amino
groups) was about 10 times higher than that o f DNA alone and the efficiency
increases gently up to 6-8 times with its next generation (16 amino groups) and
about 20 times to with another generation (32 amino groups). However the
transfection was less than 10^, comparable to PAMAM o f G3 and KG4 o f dendritic
polylysine (Kihara et al., 2002; Ohsaki et al., 2002).
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Fig. 5.12. Effect o f amino groups o f dendrons on transfection. Transfection
efficiencies o f dendriplex containing 2 pg o f plasm id DNA and various dendrons at
10:1 (^/-) charge ratio in BHK-21 cell lines after 4h incubation. Cells were
harvested 4Oh after transfection as detailed in the methods. Data represent the
mean ± SD o f three determinations. Statistical analysis was performed by ANOVA
and the significance level p< 0 .0 1 .
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Ohsaki et a i (2002) using dendritic polylysine showed lower generations up toG3
(up to 16 amino groups) had poor transfection efficiency but the efficiency increases
gradually depends on the cell types with G4 and maximum efficiency obtained with
G6. From these studies it is clear that the difference in the transfection efficiency is
not only due to the number of amino groups in the dendrimer thereby the binding
though increases the toxicity but also the other factors like DNA releasing ability
from the condensed complexes.

5.3.2.S Effect of lipophilicity of 8 amino dendrons on transfection
The lipidic dendrons with 8 amino groups showed better transfection at higher
charge ratios than the non-lipidic dendron, and the transfection efficiency increased
with increasing lipophilicity (Fig. 5.13).
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Fig. 5.13. Effect o f lipophilicity o f 8 amino dendrons on transfection. Transfection
efficiencies o f dendriplex containing 2 pg o f plasm id DNA and various dendrons at
10:1 (+/-) charge ratio in BHK-21 cell lines after incubation o f 4h. Cells were
harvested 40h after transfection as detailed in the methods. Data represent the
mean ± SD o f three determinations. Statistical analysis was perform ed by ANOVA
and the significance level p <0.05.
(Ci 8)3(L) 7(NH 2)8 showed significant transfection efficiency about 1000 folds higher
than its non-lipidic analogue and 10-25 fold higher than its lipidic counterparts. The
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increase in efficiency could be due to membrane fusion, which is concerned with the
activity o f lipid mediated transfection (Zabner et a i, 1995). The overall positive
charge and lipophilicity of the complex offered by the dendrons could be the reason
for this difference observed here.

5.3.2 6. Effect of structural variation of dendrons on transfection
It is clear that the lipophilicity o f the dendrons plays a role in the transfection
efficiency (Fig. 5.13), but by increasing the terminal amino groups in the dendrons
the lipophilicity o f the molecule decreases and the hydrophilicity increases because
of the greater number of amino groups. Hence it can be expected that the
condensation may be more and thereby the transfection. To confirm this, a range of
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•
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Number of amino groups

Fig, 5.14. Transfection efficiencies o f dendriplex containing various dendrons and
plasmid DNA at 10:1 (+/-) charge ratio in BHK-21 cell lines after 4h incubation.
Cells were harvested 4Oh after transfection as detailed in the methods. Data
represent the mean± SD o f three determinations. Lipofectamine® plus and
Lipofectin® were used as controls and used follow ing the manufacturer's
instructions.
dendrons with 8,16 and 32 amino groups and three 10, 14 and 18 carbon chain
compounds were selected and the transfection efficiency was compared (Fig. 5.14).
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It appears that the lipid chain present in the dendrons enhanced the transfection and
most of the C u and Cig based dendrons transfecting efficacy was equal or even
higher than that of Lipofectin. However the efficiency was lower than the
Lipofectamine plus. Again the more lipophilic dendron showed the highest
transfection efficiency compared to all other dendrons in the series.

5.3.2.7. Transfection using Caco-2 cells
As mentioned in section 5.2.3.5 the plasmid enables expression o f a red fluorescent
protein, which can be detected under a fluorescence microscope with a rhodamine
filter. The microscope detects the cells that have expressed the red fluorescent
protein as red dots representing a cell, whereas the cells that have not expressed will
not be seen.

Fig,5.15, Transfection o f Caco-2 cells using pD sR edl-N l, a plasm id containing a
gene that encodes a red fluorescence protein together with Lipofectin (left) and
dendron (Ci8) 3(L) 7(NH 2)3 (right).
The transfection was carried out using the dendron: (Cig)3(L) 7(NH 2)8 which showed
better transfection with BHK cells and compared with Lipofectin®. From the
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photomicrographs in Fig. 5.15 it can be seen that expression achieved using the
dendriplexes (right) was greater compared to the commercially available transfecting
agent Lipofectin®(lefl).

5.3.3. Effect of lipophilicity on the stability of dendriplexes and release of DNA
It is not only the condensation of DNA that plays a role in transfection but also the
release from the complex. The release should be in such a way that DNA should not
be released in the extracellular environment but the complex should be stable and the
DNA released in the cell. The complex stability in the extracellular environment and
the release o f DNA from the complex can be estimated by challenging the complex
with anions like dextrans, polyaspartic acid, chondroitin sulphate and heparin
sulphate (Ruponen et al, 1999). By using dextran sulphate displacement assays,
Lucas et al. (1999) hypothesised that there exists a relationship between the release
o f DNA from the polyplexes and transfection activity. But this hypothesis does not
explain the observation with all the polylysine-DNA complexes. The release o f DNA
from polyplexes has been studied. We have used heparin to study the release o f
DNA from dendriplexes and measured the percentage fluorescence recovered
following the addition o f heparin to dendriplexes. The release o f DNA from the
complexes formed using different dendrons in presence o f heparin is shown in Fig.
5.16.

In case o f the non-lipidic dendron (L)7(NH 2)g and low molecular weight
poly(lysines) the release of DNA was more than 95% after 30 min incubation at
37°C and 100% after 4 h when they were treated with heparin. The release was
around 50% with less hydrophobic dendrons such as (Cio)3(L)7(NH 2)g and increased
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to 80% after 4h, but it was only 56-58% for (Cm)3(L)7(NH 2)8 and (C]g)3(L)7(NH 2)8
dendrons increasing up to 60-70% after 4h.
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Fig. 5.16. Effect o f lipophilicity on the stability o f dendriplexes. The graph shows the
percentage fluorescence '‘recovered” from dendriplexes because o f destabilization
o f the complexes by the addition o f heparin.
This study indicates that the lipidic dendrons gave protection to DNA. Protection
was higher when the lipophilicity o f the dendron increases. At the same time it
seems that the lipid chains are not too rigid to block the release o f the DNA from the
complex. The effect o f stability of dendriplex in presence o f heparin and the
transfection efficiency is shown in Fig. 5.17.

As seen in the figure the percentage fluorescence increases with the destabilisation of
the complex. The stability is more for dendriplexes formed from higher lipophilic
dendrons, which may be the reason for the higher transfection efficiency.
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Fig. 5.17. The relationship between the stability o f dendriplex and the transfection
efficiency. The graph shows the percentage destabilisation o f dendriplex by the
addition o f heparin represented as percentage fluorescence (Bar graph) and the
transfection efficiency (line graph).

5.3.4. Dendrons as Vaccine adjuvant: Preliminary studies
Preliminary results using two C;g based dendrons as adjuvants for protein vaccines
confirm that these dendrons can act as an adjuvants in systemic immune response
(IgG, IgGl and IgG2a). The systemic immune response produced by intramuscularly
administered tetanus toxoid (TT)/dendron complex to Balb/c mice was equivalent to
that of the group o f mice received TT with known adjuvant alum (Fig. 5.18).

The quality o f the immune response induced by TT vaccines formulated in
aluminum adjuvants was also investigated. At this point, the titers o f only specific
immunoglobulin G subtypes IgGl and IgG2a were measured in small groups o f mice
(n=3). This study showed that there is a potential for dendrons as vaccines adjuvants.
However this preliminary study did not show clearly what type o f immune response
(such as Thl and Th2) was generated by the dendrons and needs further detailed
study.
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Fig. 5.18. Immune response produced by the mice after intramuscularly
administered dendron/TT and alum/ TT complex. BALB/c mice were injected with 50
pi o f PBS containing 5 LF units o f TT and 50 pg o f dendron. Serum samples were
collected 5 weeks after o f a single vaccination and analyzed by ELISA fo r anti-TT
antibodies. Data represent the mean titer ± SD o f three determinations. Ststistiscal
analysis was perform ed by ANOVA and the significance level p <0.01.

5.5. Conclusions
The toxicity o f the dendrimer increases with increasing generation. Our study was
limited to use the dendrons or partial dendrimers instead o f dendrimers to minimise
and overcome any problem o f toxicity. Poly(lysine) (MW 30,000) and dendritic
polylysine (KG6) with 128 amino groups decrease the cell viability at lower
concentrations but both showed a reduced toxicity when complexed with DNA.
Owing to their lower molecular weight and fewer amino groups (a maximum o f 32
per molecule) the dendrons are less toxic compared to higher molecular weight
polylysine and dendritic polylysines. Again the toxicity o f the dendriplexes was
lower than the dendrons alone.

At higher concentration the cell viability was decreased but some o f them were less
toxic. The relationship between the toxicity and the number o f free amino groups o f
non-lipidic dendrons noticed, toxicity increases with increasing number o f free
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amino terminals. The relationship between the surface property o f the dendrons and
the toxicity could be established, the higher surface active property higher the
toxicity. By relating the toxicity to limiting surface tension o f the dendrons it was be
confirmed that the optimum chain length that did not cause higher toxicity would be
C l8. However apart from the carbon chain length the overall toxic effect o f dendrons
depends on other factors such as geometry and the amino groups in the terminals.

The transfection efficiency o f dendrimer systems varied with the number o f terminal
amino groups and thereby the generation. Ohsaki et a l (2002) showed that the 6*
generation (KG6) dendritic polylysine containing 128 amino groups was the
optimum generation that had the maximum efficiency and speculated that same was
true for 6^ generation o f PAMAM containing 192 amino groups. Our studies also
showed that the dendritic lysines of lower generations or dendrons without lipid
chain showed poor transfection ability, comparable to published results (Kihara et
al., 2002 and Ohsaki et a l, 2002). But lipidic dendrons showed the higher
transfection efficiency obtained compared to their non-lipidic counterparts. In case
of 8 amino dendrons the lipophilicity o f the dendrons and the transfection efficiency
was compared and the relationship between them established. The transfection
increases with the lipophilicity.

The lipidic chains in the surface o f dendriplexes might improve the endocytotic
uptake o f particles because o f their lower cytotoxicity and lipophilicity. Zabner et a l
(1995) also showed that the membrane fusion is concerned with the activity o f lipid
mediated transfection. The higher stability o f the complexes in presence o f heparin

157

might be another reason for the higher efficiency as the higher the stability shows
higher transfection.

Although

the

dendriplexes

reported

here

imply

that these

have

suitable

physicochemical properties and some of them have low toxicity and higher
transfection efficiency they might be useful as gene delivery carriers. However the in
vivo studies need to be performed to prove their uses in this field.
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Chapter Six

CONCLUSIONS AND FUTURE PERSPECTIVES
The main aim o f the work described in this thesis was to synthesise a series o f
dendrons with amino terminals and lipidic core to use as non-viral vectors for gene
delivery. It was envisaged the lipidic portion o f the dendrons would assist the carrier
to cross cell membranes. Further the hydrocarbon chains in the lipidic amino acids
were expected to improve the metabolic stability o f the molecules from enzymatic
attack and make them less susceptible to proteolytic degradation. The other aspect o f
this work was to study the self- assembling properties o f these molecules, as they
possess amphiphilic properties.

Despite intensive research aimed at developing non-viral vectors and the
construction o f properties comparable to that o f viral vectors - so called “synthetic
viruses” - is still difficult to envision. However, efforts have lead to the identification
o f major obstacles that need to be overcome in order to achieve efficient non-viral
transfection. By developing different types o f vectors, it is anticipated that the
diversity o f the problems in gene therapy can be solved or at least understood. From
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the literature it was obvious that dendritic polylysine could be one o f the base
molecules for the development of non-viral gene carriers. Hence dendritic
architectures o f defined and controllable composition, in terms o f cationic surface
using lysine as a branching unit and a lipophilic core using lipidic amino acids, were
developed.

Surface tension, NMR and FFF studies showed the flexibility and the aggregate
formation o f some of these compounds. FFF studies showed that in the series o f
lipidic dendrons, of dendrons with fewer hydrophobic units, the hydrophilic part
dominates and thus does not allow the molecules to self assemble. The number of
molecules in the aggregates o f these analogues that do associate is greatly influenced
by both the head group size and the number o f lipid chains in the core o f the
dendrons. The aggregation number increases with the increasing number o f carbons
in the lipid chains.

T1 measurements using NMR spectra indicate that the flexibility o f CH 3 groups in
the lipid chain is greater for the single chain dendrons (Ci 4)i(L) 7(NH 2)g than for three
chain dendrons (Ci 4) 3(L)7(NH 2) 8. This is another indication that the hydrophobic part
in single chain dendrons is in itself not sufficient for self-assembly. However
increasing the number of lipid chains (Cm)3(L)7(NH 2)8 leads to the self-assembly o f
these molecules to form aggregates of considerable size in the range o f 20-30 nm.
The diversity of monomer and aggregate structures in the series implies that there
will be more opportunities for the fabrication o f these delivery systems with
predetermined dimensions and properties.
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The interaction between dendrons and DNA leads to the formation o f complexes,
which we termed “dendriplexes”. The physicochemical

characterisation of

dendriplexes was studied by agarose gel electrophoresis and ethidium bromide
displacement

studies,

photon

correlation

spectroscopy

and

zeta

potential

measurements. The agarose gel electrophoresis and ethidium bromide displacement
studies showed that the binding ability of non-lipidic dendrons was lower than that
of lipidic dendrons. The binding affinity ranking based on C 50 (concentration at
which 50% o f the dye complexed with DNA is displaced by the addition of
dendrons) was found to be (Ci 8)3(L)7(NH 2) 8> (Ci 4)3 (L)7(NH 2)8 > (Cio)3(L)7(NH2)8 >
(L)7(NH 2) 8. The CE 50 (charge excess ratio) were also quantified using this assay and
the values were 3.9, 4.5, 5.6 and 6.5 respectively. It is important to note that the C 50
value for the linear polylysine o f molecular weight IkDa was found to be 9.5. This
showed that, though the theoretical population o f protonated amino groups remains
the same, the actual number of protonated groups available/involved for the
complexation may differ. The electrostatic inter - or intra-molecular repulsion o f the
cationic groups may reduce the actual number o f protonated groups available for the
interaction. In the case o f non-lipidic dendrons this is pronounced while in lipidic
dendrons, this repulsion may be minimized because o f the lipid chains. This is an
indication that the strength of cooperative binding between DNA and dendrons is not
only due to electrostatic interactions but also due to the steric effect o f bulky
substituents (Schindler and Nordmeier, 1997), in our case the lipidic moiety.

The PCS studies showed that most of the dendrons formed dendriplexes o f less than
100 nm in diameter but the aggregation o f dendriplexes was also noticed in the
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presence o f higher salt and serum; the size o f the complexes increases almost 2-3
fold with some o f the dendrons for example (Cio)3(L)7(NH 2) g.

Zeta potential

studies

showed that dendriplexes with non-lipidic dendrons

[(L)7(NH 2)g] and the dendrons with the Cio lipid chains [(Cio)3(L)7(NH 2)g] have
lower values, around 15 mV, whereas in dendriplexes prepared using more
hydrophobic dendrons, [(Ci4)3(L)7(NH 2 )g] and [(Cig)3(L)7 (NH 2)g], the zeta potential
increased with the addition of dendrons and reached 35 -4 0 mV at a 5:1 charge ratio.
The difference in the values could be due to the excess dendrons above the charge
neutralisation ratio, which was not involved in the condensation o f DNA, and may
interact hydrophobically with the dendriplexes formed initially. This is further
evidence that the interaction is not only electrostatic but also hydrophobic. The
hydrophobic interaction to complement the electrostatic interaction o f lipidic chains
o f the dendrons with the backbone of DNA was also supported by molecular
modelling.

DNase protection assays confirmed that the higher the lipidic chains in the dendrons
the greater protection o f DNA against nuclease degradation. Our stability studies o f
dendriplexes also confirmed that more DNA is released upon addition o f heparin to
dendriplexes with fewer hydrophobic chains. This may lead to the poor intake of
complexes due to premature release o f DNA in the extracellular environment which
contains glycosaminoglycons.

The biological properties o f dendriplexes, in particular the transfection and toxicity
o f dendrons alone and as dendriplexes, were studied. It is well known that toxicity o f
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dendrimers increases with increasing generation due to an increase in the number o f
amino groups. Our study was limited to the use o f dendrons or partial dendrimers
instead o f dendrimers. Poly(lysine) (MW 30,000) reduced cell viability by 50% at 15
(ig/ml and dendritic polylysine (KG6) with 128 amino groups reduced cell viability
to 20% at 1.5 pg/ml. In this study owing to their lower molecular weight and fewer
amino groups (a maximum o f 32 per molecule) none o f the dendrons synthesised
showed toxicity at this range. Again the toxicity o f the dendriplexes was lower than
the dendrons alone. Cell viability was decreased at higher concentrations o f dendrons
but some of them [(L)?(NH2) 8, (L)i$(NH2)i 6, (L)3i(NH2)32 and (Cig)3(L)7(NH 2)g]
showed minimal toxicity even at higher concentration. The results also showed that
there is a relationship between the toxicity and the number o f amino groups o f nonlipidic dendrons, toxicity increasing with the increasing number o f free amino
terminals. A relationship between the lipophilicity o f the dendrons and their toxicity
was established. It was observed that the toxicity o f lipidic dendrons with three
chains was maximal at C 14 but decreased at Cig dendrons.

The transfection efficiency o f dendrimer systems varied with the number o f terminal
amino groups and thereby the dendrimer generation. Studies showed that the
dendritic lysines o f lower generations or dendrons without lipid chains showed poor
transfection ability. But lipidic dendrons showed highest transfection efficiency
compared to their non-lipidic counterparts. A clear trend was observed between
lipophilicity and the transfection efficiency o f

8

amino dendrons, transfection

efficiency increases with lipophilicity. Simply neutralising the charge on a
macromolecule

is not sufficient for membrane permeation,

since, neutral,

hydrophilic polymers such as dextran or polyethylene oxide are not membrane
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permeant. Hence it was confirmed that the lipophilicity o f the carriers might assist
the particles to enter into the cells by membrane fusion and thereby produce the
higher transfection. Although polycations had been thought to be transfected by
endocytosis or by the proton sponge effect, recently Manunta et al. (2004) showed
that the cellular uptake of dendrimer-DNA complexes occurr via a cholesterol
dependent pathway. Investigation on the actual mechanism by which these lipidic
dendritic molecules enter into the cell is currently underway in our laboratories.

Another clear trend was noticed with the stability o f the dendriplexes and the
hydrophobicity o f the dendrons. In presence o f heparin greater stability o f the
dendriplexes with higher hydrophobic dendrons was observed compared to
dendriplexes with fewer hydrophobic dendrons. This might be another reason for the
higher transfection efficiency.

It is obvious that there is some potential for dendritic polylysines and lipidic
dendrons to be non-viral carriers in gene delivery but the design o f agents need to be
further documented. This study of the physicochemical and biological properties of
these dendriplexes will enable the design and synthesis o f dendritic molecules with
precise qualities. These studies will provide a platform for improving pharmaceutical
knowledge about these carriers and may lead chemists and materials scientists to
produce an efficient and stable carrier commercially. The use o f these molecules in
vaccine delivery was also attempted and further investigations are ongoing. It is
expected that several types o f carriers for gene delivery will be applied in humans
ultimately and Dendritic systems could be among them.
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APPENDIX I
List o f Chemicals used fo r the synthesis o f dendrons and their sources
Chem icals
2-( 1H-Benzotriazole-1-yl-1,1,3,3 tetramethyluronium
hexaflurophosphate (HBTU)
2-methyi-2-propanoI
Boc-Lys(Boc)-OH

Source
Severn Biotech Ltd,
Worcester, UK
Aldrich Chemical Co., Dorset,

1-Bromododecane

Calbiochem-Novabiochem
AG, Laufelfingen, Switzerland
Lancaster, England

1-Bromodecane

Lancaster, England

1-Bromooctane

Lancaster, England

Chloroform

BDH Laboratories, Poole, UK

Citric acid

Lancaster, Morecambe, UK

Dichloromethane (DCM)

BDH Laboratories, Poole, UK

Ethanol

BDH Laboratories, Poole, UK

Ethyl acetate

BDH Laboratories, Poole, UK

Glacial acetic acid

BDH Laboratories, Poole, UK

HCl

BDH Laboratories, Poole, UK

Hydrogen fluoride (HE)

Air Products Pic, Cheshire,

Magnesium sulphate dried

BDH Laboratories, Poole, UK

N,N-diisopropylethylamine (DIEA)

Avocado Research Chem. Ltd,
Lancashire, UK

N,N-dimethylformamide (DMF)

Rathbum Chemicals Ltd,
Walkerbum, UK
BDH Laboratories, Poole, UK

NaOH
Ninhydrin
p-cresol
Phenol

Potassium cyanide
Trifluoroacetic acid (TFA)

Avocado Research Chem. Ltd,
Lancashire, UK
Avocado Research Chem. Ltd,
Lancashire, UK
Avocado Research Chem. Ltd,
Lancashire, UK
Aldrich Chemical Co., Dorset,
UK
KMZ Chemicals, Surrey, UK
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APPENDIX II
Mass spectra o f representative dendrons

Compound 2a

(L)7(NH2)8
[C42H87O7N8 (9 1 4 )]

Mfiss (m/jt)

Compound 2b (L)i5 (NH2 )ie
[C90H183O15N31 ( 1940 )]

f
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Compound 2c (L)3 i(NH2)32
[C186H375O31N63 ( 3991 )]

m

Compound 3a (Cio)i(L)7 (NH2 )s
[C52H106O31N16 ( 1084 )]
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Compound 3 d (Cio)2(L)7(NH2)8
[C62Hi 2509Ni 7 (1253)]

Compound 3g (Cio)3 (L)7 (NH2)8
[C72H144O10N18 ( 1422 )]

168

Compound 4 a (Ci4)i(L)7(NH2)8
[C56H i 14O8N i 6 ( 1 1 4 0 ) ]

1591.16

100

Compound 4g (Ci4 )3 (L)7 (NH2)8
[C84Hi680ioNi8 (15 9 0 )]

I
£

1613.05
>60.78

1109.2
37.73

599.0

1579.4

2559.8

3540.2

4520.6

5501.0

Mass (m/z)
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Compound 4 h (Ci4)3(L)is(NH2)i6
[ C i 32H i 6 4 0 i 8 N 3 4 (2 6 1 5 ) ]

Il u j L i
4iuiLallJ4

Compound 4i (Ci4 )3 (L)3 i(NH2)32
[C228H456O34N66 (4666)]
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Compound 5 a (Ci8)i(L)7(NH2)s
[C60H i 22O8N i 6 ( 1 1 9 6 ) ]

066 14

j

812 28

ALu J u- L

.»>I . Il

Compound 5g (Ci8 )3 (L)7 (NH2>8
[C 9 6 H1 9 2 O 1 0 N18 (1758)]

1606,47

190?

1 j .
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2505.43

100i

,4.2E+4

Compound 5e (Ci8)2(L)i5(NH2)i6
[C i 26H253O i 7 N 3 3 (2 5 0 3 )]

60

I
40 !

474.32
1478 39

278672

1991.28

2527 13
2567 e 7

1760.2

1

1579.4

2559.8

3540.2

4520.6

Mass (m/z)

Compound 5i (Ci8)3(L)3i(NH2)32
[C240 H4 8 0 O 3 4 N66 (4835)]

2093.02

.36.S8 0S

I

ki
99S.4

2999.8

4000.2
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9000.6
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