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ABSTRACT
Extensive investigations have been made to try and understand the physical
properties and structures of condensed DNA phases in vitro during the past
decades (Bloomfield, 1991, Marquet and Houssier, 1991, Bloomfield, 1996).
The packing pathways of DNA molecules are three dimensional processes, and
are not yet fully understood (Yoshikawa et al., 1997). Distinguishing different
single DNA molecules at different locales in time in the presence of
condensating or dissociating agents is crucial for understanding the
mechanisms of packing and unpacking of DNA molecules. The aim of this
study is to provide an increased understanding of the some of the pathways of
packing and unpacking of DNA. This aim was achieved by monitoring in time
and at molecular scale the interaction between the DNA and polyamidoamine
dendrimers, as condensating poly cations, and by observing the dissociation of
some of these condensates in time when they were exposed to DNase I
enzyme, as a dissociating in vivo agent. The main techniques used were atomic
force microscopy (AFM) and gel electrophoresis. We believe that the results
could be beneficial to the understanding of the in vivo condensation and
dissociation process of certain DNA morphologies.
Chapter 1 will focus on providing an overview of the single molecule
techniques used, atomic force microscopy as a means of detecting individual
biomolecules in near physiological conditions with time and its application in
monitoring non-viral gene delivery systems on surfaces. Methods used for gene
delivery, and the PAMAM dendrimers as one of the recently applied polymer
in non-viral gene delivery are also reviewed.

V

The materials and methods used in this thesis were considered in chapter 2.

Chapter 3 will concentrate on the factors effecting the interactions of
generation 4, 6 and 8 PAMAM dendrimers on surfaces. An understanding of
these interfacial interactions is important to understand their effects on the
individual DNA molecules. This aim was achieved by using AFM as an
imaging and force measuring tool to visualize and characterize the adsorption
of these dendrimers on mica, gold and on alkanethiol self assembled
monolayers (SAMs).
Developing a deep understanding of the adsorption of DNA onto oppositely
charged substrates would be of fundamental importance in understand the
packing and unpacking pathways of these molecules. This philosophy is
demonstrated in Chapter 4 in which the ability of the monovalent cations to
facilitate imaging of DNA, and the effect of these monovalent cations in the
partial condensation of DNA is explored. In addition, Chapter 4 introduces
DNA imaging in the presence of divalent cations in liquid and in air.

The folding pathways of dendrimer-induced DNA condensation with time on
the surface of mica in aqueous environment were the targets of Chapter 5. In
addition, the surface-influenced DNA condensation in the presence and
absence of sufficient soluble cations and the ionic strength dependence were
also studied. Structural volume and hence information regarding the number of
plasmid molecules in each condensate was explored. Furthermore, the effect of
loading ratio and generation type on the complex retardation in gel
electrophoresis was investigated.

VI

Chapter 6 investigates the different mechanisms of the DNA-PAMAM
dendrimer condensate relaxation and fragmentation by DNase I with time and
explores the mechanisms of wrapping and unwrapping of the DNA on the
larger generations of dendrimers.

The final chapter, Chapter 7, discuses the progress made towards the aims of
this thesis. Interestingly, this investigation is one of the first to apply atomic
force microscopy operating in liquid to visualize at the molecular scale and in
real time DNA molecules in the absence of multivalent cations, to explore the
formation of DNA complexes with ethylene di amine PAMAM dendrimers that
have real potential as gene delivery vectors and to investigate the different
condensation and dissociation pathways of individual DNA molecules.

Overall it is hoped that the work described in this thesis provides a step
forward in the methods applied for AFM based nano-force biomolecular
imaging with time and provides a valuable information that aid in developing a
successful non-viral gene delivery system.
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Chapter one: Introduction

CHAPTER ONE
INTRODUCTION
1.1

BACKGROUND

While classical molecular structural techniques normally rely on molecular
ensemble

experiments,

which

average

over

all

possible

molecular

conformations and mutations, the recent advent of single molecule techniques
allow the manipulation and observation of individual molecules. Experiments
with single molecules have been reported with scanning tunnelling microscopy
(STM) (Guckenberger et al., 1994), fluorescence microscopy (Yanagida et al.,
1983), fluorescence correlation spectroscopy (Wennmalm et al., 1997), optical
tweezers (Wang et al., 1997), bead techniques in magnetic fields (Smith et al.,
1992), optical micro fibres (Cluzel et al., 1996) and atomic force microscopy
(AFM) (Hansma et al., 1992b). All these methods provide directly or indirectly
information on molecular structure and function. They differ, however, in the
molecular properties they probe, their spatial and temporal resolution, their
molecular sensitivity, and working environment. The development of the
atomic force microscope (AFM) (Binnig et al., 1986, Binnig et al., 1987)
quickly after the STM was invented by Binnig and Rohrer in the early 1980s
(Binnig and Rohrer, 1982) provided new opportunities to image insulators
such as biomolecules. The STM, for which Binnig and Rohrer were awarded
the Nobel Prize in Physics in 1986, whilst yielding atomic resolution had
limited biological application up until this point due to its need for a
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conducting substrate. STM, AFM and other probe microscope techniques have
been actively used to search for many different signatures of the presence of
atoms and molecules (Hansma et al., 1988, Drake et al., 1989, Bustamante et
al., 1992, Lyubchenko et al., 1992, Vallea et al., 2002, Edwardson and
Henderson, 2004). A significant breakthrough came in the late 1980s with the
scanning of biomolecules submerged in aqueous solutions which allowed
reproducible imaging of DNA and crystals of membrane proteins (Hoh et al.,
1991). A variety of biological application for AFM have since been developed
(Edwardson and Henderson, 2004); these include the nanometer resolution
imaging of gap junctions (Hoh et al., 1991), bacterial toxins (Yang et al.,
1994), bacterial outer membrane proteins and channels (Lal et al., 1993),
measuring intermolecular interaction forces (Frisbie et al., 1994, Lee et al.,
1994, Moy et al., 1994), mapping surface charges on the nanometer scale (Xu
and Arnsdorf, 1995, Xu and Arnsdorf, 1997, Ellis et al., 1999a) and monitoring
biochemical processes (Henderson et al., 1992) such as DNA packing and
unpacking which is important for many natural biological processes including
viral replication and cell division (Kukowska-Latallo et al., 1996, Bielinska et
al., 1997, Hill et al., 2001).

This latter application of AFM in DNA packing is the main subject of this
thesis. DNA is extremely compacted (condensed) in bacteria, in cell nuclei,
sperm heads and virus capsids (Livolant et al., 1989). This condensation is
induced spontaneously by naturally occurring cationic molecules for example,
spermine, spermidine and basic proteins termed histones when electrostatic
repulsion of the DNA phosphate backbone is adequately neutralized (Tabor
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and Tabor, 1984). The prime example is fitting of DNA into a bacteriophage’s
capsid, since bacteriophages are simple systems that do not possess condensing
proteins (histones) present in eukaryotic cells (Eickbush and Mondrianakis,
1978, Marx and Ruben, 1983, Stevens, 2001). The packed DNA, hence,
typically occupies only 1 x 10-4 to 1 x 10-6 of the volume of an uncondensed,
wormlike coil of DNA in solution (Wilson and Bloomfield, 1979, Widom and
Baldwin, 1980, He et al., 2000). Such packing densities aid in protecting the
DNA from the nuclease enzymes that would otherwise digest the nucleic acid
material by decreasing the accessibility of the DNA to nucleases (Marx and
Reynolds, 1982). This decreased accessibility results in a considerable increase
in the stability of plasmid and oligonucleotide DNA in biological fluids
(Mahato and Kim, 2002). In addition, the ability of the endogenous polycations
to induce DNA condensation has been demonstrated in vitro (Chattoraj et al.,
1978, Allison, 1981, Plum et al., 1990). In this circumstance, monomolecular
condensation occurs with the production of rod-like, and toroidal structures
(Calladine, 1980). Theoretical evidence for a relationship between toroidal and
rod-like condensates has been reported by Noguchi et al., (Noguchi et al.,
1996). This investigation applied Monte Carlo simulations and demonstrated
the existence of toroidal, rod-like, and stable fused intermediate structures.
Recently, Dunlap et al. (Dunlap et al., 1997) used AFM to examine DNA in
incomplete condensates induced by polyethylenimine and found clearly, for the
first time, individual DNA strands in the condensed state. In this experiment,
DNA molecules were observed as being clearly arranged in parallel.
Condensation of DNA into condensed structures, and dissociation of DNA
condensates in vitro can provide useful insights into the physical factors
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governing the folding, packaging, and unpacking of DNA in vivo. However,
despite much progress in studying the mechanisms of DNA condensation and
enzymatic degradation using a variety of microscopic, light scattering,
fluorescence, gel electrophoresis and calorimetric techniques, the precise
details of the DNA packing assembly and dissociation mechanisms are yet to
be fully understood. Studying these phenomena is important to learn about the
physical-chemical mechanisms that are involved in packing and unpacking
DNA in vivo, and in view of applications of various types of DNA condensates
as non-viral gene carriers for gene therapy (Vijayanathan et al., 2002). The
development of AFM has provided a powerful individual molecular surface
analytical technique, which is beginning to make a significant contribution to
the characterization of novel gene delivery systems. AFM also enables the
dynamics of interfacial processes that occur when such systems are exposed to
aqueous physiological conditions to be studied.

Before the application of AFM is considered, the number of well-known
physiological obstacles to the development of efficient non viral gene delivery
systems should be considered (Culver and Blaese, 1994, Tang et al., 1996,
Lehn et al., 1998, Garnett, 1999, Templeton and Lasic, 2000), so as to guide
experimental design. These barriers and our inability to overcome them
currently cause a comparatively low efficiency and the inability to target gene
expression to specific areas. These barriers (Zabner et al., 1995) may be
divided into extracellular barriers, where the DNA must pass through, for
example, mucosal, epidermal and intestinal barriers, before it reaches the
systemic circulation (Brown et al., 2001), once in the blood stream the DNA
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complexes are targets for elimination by the reticuloendothelial system,
interactions with serum proteins, and uptake by non-target tissues, all of which
can adversely affect the distribution to the target site, and intracellular barriers,
such as the crossing of the cellular and endosomal membranes, cytoplasmic
traffic and crossing the nuclear membrane (Farhood et al., 1995). During
administration, the genetic material will be exposed to the nuclease activities
previously identified in serum. In addition, once inside the target cells, the
complexes are exposed to nuclease activities in the endosomal and lysosomal
compartments (Hill et al., 2001) and references therein. However, the need to
protect the DNA on its journey from initial administration site into the target
cell nucleus must also be balanced with the requirement for the DNA to be
released from its delivery system when it reaches its site of action. Over the
last decade, research in somatic gene therapy has focused on selected
approaches to deliver therapeutic genes to cells both ex vivo and in vivo. The
first approved gene therapy clinical trial, to treat severe combined immune
deficiency, was conducted in the USA in September 1990 (Thompson, 1993).
However, after nearly 14 years, the field has yet to provide a routinely used
treatment or cure for a single disease. In addition, countless experimental gene
delivery trials have failed to bring therapies to the market due to inability of the
gene to be delivered to the target area. Thus, suitable activity is insufficient if
the formulation lacks tissue specificity, blood solubility, metabolic stability, or
bioavailability. In principle, many of these limitations can be overcome
through the use of an appropriate delivery system. Viral-based gene delivery is
currently the most effective way to transfer genes to cells; these include
retroviruses, adenoviruses, and those based on the herpes simplex virus
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(Robbins and Ghivizzani, 1998, Walther and Stein, 2000). In April 2002, the
first successful use of viral-based gene therapy to treat severe combined
immune deficiency by the replacement of genetic material in samples of 18month-old Rhys Evans’s bone marrow in the UK was successfully announced
(Meikle, 2002). However, concerns with issues relating to bulk production,
quality control, and the limited molecular weight of genetic material each viral
particle can carry have prompted the concurrent development of synthetic gene
delivery systems. The justification of these concerns has been vindicated by the
recent death of a reasonably healthy 18-year-old gene therapy trial patient
(Marshall, 1999, Marshall, 2000).

It seems desirable thus to achieve an

efficient non-viral gene delivery system. To this end a synthetic carrier appears
to be the initial and possibly the critical parameter (Bielinska et al., 1997, Fojta
et al., 1999, Brown et al., 2001, Hill et al., 2001). These are mentioned briefly
in the next section.

6

Chapter one: Introduction

1.2

METHODS OF NON VIRAL GENE THERAPY

A variety of non-viral DNA delivery modes have been proposed. These are
summarized in Table 1.1.
Methods of non viral gene therapy
References
Examples
Limitations
Conventional injection, high(Wolff et al.,
levels
of
pressure projection of DNA Low
1990,
Ledley,
are
Naked DNA coated gold particles, and expression
1995, Kuriyama
insertion of DNA coated achieved
et al., 2000)
catheters.
Reticuloendothelial
Intranasal administration to clearance. This results (Caplen et al.,
target the lungs of cystic in
difficulties
in 1995, Kitson and
Cationic
fibrosis patients
targeting tissues other Alton, 2000)
Liposomes
than the liver.
Method

Intratumoural administration to refractory cervical
(Hui et al., 1997)
and ovarian carcinoma patients

Cationic polymers like poly-llysine,
polyethylenimine,
According
to
poly(methacrylate,
and
polymer type
poly(amidoamine)
dendrimers.
Polymeric
Delivery
Systems

(Cherng et al.,
1996, Dash et al.,
1997, Ferrari et
al., 1997, Van
De Wetering et
the al.,
1997,
Godbey et al.,
1999a)
(Williams et al.,
1996, Duncan,
2003)

Cannot condense DNA
Neutral
polymers,
for
but do have the ability
example poly(vinyl alcohol),
to protect naked DNA
and
neutral
crowding
from
extracellular
polymers. for example PEG at
(Bloomfield,
nuclease degradation
1991, Mumper
high concentrations and in the
and to aid retention of
presence of adequate salt.
and
Rolland,
the delivered nucleic
These
polymers
could
1998)
acid material at the site
provoke DNA condensation
of
injection
after
through an excluded volume
intramuscular
mechanism.
administration.

Table 1.1 show non-viral delivery methods proposed in gene therapy and their
limitations.
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Among the cationic polymers employed, polyamidoamine (PAMAM)
dendrimers (Starburst ®) have recently emerged as a novel synthetic carrier for
DNA transfer (Peppas, 1995), and they will be the subjects of our study.

1.3

POLYAMIDOAMINE (PAMAM) DENDRIMERS

Poly(amidoamine), or PAMAM, dendrimers (Figure 1.1) are a class of
synthetic, highly branched, spherical molecules with defined chemical
functionality (Tomalia et al., 1985, Tomalia et al., 1986, Tomalia, 1993,
Bielinska et al., 1997, Delong et al., 1997, Bielinska et al., 1999, Chechik et
al., 1999, Cagin et al., 2000, Li et al., 2000, Tomalia and Fréchet, 2001,
Tomalia et al., 2002). The “dendrimer” name reflects the ordered, branching
tree-like structure of these polymers (Li et al., 2000). These water-soluble
macromolecules are uniform in size and constructed from various initiator
cores on which each complete iterative reaction sequence results in a new
dendrimer “generation”. The molecular weight of the dendrimer hence
increases exponentially, the number of primary amine surface groups exactly
double and the diameter increases by ~10 Å. These generations are covalently
attached, thus yielding a three-dimensional highly ordered polymeric
compounds (Ottaviani et al., 1998) of 10 Å to 130 Å in diameter for generation
0 through generation 10. General nomenclature for dendrimers with an
ethylendiamine (EDA) initiator core is Gx EDA, where x is the particular
generation (i.e. generation 4 EDA core is G4 EDA) and GxNH3 for ammonia
core molecules (Eichman et al., 2000). However, for simplicity, we will refer
to the EDA core PAMAM dendrimers in our study by their generation number
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only (i.e. G4 EDA is G4). While PAMAM dendrimers of lower generation
number (G0-G4) tend to exist in a relatively open planar, elliptical shape, they
adopt a spherical three-dimensional structure which very loosely resembles that
of a globular protein as the successive layers are added (Zeng and Zimmerman,
1997). Since the branch numbers of the dendrimers are exponentially
dependent on the generation number and grow much more rapidly than the
available volume, the structure spatially saturates at a given generation number,
beyond which it is impossible to grow the dendrimer to completion (Lin et al.,
2002). Dendrimers represent a unique type of polymer that may bridge the gap
between the synthetic and biological polymer fields. Although the size of most
dendrimers is large enough to mimic many protein molecules, they are
substantially smaller than other biological targets such as viruses (Li et al.,
1999). These fundamental properties have led to the commercial use of
PAMAM dendrimers as globular protein replacements for immuno-diagnostics
and in vitro gene expression applications (Esfand and Tomalia, 2001).
Although there are many similarities between dendrimers and globular
proteins, it is also important to note significant differences. Whereas globular
proteins have tertiary structure resulting from the intricate folding of sequenced
linear structure, they are extremely fragile and susceptible to denaturing
conditions, such as temperature, light and pH. By contrast, dendrimers are
known to be robust, covalently fixed, three-dimensional structures possessing
both solvent-filled interior hollowness (nanoscale container) properties, as well
as

homogenous

mathematically-defined

surface

functionality.

More

importantly, PAMAM dendrimers have been determined to be nonimmunogenic and exhibit low mammalian toxicity, especially when their
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surface contains anionic or neutral groups, such as carboxylic or hydroxylic
functionalities. The large number of surface functional groups of PAMAM
dendrimers has enabled these polymers to be employed for the multivalent
recognition of viruses and cell surfaces. Moreover, PAMAM dendrimers have
been used to improve the solubility of sparingly soluble drugs such as
Piroxicam (Wiwattanapatapee et al., 1999), and have increased the amount of
therapeutic radio-nuclides delivered to cancer cells (Wilbur et al., 1998). When
the end-groups are cationic, they may neutralize the charge of the phosphate
groups of various forms of nucleic acids including short, single-stranded
oligonucleotides, circular plasmid DNA, linear RNA and various sizes of
double-stranded DNA thereby potentially facilitating the delivery of genes and
anti-sense drugs to cells (Delong et al., 1997). The larger the nucleic acid
molecule, the lower the dendrimer concentration that is required to generate
high-density complexes. Dendrimers are highly efficient for in vitro
transfection and appear to be non-cytotoxic in the concentrations relevant for
gene transfer (Ranucci et al., 1991, Hill et al., 1999, Bielinska et al., 2000). In
a recent study by Malik et al., (Malik et al., 1999) PAMAM dendrimers (G2 ,
G3 , G4 , G8 and G10) were shown to cause haemolysis of rat red blood cells
at concentrations of 1.0 mg.ml-1 (Malik et al., 2000). They have been shown to
be as efficient or more efficient than either cationic liposomes or other cationic
polymers (e.g. polyethylenimine, polylysine) for in vitro gene transfer
(Eichman et al., 2000). A unique property of dendrimer- DNA complexes is
their ability to retain transfectional activity after drying and reconstitution in
vitro. Additionally, experiments in vivo have suggested that efficient gene
transfer

is

possible

with

PAMAM

dendrimers

without

inducing
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immunogenicity. Initial work with heat-degraded polymers (Tang et al., 1996,
Dennig and Duncan, 2002) and other research using intact PAMAM
dendrimers has produced promising results within the gene delivery fields
(Bielinska et al., 1996, Delong et al., 1997, Yoo et al., 1999, Eichman et al.,
2000, Rudolph et al., 2000).

1.4

SYNTHESIS OF PAMAM DENDRIMERS.

The synthetic procedures developed for dendrimer preparation (e.g., divergent
growth, convergent growth, and self-assembly) permit nearly complete control
over the critical molecular design parameters, such as size, shape,
surface/interior chemistry, flexibility, and topology (Cagin et al., 2000). Since
1979 two major strategies have evolved for dendrimer synthesis when Tomalia
et al (Tomalia et al., 1985) first reported the successful well-characterized
synthesis of dendritic polymers. The divergent approach pioneered by Donald
Tomalia and Newkome (Newkome et al., 1985) and the convergent technique
introduced by Jean Frechet (Hawker and Frechet, 1990b, Hawker and Frechet,
1990a). The first revealed was the divergent method in which growth of a
dendron originates from a core site (Figure 1.2). This approach is currently the
preferred commercial route used by worldwide producers. It starts with an
ethylenediamine (EDA) initiator core unit that is reacted with methyl acrylate
by the Michael addition reaction. This results in the formation of two new
branches per amine group with ester-terminated dendrimer, which is called
‘half-generation’ dendrimer. Subsequent amidation of the methyl ester with
ethylene diamine gives a ‘full generation’ amine-terminated dendrimer.
Repetition of Michael addition and amidation steps gives the next-higher
11
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‘generation’ dendrimer with consequent increase in the molecular weight,
number of terminal functional groups and size. A second method that was
pioneered by Fréchet and colleagues is the convergent growth process. Unlike
the divergent method, it proceeds from what will become the dendron
molecular surface inward to a reactive focal point at the root (Figure 1.3). This
leads to the formation of a single reactive dendron. To obtain a dendrimer
structure, several dendrons are reacted with a multi-functional core to yield
such a product. Another key difference is that the number of coupling reactions
needed to add each new generations usually 2 or 3, depending on branch
multiplicities is constant throughout the synthesis making defective products
easier to separate. On the other hand, the convergent strategy is often limited to
dendrimers of lower generation numbers i.e. generations 0 - 8. The problem is
that the core becomes so congested that the reaction yields drop precipitously,
whereas divergent syntheses can make dendrimers with as many as 10
generations.

Both

the

commercially

available

PAMAM

and

poly(propyleneimine) dendrimers are made by the divergent method (Zeng and
Zimmerman, 1997).
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Figure 1.1. Synthesis of tetra-functional poly(amidoamine) (PAMAM) dendrimers:
exhaustive Michael addition of amino groups with methyl acrylate, followed by
amidation of the resulting esters with ethylenediamine
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G0

G1

G2

G3

G4
= 64 Surface
Amino groups

Initiator core
Radial direction: from the core to the surface

Figure 1.2. The divergent method, in which the synthesis begins from a
polyfunctional core and continues radially outwards by successive stepwise
activation and condensation. (Esfand and Tomalia, 2001)

G0

G1

G2

G3

G4

Molecular surface
Focal point
X

Radial direction: from the surface to the focal point

Figure 1.3. The convergent method in which the synthesis begins at what will be the
periphery of the final macromolecule and proceeds inwards (Esfand and Tomalia,
2001).
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1.5

MECHANISM OF DENDRIMER-MEDIATED CELL
ENTRY

DNA is fundamentally a polymer of high molecular weight, typically in excess
of 106 Da. It possesses a strong anionic charge conferred by its phosphate
backbone. This combination of high molecular weight and surface charge
restrict its passage across biological membranes, which consist predominantly
of negatively charged lipid molecules. Thus, a key component of any delivery
system is the modification of these properties in order to make the crossing of
biological membranes more favourable. This can be achieved by the
neutralisation of the negative charge, which results in a reduction in the size of
the DNA, as well as increasing its lipophilicity. In vitro experiments have
shown that PAMAM dendrimers can chaperone DNA through cell membranes
and promote efficient gene transfection (Tang et al., 1996). Figure 1.4 shows a
proposed dendrimer–DNA complex pathway into cells with subsequent
processing. A high dendrimer–DNA charge ratio (>5) is required for
subsequent interaction with the anionic glycoproteins and phospholipids that
reside on the cell membrane surface. Studies following the incorporation of
radiolabeled DNA and/or dendrimer components into cells established that the
uptake in most cells was primarily via an active endocytosis (KukowskaLatallo et al., 1996, Dennig and Duncan, 2002). After being in the endosome, it
is essential that the complex is released into the cytosol before acidic or
enzymatic DNA degradation commences within the endosomal–lysosomal
cavity. It has been postulated that PAMAM dendrimers have a high buffer
capacity, owing to protonatable amine groups. This characteristic enables
dendrimers to act as a weak base and retard degradation caused by acidification
15
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within the endosome–lysosome. A reduction in pH might also lead to
polymeric swelling within the endosome, thus disrupting the membrane barrier
of the organelle and promoting DNA and/or complex release (Richardson et
al., 1999). This property is believed to be the reason for their ability to produce
transfection three-fold higher than that observed with poly-l-lysine (Haensler
and Szoka, 1993). Dendrimers with defective branching have been synthesised
and transfection efficacies superior to that of the intact polymer have been
demonstrated (Tang et al., 1996). After discharge from the endosome, DNA
must penetrate the nuclear membrane for transcription and subsequent
expression to occur. While efficient transfection has been shown to depend on
mitosis, when the nuclear envelope breaks down (Brunner et al., 2000) there is
also evidence that the nuclear pores act as a size-exclusion barrier. Small DNA
fragments enter the nucleus by passive diffusion while larger fragments are
transported through the nuclear pore complex in an energy-dependent manner
(Pouton, 1998). Translocation into the nucleus does occur within 30 min posttransfection.

Recently, it was observed that complete separation of the

polymer–DNA complex was not necessary for DNA entry into the nucleus
(Godbey et al., 1999b). Therefore, it might be possible that PAMAM
dendrimers are also associated with DNA as it crosses into the nuclear
compartment.
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Figure 1.4. Schematic representation of the mechanism of dendrimer-mediated gene
delivery into cells. The complex composed of dendrimer and plasmid DNA attach
electrostatically with the negatively charged phospholipids on the exterior surface of
the cell membrane stimulating complex uptake by energy-dependent endocytosis.
Adapted from(Bloomfield, 1991, Eichman et al., 2000).

1.6

PAMAM DENDRIMERS FOR IN VITRO GENE
TRANSFER

DNA and PAMAM dendrimers form complexes on the basis of the
electrostatic interactions between negatively charged phosphate groups of the
nucleic acid and protonated amino groups of the polymers (Kukowska-Latallo
et al., 1996, Bielinska et al., 1997). The physicochemical properties of
dendrimers are an outgrowth of their shape, as well as the presence of high
positive charge density of protonated primary amine groups on their surface.
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Together with high solubility in water, these characteristics have led to the use
of these polyamines to mediate efficient DNA transfer into numerous cell lines
in vitro (Bielinska et al., 1999). It has been observed in studies using intact
dendrimers that G5 or above show greater transfection efficiencies than G0–G4
(Haensler and Szoka, 1993). Further work from these investigators revealed
that the transfection observed in these experiments was mediated by degraded
dendrimers (Tang et al., 1996) when compared with the intact G5 polymer.
The enhanced transfection activity of the degraded polymer, Superfect® and
Polyfect® (Rudolph et al., 2000) (heat-activated low- and high-generation
dendrimers, respectively) was attributed to increased flexibility in the structure.
Independent studies by Baker and co-workers documented the efficiency of
intact dendrimers as synthetic vectors for the delivery of genetic material into
cells (Bielinska et al., 1996, Kukowska-Latallo et al., 1996). This work
employed various generations of intact dendrimers to transfect plasmid DNA in
a variety of cells using luciferase and -galactosidase reporter genes to quantify
efficiency. In contrast to the results obtained with degraded PAMAM
dendrimers, only intact dendrimers > G5 mediated significant transfection, and
this required the addition of a dispersing agent such as (diethylamino) ethyl
(DEAE) dextran. The addition of other agents to the DNA–dendrimer complex
alter transfection. For example, chloroquine or dextran added to dendrimer–
DNA complexes significantly increase transgene expression in a number of cell
lines. DEAE dextran is believed to alter the nature of the dendrimer by
dispersing complex aggregates. However, it is cytotoxic and might prevent
stable gene integration. Complexing DNA with dendrimers changes the
molecular structure of DNA and results in condensation and aggregation of
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DNA particles, but also increases DNA survival upon delivery in vitro and in
vivo (Bielinska et al., 1999). Complex formation analysis and characterization
has been carried out on soluble– insoluble or low–high density particles by
various methods such as UV light absorption, laser light scattering and
measurements that use radiolabeled DNA and/or dendrimers (Bloomfield,
1996). The actual binding affinity constants of DNA and dendrimers are not
easily determined, partly because of the subsequent aggregation and
precipitation of the complexes (Rau and Parsegian, 1992, Bloomfield, 1996).

1.7

THE CONCEPT OF DNA CONDENSATION

DNA condensation is defined as the dramatic decrease in DNA volume to an
orderly collapsed state of a finite size, ready for reversibility, in which the
volume fractions of solvent and DNA are comparable. It is more common that
several molecules are incorporated into the condensed structure. Therefore,
condensation is difficult to distinguish clearly from aggregation or precipitation
(Bloomfield, 1991, Bloomfield, 1996, Bloomfield, 1997). DNA condensation
refers to in vitro phenomena that mimic aspects of DNA packing and
unpacking; it has an intrinsic role in DNA replication, protein synthesis, and
cellular reproduction. Studying these phenomena is important to learn about
general physical-chemical mechanisms that are important for packing and
unpacking DNA in vivo, and in view of applications of various types of DNA
condensates as non-viral gene carriers for gene therapy. DNA condensation is a
complex interplay of interactions (Bloomfield, 1991, Marquet and Houssier,
1991).

These include entropy loss upon collapse of the worm-like coil,

polymer stiffness that sets a limit on the radius of curvature, electrostatic
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repulsions, and hydration (Bloomfield, 1996). The predominant force that
must be overcome for condensation to occur is the self-electrostatic repulsion
between the phosphate charges along the DNA backbone. DNA condenses in
the presence of multivalent cations when 67-90% of its charge is neutralized
(Wilson and Bloomfield, 1979, Bloomfield, 1997, He et al., 2000).

The

counter-ions not only screen columbic repulsions between the DNA
phosphates, they also produce attraction through correlated fluctuations of the
ion atmosphere. This idea was first put forward by Oosawa in 1970
(Bloomfield, 1996) and references therein. Experimentally, a charge of +3 or
greater is required for condensation in aqueous solution at room temperature,
but divalent cations will be effective if conditions are only slightly different.
Detailed Monte Carlo simulation on hexagonally packed DNA predicts that
divalent cations will lead to a net attraction at a separation of 5-15 Å between
surfaces, depending on ion size and salt concentration (Lyubartsev and
Nordenskiold, 1995). We will show experimentally that even monovalent
cations could lead to a temporary attraction between DNA double strands (ds).

1.8

MECHANISM OF CONDENSATION

Condensing agents generally work either by decreasing repulsions between
DNA segments (e.g., neutralizing of phosphate charge, reorienting water
dipoles near DNA surfaces, by multivalent cations), by making DNA-solvent
interactions less favourable, or by causing localized bending or distortion of the
DNA (Bloomfield, 1991, Bloomfield, 1996, Bloomfield, 1997, Bloomfield,
1998). There are a number of hypotheses regarding the mechanism of
formation of these structures particularly with regard to toroidal condensates
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(Sadoc, 2000, Shen et al., 2000).

These hypotheses are based on both

experimental and theoretical evidence. The inner radii of the toroids are
typically about 14 nm, regardless of the number of DNA molecules in the
condensate (He et al., 2000).
The size and morphology of condensed DNA particles are determined by the
kinetics and thermodynamics of the system. Thermodynamically, a model has
been proposed for the formation of toroids from DNA condensed with
crowding polymer in high salt, based on a theory of the undulation
enhancement of the electrostatic interaction in hexagonal arrays of semiflexible polyions. A two-stage condensation process has been observed with an
initial slow nucleation phase where the contour length of the DNA decreases at
constant speed. This is followed by a fast collapse to the final condensate
structure (Yoshikawa and Matsuzawa, 1995, Vasilevskaya et al., 1997).
DNA condensation leads to rod like or toroidal bundles of comparable crosssectional diameter, equivalent to about 10-15 DNA ds across. This diameter is
roughly independent of the species of multivalent cation or the length or source
of DNA. In rod and toroid condensates, the double-helical strands of DNA are
packed almost parallel to each other in hexagonal array, with surfaces
separated by 5–10 Å of solvent. These observations pose many fundamental
challenges to our understanding of electrostatic interactions in solutions (Ha
and Liu, 1997, Ha and Liu, 1998, Ha and Liu, 1999b, Ha and Liu, 1999a).

1.9

THE NEED FOR SURFACE CHARACTERIZATION

Much of delivery system’s stability and efficacy can be attributed to the
interaction of molecules with the systems surface (Davies et al., 1997). For
example, the surface properties of a molecule are different from the bulk
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properties, since molecules at a surface are not surrounded by similar species,
but are exposed to an interface. This interface significantly modifies molecular
behaviour and, therefore, can generate molecular orientations and mechanical
properties, which are different to the bulk material (Shakesheff et al., 1996).
Therefore, understanding the molecular surface interactions, which in turn are
governed by its surface chemistry, we may be able to predict the system’s
suitability for a chosen application and hence reduce the extent of testing
needed to find a new candidate for the chosen biomedical application. The
AFM techniques can provide high resolution images of the topography of
surfaces to sub nanometer resolution and this imaging can be performed under
liquid, gas as well as vacuum conditions. In addition, AFM techniques can
measure the local mechanical properties of surfaces and the forces of
interactions experienced between molecules in close proximity. These
attributes have resulted in the AFM techniques making a considerable impact
in nanomaterial sciences.

1.10 THE ATOMIC FORCE MICROSCOPE (AFM)
1.10.1

Background

The application of the AFM has ranged from the characterisation of inorganic
materials to nanolithography and continues to rapidly grow. The number of
AFM articles in the Medline database has almost doubled each year since the
first articles appeared in 1988 (Hansma et al., 1988, Betzig and Chichester,
1993, Shao et al., 1996, Diaspro and Rolandi, 1997, Kasas et al., 1997,
Karbach and Drechsler, 1999, Czajkowsky et al., 2000, Zlatanova et al., 2000,
Bonnell, 2001, Reich et al., 2001). A few years later, a set of articles appeared
22

Chapter one: Introduction
showing the promising possibilities of the technique in the field of imaging
biomolecules such as DNA in air and in liquids (Drake et al., 1989,
Bustamante et al., 1992, Lindsay et al., 1992, Lyubchenko et al., 1992,
Thundat et al., 1992, Hansma et al., 1992a, Hansma et al., 1992b, Lyubchenko
et al., 1993, Thundat et al., 1993, Yang and Shao, 1993, Shao and Yang, 1995,
Hansma, 2001), providing new information about the bend angles of DNA–
protein complexes (Hansma, 1996a) and ligand-induced DNA curvature. One
of the main advantages of AFM over other ultra-high resolution microscopy
techniques is that sample preparation is relatively simple and does not involve
negative staining or shadow casting with a metal coating (as required for
electron microscopy), hence AFM measurements can be made to reflect
directly the natural surface of the specimen (Bezanilla et al., 1994, Morris et
al., 1999, Henderson and Oberleithner, 2000, Jiao et al., 2001, Neish et al.,
2002). The early dynamic visualization of fibrin polymerization (Drake et al.,
1989) showed the potential of the AFM for imaging processes in pseudo real
time. Soon after that living cells were imaged (Haberle et al., 1991) and
dynamic processes occurring at the cell membrane were examined (Haberle et
al., 1992). To improve performance, Photonic Force Microscope, a scanning
probe microscope without a mechanical connection to the tip and working with
extremely small loading forces, has been developed to image inside the cell, at
the European Molecular Biology Laboratory (EMBL) in Heidelberg during the
last few years (Pralle et al., 2000). In addition, non-imaging applications for
AFM are now one of the most exciting areas for AFM, allowing investigations
into intermolecular and intramolecular forces.

This is done by the

measurement of the interaction forces between the probe and the surface at
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single specific points on that surface. For example DNA oligonucleotides
covalently attached to both the tip and the sample surface have allowed
histograms of unbinding forces to be recorded showing peaks in the range of
0.5–2 nN. This was attributed to the rupture of base-paired oligonucleotides of
different lengths (Lee et al., 1994). The unbinding force for a single biotin–
avidin complex was measured from the histogram of the adhesion force for the
final unbinding interaction in the force curves (Florin et al., 1994a, Allen et al.,
1996). The tip–sample adhesive forces on the biological sample and on the
surface to which it is bound were measured using force mapping. In force
mapping, the tip is raster scanned while generating force curves (Frisbie et al.,
1994, Ellis et al., 1999a, Heinz and Hoh, 1999, Ludwig et al., 1999, Raab et
al., 1999, Allen et al., 2001). With force mapping, one can also reveal the
patterns of elasticity, Van der Waals forces and electrostatic interactions on the
sample surface (Radmacher et al., 1994). Depending on the mode of operation
many types of forces and material properties can be probed, including repulsive
(exchange) (Weisenhorn et al., 1992), elasticity, frictional, (Sokolov, 1996),
capillary (Piner et al., 1999), electromagnetic, chemical, and non retarded Van
der Waals forces, some times called London dispersion forces (Hartmann,
1991). There is also a broad range of non-biological AFM applications. These
applications include the semiconductor industry, for example, wafer
examination and studying the effects of chemical mechanical polishing.
Images are obtained by measuring changes in the magnitude of interaction
between the probe and the surface. The degree to which tip shape is evident
depends on the roughness of the sample. It is well known that the images
generated by the AFM are influenced by the tip geometry, especially if the
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samples are in the size range of the tip radius of curvature of 5-20 nm (Larmer
et al., 1997). The resulting image is convolutions of tip and sample geometries,
and a widening of the sample structure by approximately the tip diameter is
commonly observed (Fritzsche et al., 1997, Rivetti and Codeluppi, 2001). A
schematic representation of an AFM is shown in Figure 1.5.

1.10.2

AFM Modes of Employment

Different operating principles of AFM have been developed with the aim of
reducing surface distortion (Howland and Benatar, 1996, Henderson and
Oberleithner, 2000, Bonnell, 2001), (Figure 1.5) namely, contact mode AFM
(CM-AFM) (Hansma et al., 1988, Ikai, 1996), non-contact mode AFM (NCMAFM) (Binnig et al., 1986, Cappella and Dietler, 1999), and tapping mode
AFM (TM-AFM) (Martin et al., 1987, Anczykowski et al., 1996). The choice
of mode depends upon the nature of the sample of interest and the level of
image clarity required.
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Tapping Mode
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Contact Mode

Figure 1.5. A schematic representation of an AFM. (a) A sharp probe on a flexible
cantilever is raster scanning across the surface at constant force, its position
monitored by reflecting a laser beam off the back of the cantilever onto a split
photodiode. A piezoelectric scanner controls this scanning motion. The subsequent
bending of the lever due to probe-sample interaction reveals an image at nanometer
resolution,(b) Cross-sectional representations of the cantilever probe and sample in
contact, non-contact and tapping mode AFM. In contact mode, the probe is
damaging the imaged sample. In non-contact mode, the probe oscillates above the
surface without making contact; this mode does not cause sample distortion, but
generally results in poor resolution. Tapping mode is a hybrid of these two modes.
Frictional forces are reduced due to the vertical oscillation of the cantilever-probe
assembly, but resolution is maintained because the probe makes intermittent contact
with the surface.
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1.10.2.1

Contact Mode AFM (CM-AFM)

In CM-AFM (Butt et al., 1990, Horber et al., 1993, Le Grimellec et al., 1994),
the tip permanently touches the surface of the sample during scanning.
Repulsive, Van der Waals, hydrophobic and electrostatic forces are exhibited
when the tip and sample are in contact. Contact mode imaging is best
employed on hard, non-deformable samples as the large tip-sample forces (≥ 1
nN) exhibited can cause molecular deformation of the sample (Lemoine and
Mclaughlin, 1999). This effect can be reduced by using a cantilever with a
smaller spring constant and also by imaging in an aqueous environment. These
act to decrease forces between the probe and sample. Contact mode can be
conducted in air or liquid (Cappella and Dietler, 1999). The feedback
mechanism is either controlled by variable deflection mode or constant
deflection mode. In the variable deflection mode, the height of the cantilever
remains constant, therefore as the topography of the surface goes up and down
the deflection of the tip is either increased or decreased. The change in the
reflection angle of the laser is recorded and converted to an image of the
surface contours. In constant deflection, the deflection of the tip and hence the
force between it and the sample are kept constant by moving either the tip or
sample up or down. In this mode, it is these movements, which are converted
into the topography image.
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1.10.2.2

Non-Contact Mode AFM (NCM-AFM)

In NCM-AFM which was introduced by Martin et al (Martin et al., 1987), the
cantilever is oscillated at or near its resonant frequency at small amplitudes a
finite (nm) distance away from the surface so that the tip and surface are never
brought into contact. Images are obtained due to the change in this amplitude
caused by long-range Van der Waals, and electrostatic interactions between the
tip and surface. Due to the fluctuating nature of these forces the resolution of
non-contact images is not always high enough to obtain definitive feature
characterization (Cappella and Dietler, 1999).

1.10.2.3

Tapping Mode/ AFM (TM-AFM)

Tapping mode (TM-AFM) (Zhong et al., 1993), also called intermittent contact
force microscopy, embraces aspects of the other two modes: minimizing
surface contacts and lateral forces by periodically touching the surface with the
cantilever. The oscillating cantilever is driven to oscillate near its resonant
frequency with a selected amplitude from the sample, called free amplitude,
usually 10-100 nm, resulting in a short-time contact with the sample during
each cycle of the oscillation (Chen et al., 1998, Fain et al., 2000). The vibrating
tip has enough kinetic energy to escape out of the water layer, which is present
on surfaces under ambient conditions. When the tip strikes the surface, part of
the energy in the vibrating system is transferred to the sample leading to a
reduced vibrational amplitude (called oscillation amplitude). During scanning,
the feedback mechanism adjusts the distance between the sample and the base
of the cantilever to maintain the oscillation amplitude of a tapping cantilever.
The variation of surface topography alters the oscillation amplitude of the
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cantilever. The vertical movement of the scanner, which moves to maintain the
preset oscillation amplitude, then generates the topographic contrast (Hansma
et al., 1994, Putman et al., 1994, Marth et al., 1999). However, since the tip is
only periodically in contact with the surface, the lateral forces, which cause
deformation and sweeping of soft samples in contact mode, are reduced.
TM-AFM can also be used to generate a phase-contrast image, by monitoring
the difference in phase angle (phase shift or phase-lag) between the cantilever’s
oscillations and the signal, which drives the piezoelectric crystal during tapping
(Tamayo and Garcia, 1997, Bar et al., 1999).
The

simultaneously

acquired

phase

image

provides

complementary

information about surface properties and their lateral distribution with high
spatial resolution. This is because the phase angle of cantilever oscillation lag
behind the driving oscillation is sensitive to the change in tip-sample
interactions due to both tip-sample separation, and the material properties of
the tip and the sample (Butt et al., 1995). Phase contrast cannot therefore be
generated if the surface is highly uniform. Phase contrast also arises from
compositional variations of the surface as well as the topographical variations
caused by changes in adhesion between the tip and the specimen surface.
Further surface-related information may also be obtained from selected points
on a sample surface by measuring the amplitude and/or phase lag of cantilever
oscillation with tip-sample distance. We refer to such data as amplitude-phase,
distance (a-p,d) measurements (Chen et al., 1998, Danesh et al., 2000).
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1.10.2.4

Tapping Mode AFM (TM-AFM) in Liquids

There are many advantages to operating an AFM with the sample and
cantilever immersed in a fluid. These advantages include the elimination of
capillary forces (Hansma et al., 1994, Putman et al., 1994, Gao, 1997), the
reduction of Van der Waals forces and the ability to study technologically or
biologically important processes at solid-liquid interfaces (Putman et al., 1994,
Henderson et al., 1996). There have, however, been some disadvantages
involved in working in liquids, these ranges from nuisances such as leaks to
more fundamental problems such as sample damage on hydrated and
vulnerable biological samples (Hansma et al., 1994).

1.10.3

Force-Displacement Curves (f-d-c(s))

Force microscopy can provide a wealth of nanometer scale information critical
to understanding the properties of surfaces and interfaces. However, since the
tip material most commonly used in AFM is silicon or silicon nitride, AFM tips
do not have much chemical variety without intentional modifications (Han et
al., 1995, Noy et al., 1998). This was developed further in 1994 by Florin et
al., (Florin et al., 1994b) who attached specific molecules to the tip that
selectively adhere to other molecules. To study probe-sample interaction by
means of force-distance curves (Burnham et al., 1993), the sample (or the tip)
is ramped along the vertical axis and the cantilever deflection δc is acquired.
An AFM force-distance curve is the result of two contributions: the tip-sample
interaction F(D) and the elastic force of the cantilever (Figure 1.6). The tipsample force is given by Hooke’s law: F = -kcδc.
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Where F is the Force in nano Newton (nN), δc is the cantilever deflection in
nanometers (nm) and kc is the cantilever spring constant in nN/nm. The
distance controlled during the measurement is not the actual tip-sample
separation distance (D), but the distance (Z) moved by the z-piezoelectric
scanner. These two distances differ because of cantilever deflection δc and
because of sample deformation δs. these four quantities are related as follows:
D = Z – (δ
δc - δs).
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Figure 1.6. Force-displacement curves
During a force displacement cycle the probe is moved toward the surface (approach
trace) at constant velocity until it is brought into contact with the sample at point (B)
until a predetermined point of maximum load is reached (C). The direction of
motion is then reversed, and the probe is withdrawn from the sample surface. As the
probe is withdrawn from the sample (retract trace) the probe “sticks” to the surface
due to interactions between the probe and the sample (D). The magnitude of this
“sticking force is calculated from the difference between the maximum cantilever
deflection during the withdrawal phase of the cycle and the point of zero cantilever
deflection.
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1.10.4

Amplitude-Phase-Distance (a-p-d) Measurements.

The a-p-d is demonstrated in Figure 1.7. At point a, the cantilever is vibrated at
its resonant frequency (away from the sample surface) and is moving toward
the surface at a steady rate with no observable changes in its free amplitude or
phase. At point b the cantilever is close enough to the surface that it
experiences both attractive and repulsive forces, such as hydrophobic,
electrostatic, Van der Waals, and capillary force interactions (Israelachvili,
1991). The region between point b and point c is described as the attractive
section of the a-p-d curve because the phase shift indicates the dominant forces
are attractive (Chen et al., 1998). In this region, the amplitude dampens and the
phase lag increases (positive phase shift) as the tip moves toward the surface.
At point c, the phase lag starts to decrease; indicating a change in tip-sample
interactions from attractive-dominated to repulsive-dominated. The region
between point c and point d is described as the repulsive section. The principle
repulsive force is the elastic response of the sample to an increasing indentation
by the tip and to a smaller extent of Van der Waals forces. In this region, both
the amplitude and phase lag continue to decrease, (negative phase shift) as the
tip continues to move forward, until point d, (oscillation amplitude). The tip is
then retracted from the sample surface.
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Figure 1.7.Aamplitude-phase-distance curves (See text for explanation).

1.11 AIMS OF THESIS
As discussed in the previous sections, the different AFM modes can be utilized
as surface analytical techniques to build up a full picture of both PAMAM
dendrimers as a non-viral gene delivery carrier and biological systems (DNA
and DNase I). This thesis aims to investigate in near in situ conditions and at
the individual molecular scale the mechanisms of formation and dissociation of
the different DNA-PAMAM dendrimer condensates and to further elucidate
the ability of PAMAM dendrimers to protect the individual DNA molecules
from the degradative enzyme (DNase I) as an example for an external and
internal barrier for efficient non viral gene delivery system.
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The experimental chapter 2 will focus onto introducing the different materials
and techniques used throughout this study. Experimental details different from
those mentioned in this chapter are then mentioned with the corresponding text.

Chapter 3 will concentrate on the visualization and characterization of the
individual G4 PAMAM dendrimers molecules on surfaces (mica, Au and
SAMs), their aggregates and their monolayers and multilayers formation in 4D
and to further investigate the behaviour of G6 and G8 on mica.

Chapter 4 will elucidate the ability to image the individual DNA molecules in
liquid, in the absence and presence of divalent cations and the experimental
applications of monovalent cations fluctuation in this subject.

In chapter 5, the interaction between PAMAM dendrimers and DNA are
investigated in near in situ conditions. The effect of dendrimers loading ratios,
incubation time of DNA with polymer, the effect of dendrimers generations,
the effect of the presence and absence of buffer, the effect of soluble cations
and the mechanisms of formation of different DNA-PAMAM dendrimers
condensates are investigated.

The final experimental chapter, chapter 6 follows the different mechanisms of
the DNA-PAMAM dendrimer condensates relaxation and fragmentation by
DNase I in 4D and investigating the mechanisms of wrapping and unwrapping
of the DNA on the larger dendrimers.
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CHAPTER TWO
EXPERIMENTAL MATERIALS, METHODS AND
INSTRUMENTATION

2.1

EXPERIMENTAL MATERIALS

All materials, unless otherwise stated were purchased from Sigma-Aldrich
(Poole, UK) and used without further purification. Solvents utilized were of
HPLC quality and obtained from Fisher (Loughborough, Leicestershire, UK).
All water used was obtained from an ELGA purification system (resistivity ca
18.2 MΩ.cm, Maxima USF ELGA, High Wycombe, UK). Water and buffers
were filtered through a 0.2 µm pore size filter, (Sartorius, Göttingen, Germany)
prior to use.

2.1.1 Cationic Reagents

The cationic reagents investigated fall into two categories, small molecular
weight cations (Mg+2, Mn+2) and cationic polymers. The cationic polymers
utilized in this study are Generation 4, 6 and 8 (polyamidoamine) PAMAM
dendrimers i.e., G4, G6 and G8. They were generated from amidoamine units
emanating from an ethylenediamine (NH2-CH2-CH2-NH2) core, terminated
with amino groups at the external surface. Calculated formula weights for the
G4, G6 and G8 are 14.215, 58,047 and 233,378 Kilo Dalton respectively and
contains 64, 256 and 1024 surface primary amino groups respectively
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(Dendritech, Midland, MI), their ideal diameters are 4.5, 6.7 and 9.7 nm
respectively (Li et al., 2000). Samples were obtained as methanol solutions. To
generate aqueous solutions, a portion of the methanolic stock solution from
each generation was dried under a stream of argon and subsequently placed
under argon in a vacuum (p ~ 0.01 Torr) for several hours. The dried materials
were re-dissolved in water to yield 30 g.ml-1 aqueous stock solutions, which
were stored at 4°C for a maximum of seven days. This method follows
previous reported work which avoids hydrolytic degradation of PAMAM
dendrimers at room temperature (Li et al., 2000, Hill et al., 2001). Immediately
before use, a fraction of the stock solution was prepared to a concentration that
allowed polymer and DNA solutions to be combined in equal volume.

2.1.2 Model
Surfaces
Monolayers)(SAMs)

(Alkanethiol

Self-Assembled

During the last decade, there has been much work on controlling the properties
of surfaces through the use of organic molecular monolayer thin films. The
most widely used system has been the self-assembly of alkanethiolate
adsorbates onto gold (Au) surfaces (Xu et al., 1998). Since 1983 they have
been employed in studies of self-assembly, electron transport, and optical
constants (Guo et al., 1994, Liu and Salmeron, 1994, Tamada et al., 1997,
Woodward et al., 2000), as well as for applications in surface modification,
biosensors, and lithography (Barrena et al., 1999). Furthermore, due to their
simplicity, and molecular order, SAMs are especially suitable for
understanding and modelling the organic/inorganic interface (Liu and
Salmeron, 1994).
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The model surfaces (alkanethiols) utilized in this work were octadecyl
mercaptane, 16-mercaptohexadecanoic acid, and 11-amino-1-undecanethiol
hydrochloride (Dojindo Laboratory, Japan), due to their ability to provide
reproducible and well-characterized interfaces. These alkanethiols have alkyl
chain lengths of (n > 10) and differ only in the functionality of the terminal
surface carbon, to yield SAMs samples that have comparable mechanical
properties, but different surface chemistry when assembled on gold (Barrena et
al., 1999).

2.1.3 DNA
James D. Watson is best known for his discovery of the structure of DNA
(deoxyribonucleic acid), for which he shared with Francis Crick and Maurice
Wilkins the 1962 Nobel Prize in Physiology or Medicine (Franklin and
Gosling, 1953). In 1953, James Watson, Francis Crick, Maurice Wilson and
Rosalind Franklin were the first scientists to elucidate the three dimensional
DNA double helical structure using the X-ray fibre diffraction patterns
(Franklin and Gosling, 1953, Watson and Crick, 1953). The structure of DNA
is illustrated by a right-handed double helix, with about 10 nucleotide pairs per
helical turn. Each spiral strand, composed of a sugar phosphate backbone and
attached bases, is connected to a complementary strand by hydrogen bonding
(non-covalent) between paired bases, adenine (A) with thymine (T) and
guanine (G) with cytosine (C). The Watson-Crick model of the DNA double
helix stabilized by complementary base pairing and hydrogen bonding
suggested a possible copying or replication mechanism. The sequence or
arrangement of bases from one strand of the helix accurately predicts the
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sequence of bases from the other, complementary strand. A representation of
the DNA double helix is depicted in Figure 2.1.

Figure 2.1. A space-filling model of the DNA double -helix. The DNA molecule as
modelled by Watson and Crick, shows how closely the bases are packed within the
helix. The major and minor grooves are indicated, (Mathews and Van Holde, 1996).

Detailed information on the chemical, physical and biological properties of
DNA is extensively available (Stryer, 1988, Blackburn and Gait, 1990, Neidle,
1999, Bloomfield et al., 2000).
Two types of DNA have been used in this study.

2.1.3.1

pBR322

The lyophilised plasmid pBR322 is a well-characterised 4365 bp plasmid. This
was diluted to a stock solution of 100 µg.ml-1 w/v in water and further diluted
before use to 3.3 µg.ml-1 in 10% w/v (1mM) phosphate buffered saline, (PBS,
0.014 M NaCl, 0.001 M phosphate, pH 7.4) for DNA imaging in the absence of
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divalent cations, in 10 % w/v PBS containing 1mM MgCl2 and 1mM NiCl2, if
used for the imaging of bare DNA on mica in the presence of divalent cations,
or in water, if used for complex formation.

2.1.3.2

pRSVLuc

A 6000 bp plasmid pRSVLuc, containing the firefly luciferase gene, was a
generous gift from Cobra Therapeutics (Keele, UK). It was supplied as a 1
mg.ml-1 solution in water, and was diluted to 10 µg.ml-1 for gel electrophoresis
experiments.

2.1.4 DNase I Enzyme
DNase I is a pancreatic endonuclease, first crystallized by Kunitz in 1950
(Kunitz, 1950), splitting phosphodiester linkages, preferentially adjacent to a
pyrimidine nucleotide yielding 5'
-phosphate terminated polynucleotides with a
free hydroxyl group on position 3'
. The proton acid-base catalysis mechanism
proposed by Suck and Ofner (Suck and Ofner, 1986) was summarized in
Figure 2.2. Structural analysis by X-ray crystallography shows that DNase I
binds in the minor groove of B-type DNA forming contacts in and along both
sides of the minor groove extending over a total of 6 base pairs plus 2 adjacent
phosphates. As a consequence of DNase I binding, the minor groove opens by
approximately 3 Å and the duplex bends towards the major groove by about
20º (Lahm and Suck, 1991, Suck, 1997, Paul et al., 2000). In the presence of
divalent metal ions, DNase I cleaves DNA at the phosphodiester bonds that
link adjacent nucleotides. In the presence of Mg2+, DNase I hydrolyzes each
strand of a duplex independently leading to random single strand breaks
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(SSBs). The purine-pyrimidine bonds are subsequently preferentially cleaved
leading to double strand breaks (DSBs) leading to a final product of di- and
higher oligonucleotides (Weston et al., 1992, Pan et al., 1998, Fojta et al.,
1999, Pan and Lazarus, 1999). In the presence of Mn2+, the enzyme cleaves
both strands of DNA at approximately the same site, leading directly to DSBs.
DNase I acts upon single chain DNA (Young and Sinsheimer, 1965) and upon
double-stranded DNA and chromatin. In the latter case, although histones
restrict susceptibility to nuclease action, over a period of time, nearly all
chromatin DNA is acted upon. This could result from the looseness of histones
attachment to DNA (Mirsky and Silverman, 1972). The intracellular functions
of the enzyme are probably controlled by a DNase inhibitor (Lindberg and
Skoog, 1970), which according to Lazarides and Lindberg (Lazarides and
Lindberg, 1974) is actin. Margison and O'
Connor (Margison and O'
connor,
1972) report that DNase activity is greatly reduced for methylated DNA.
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Figure 2.2. Proposed mechanism of action of DNase I enzyme. In a general acidbase catalysis (proton acceptor-donor chain Glu-His-water). In agreement with this
mechanism, carbomethylation of H131 at N-3 as well as protonation by lowering the
pH inactivates the enzyme.

Deoxyribonuclease I from bovine pancreas (DNase I), was obtained as a white
lyophilized powder. Enzymatic activity was approximately given as 2,500
units/mg proteins. As received, it was diluted to a stock solution of 100 unit.ml1

in water and further diluted before use to 12 unit.ml-1 in 1mM PBS,

containing 2 mM MgCl2 and 1mM NiCl2, pH 7.4, except for manganese
experiment, where the MgCl2 was replaced by MnCl2.
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Unit definition: One unit completely digests 1 µg of plasmid DNA to
oligonucleotides in 10 min at 37°C. One unit produces a change in A260 of
0.001 min-1.ml-1 at pH 5.0 at 25 °C, using DNA, TYPE I or III as substrate.

2.2 METHODS AND INSTRUMENTATION
2.2.1 Substrate Preparation
2.2.1.1

Mica

Freshly cleaved mica (Agar Scientific, Essex, UK) was used in this study. Mica
has been previously demonstrated to be a material well suited to the
immobilisation and imaging of DNA (Hansma et al., 1992a, Wagner, 1998). It
is inert and can be easily prepared to provide a clean and atomically flat
substrate by the cleaving away of surface layers. Mica sheets were cleaved
using a clean scalpel or sticky backed tape.

2.2.1.2

Epitaxial Gold Films

Epitaxial gold films were prepared using the vapour deposition method of
Derose et al., (Derose et al., 1991, Hegner et al., 1993). Gold (99.9%,
Birmingham Metals, UK) was first cleaned in acetone and placed into a
tungsten crucible, 30 mm beneath a heating stage, in a vacuum coating system.
Freshly cleaved mica was placed side down facing the Au sample. A vacuum
of 10-6 m Bar was reached before heating the mica to 320ºC for 6 hours to
remove contaminants from the mica surface. Au was resistively heated and
evaporated at a rate of 0.1 nm.sec-1 onto mica at 315ºC. The Au film was
annealed by further heating at 390ºC for 24 hours. Generally, thermal
annealing of Au films causes the grain boundaries to diffuse across the grains
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so that they can merge to produce larger crystalline grains. The specimen was
allowed to cool at its natural cooling rate. Returning the vacuum chamber to
normal atmospheric pressure allowed gold film retrieval. The gold was then
stored under argon prior to use.

2.2.1.3 Template Stripped Gold (TSG)
Epitaxial gold films prepared by the above method were treated using the
method of Wagner et al., (Wagner et al., 1995). Gold films were cut into ~ 1
cm3 pieces. 10 l of EPOTEK–377 (Promatech, Cirencester, UK) was applied
to the epitaxial gold surface and deposited glue side down onto a glass cover
slide. The glass/epoxy/epitaxial gold assembly was cured at 150ºC for 1 hour.
The assembly was then soaked in a tetrahydrofuran (THF) for 10 minutes at
room temperature. Mica was removed by lifting away from the gold surface
with a scalpel. The newly exposed TSG was washed in THF, dried in nitrogen
and tested for conductivity to ensure complete mica removal.

2.2.1.4

Alkanethiol
Preparation

Self

Assembled

Monolayers

(SAMs)

1mM solutions of octadecyl mercaptane, 16-mercapto hexadecanoic acid, and
11-amino-1-undecanethiol hydrochloride were separately prepared in ethanol
shortly before each experiment. Prior to SAM formation, Au/mica substrates
(1cm x 1cm) were cleaned by passing 11 times through a hydrogen flame.
Cleaned Au/mica substrates were then immediately immersed in the
alkanethiol solutions (2.5 ml) for 24 h. Alkanethiol-coated substrates were then
removed from the alkanethiol solutions, rinsed copiously with absolute ethanol
to remove droplets of non-covalently bound material, before drying in a stream
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of dry nitrogen. This process yielded Au substrates functionalized in methyl
(SAM-CH3), carboxyl (SAM-COOH), and amine (SAM-NH2) groups.

2.2.1.5

Preparation of PAMAM Dendrimer Coated Substrates for
Imaging in Air

Solutions of G4, G6 and G8 PAMAM dendrimers were prepared at a pre
determined concentrations in water (pH 6.5-6.9). To produce dendrimer-coated
mica, a 20 l drop of dendrimer solution was placed on freshly cleaved mica for
30 seconds, rinsed carefully with 5 (40 l) aliquots of water to remove loosely
adsorbed dendrimer molecules before again being dried in a stream of nitrogen.
Alternatively the samples were spin dried in air without washing. In case of
adsorbing G4 PAMAM dendrimers onto gold, a 20 l drop of dendrimers was
spotted onto a hydrogen-flame cleaned gold for 30 seconds, rinsed carefully
with 5 (40 l) aliquots of water before drying in nitrogen. For the alkanethiol
substrates, 40 l of dendrimer solution was introduced onto each nitrogen dried
alkanethiol substrate and left for 15 min, rinsed with water and dried in
nitrogen.

2.2.2. In situ AFM Imaging of G4 and G6 PAMAM Dendrimers
on Mica
After stable images of freshly cleaved mica were obtained in 30µl of water, 15
µl of water was exchanged with 15 µl of predetermined concentrations of G4
or G6 PAMAM dendrimers, subsequent real time AFM images were collected
at a probe scanning rate of 2.77 Hz.
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2.2.3 Surface Characterization of SAMs and DendrimersSAMs Complexes
2.2.3.1

Film Morphology of SAMs Monolayers and G4 PAMAM
Dendrimers on SAMs in Air

All AFM images were obtained within 1 day of sample preparation. Tapping
mode was utilized to obtain all images. SAM substrates and dendrimer-coated
samples were imaged utilizing single beam tapping-mode etched silicon probe
(TESP) tips (Veeco, Santa Barbara, CA) with resonant frequencies between
278 – 300 kHz, and with ca. 50 N/m force constant. The applied force during
the AFM imaging was minimized by adjusting the setpoint voltage to the lower
limit suitable for stable imaging.

2.2.3.2

Film Morphology of SAM-COOH Monolayers and G4
PAMAM Dendrimers on SAM-COOH in Liquid

For liquid imaging, the SAM-COOH samples and G4 PAMAM dendrimers
samples were prepared as described in section 2.2.1.5 but after washing were
not allowed to dry, and were imaged in water using silicon nitride probes
mounted on 100µm long V-shaped cantilevers, with ca. 0.32 N/m spring
constant, and resonant frequencies in water of between 9-12 KHz (Veeco,
Santa Barbara, CA). As imaging in liquids eliminates the capillary interaction
between the AFM tip and the sample surface, imaging forces less than 0.1 nN
could be used in order to yield higher resolution images than could be obtained
in air.
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2.2.3.3

In situ Imaging of G4 PAMAM Dendrimers on SAMCOOH

While imaging SAM-COOH surfaces, 50 l of dendrimer solution (0.1 g.ml-1
in deionized water) was injected into the liquid cell. All images were taken at a
scanning rate of 2.77 Hz.

2.2.3.4

Functionalization of AFM Tips with Alkanethiol SAMs

TESP tips, and V-shaped contact mode silicon nitride tips were cleaned in
acetone, dried in nitrogen and placed into a Au coater (Blazers Sputter Coater,
SCD 030, Blazers Union, SWISS). The Au coating was obtained for both sides
of these cantilevers at 0.15 mBar, and a current of 30 mA for 45 seconds. Aucoated tips were then immersed in 1mM ethanolic solution of 16-mercapto
hexadecanoic acid for 24 hr. The tips were rinsed in ethanol, and allowed to
dry in nitrogen prior to use.

2.2.3.5

Force-Distance Curve (f-d-c) Measurements

Force-distance curve (f-d-c) measurements were obtained using SAM-COOH
functionalized probes to determine the strength of the interaction with
dendrimer-coated surfaces. Before performing such measurements, curves
were recorded on the SAM surfaces so that the background level of the
interaction could be determined. The slope of the force-distance curve
measured on Au surface was used to convert the measured cantilever deflection
from the relative units (V) to the absolute units (nm). Since small hystereses
typically exist between the approach and retract curves, the average of these
47

Chapter two: Experimental materials, methods and instrumentation
two curves was employed in calibration. Using the cantilever spring constant
(kc) in (N/m), the cantilever deflection (δc) in (nm) was converted to force (F)
in (nN) using Hooke’s law (Burnham et al., 1993, Cappella and Dietler, 1999).
The spring constant of each cantilever was determined using the thermal noise
method (Hutter and Bechhoefer, 1993). The AFM force spectroscopy plots
were corrected for cantilever bending to quantification of probe-sample
separation.

2.2.3.6

Amplitude-Phase-Distance (a-p-d) Measurements

Amplitude-phase-distance (a-p-d) measurements were obtained between SAMCOOH functionalized TESP probes and dendrimer coated surfaces in air. For
control measurements, a-p-d curves were obtained on all SAM surfaces, again
to determine the background level of the interaction. The average slope of a-pd curves measured on Au surfaces was used to convert the measured cantilever
oscillation amplitudes (RMS values) from the relative units (V) to the absolute
units (nm), assuming that there was no deformation of Au surfaces and also no
deflection of the cantilever during tapping. Again, since small hystereses
typically exists between the approaches and retract curves, the average of these
two curves was used in calibration.
It is difficult to determine the exact sample surface position in such
measurements. Experimentally, however, a significant decrease in amplitude
and an increase in phase from their free-status values indicate a start point of
tip-sample interactions during tip approach. This can offer a reference position
for all a-p-d curves measured on different samples (Chen et al., 1998).
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2.2.4 Generic Methodology of DNA Imaging with Atomic
Force Microscopy
2.2.4.1

Preparation of DNA Plasmids for Imaging in Air

Two different immobilization procedures were used to adsorb the DNA to the
mica substrate. The first method involved using divalent cations to bridge
between the negatively charged mica substrate and DNA backbone (Hansma et
al., 1993). The second method is to use the G4 dendrimer themselves.

2.2.4.2

Divalent Cation Pre-treatment Method

Plasmid DNA samples prepared to a concentration of 100 µg.ml-1 in water
were further diluted to 3.3 µgml-1 in water. One 20 µl aliquot of 10 % PBS
containing 2 mM MgCl2, pH 7.4, was spotted onto a 1 cm2 disc of freshly
cleaved mica, incubated for 30 seconds, rinsed with four 1 ml aliquots of water
and dried under a gentle steam of nitrogen before introducing the DNA.
Samples were then imaged immediately to prevent drying of the mica surface
and the formation of salt crystals.

2.2.4.3

G4 Pre-treatment Method

One 20 µl aliquot of 0.1 µgml-1 G4 solution was deposited onto a freshly
cleaved mica disc. This was incubated for 30 seconds, rinsed with five 1 ml
aliquots of water, and dried under a gentle stream of nitrogen before
introducing the DNA.
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2.2.4.4

Preparation of Polymer-DNA Complexes

PAMAM solutions were prepared to a concentration that allowed polymer and
DNA solutions to be combined in equal volumes. The quantity of polymer
required to produce complexes of a given polymer to DNA ratio was calculated
as the ratio between the phosphate groups of the DNA to the primary amino
groups of the dendrimers. After predetermined incubation times were achieved,
30 µl of each resulting solution was spotted as a single aliquot onto 1 cm2
freshly cleaved mica disc. For example, G4-DNA complexes (0.5:1 ratio) were
prepared by adding 30 l of polymer solution (1.05 g.ml-1) to 30 l of DNA
plasmid pBR322 solution (3.3

g.ml-1) in water, a 30

l of the obtained

complex then being immediately adsorbed onto mica. Different G4-DNA ratios
then were prepared in the same way and incubated for the times stated, at room
temperature, adsorbed onto mica, and then covered with the liquid cell. The
same methods were then applied for the other two generations of dendrimers.

2.2.4.5

Imaging of DNA Condensates in Air

2.2.4.5.1

Using Divalent Cations

Condensates were formed by dilution of the DNA solution (100 µgml-1) in
water to 3.3 µgml-1 in 10 % PBS containing 2 mM MgCl2. 15 µl aliquot of the
resulting solution was then deposited onto a 1 cm2 freshly cleaved mica disc.
After a 30-seconds incubation period, this was rinsed with four 1 ml aliquots of
water and dried under a gentle stream of nitrogen. Samples were then imaged
immediately.
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2.2.4.5.2

Using PAMAM Dendrimers

G4, G6 or G8 Polymer-DNA condensates were prepared by addition of equal
volumes, (30 µl), of polymer solution to DNA solution as to make 1:1 charge
ratio. After predetermined incubation times, 20 µl of the resulting solution was
spotted as a single aliquot onto a 1 cm2 freshly cleaved mica disc, incubated for
30-seconds, rinsed with five 1 ml aliquots of water, dried under a gentle stream
of nitrogen and imaged.

2.2.4.6

Preparation of DNA for Imaging in Liquid

Three different immobilization procedures were applied.

2.2.4.6.1

Imaging in the Absence of Divalent Cations.

The plasmid DNA pBR322 was diluted to either 3.3 µgml-1 or 1 µgml-1 in 10%
w/v phosphate buffered saline. All imaging were conducted at a scan speed of
approximately 2-8 Hz and at ambient conditions.

2.2.4.6.2

Imaging in the Presence of Divalent Cations.

DNA solution (100 µgml-1) in water was diluted to 3.3 µgml-1 in 10 % PBS
containing 2 mM MgCl2 or 1mM MgCl2 and 1mM NiCl2 or 1mM MnCl2 and
1mM NiCl2 according to the experiment.

30 µl aliquots of the resulting

solution was then deposited onto 1 cm2 freshly cleaved mica and imaged
immediately.
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2.2.4.6.3

Imaging in the Presence of PAMAM Dendrimers.

PAMAM dendrimers-DNA condensates were prepared by addition of equal
volumes, (30 µl), of polymer solution to DNA solution. After predetermined
incubation times, 30-35 µl of the resulting solution was spotted as a single
aliquot onto a 1 cm2 freshly cleaved mica and imaged immediately. Pretreatment of the mica substrate was not necessary for the lower polymer ratios
in our study.

2.2.5 Effect of DNase I Enzyme
DNase I was diluted with 1mM PBS, containing 2 mM MgCl2 and 1mM NiCl2,
pH 7.4 just before use. Polymer-DNA condensates were prepared by the
addition of equal volumes of polymer solution to DNA solution. After a
predetermined incubation time was achieved, 30 µl of each resulting solution
was spotted as a single aliquot onto the freshly cleaved mica and then covered
with the liquid cell. In addition, the DNA was imaged in 10% PBS containing 2
mM MgCl2 and 1mM NiCl2 as to determine the configuration of the bare DNA
in the absence of both the polymer and the enzyme. After stable imaging of
DNA or complexes were obtained on freshly cleaved mica, in most cases it
took less than a minute, images were recorded for a further 20 min. An aliquot
of 15 µl of the fluid in the liquid cell was then exchanged with 15 µl of 2 U/ml
DNase I (we refer to this as on substrate experiments). The time of this
exchange was defined, as time equals zero. We estimated the number of DNase
I molecules to be 125.32 molecules for each one plasmid DNA, i.e 0.3
molecule of DNase I for each DNA turn. Or 0.5 Unit.ml-1 DNase I was
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introduced to the DNA-PAMAM complexes for a certain incubation times
before then introducing the resulted complex to mica (we referred to as in
solution experiments). Images were then captured according to the stated times
and speeds. For moving features within images, we occasionally changed the x
and y offsets to follow these features.

2.3

INSTRUMENTATION

2.3.1 Atomic Force Microscopy
Two AFM instruments manufactured by Digital Instruments™, Santa Barbara,
CA were used in this study. The first is a Dimension 3000™ AFM. This is a
cantilever-scanning instrument with an entirely open liquid cell. The second is
a Multimode™ AFM, also manufactured by Digital Instruments™. In contrast
with the Dimension 3000 this system laterally moves the surface beneath the
AFM probe. Both systems operate with a NanoScope IIIa™ controller, version
4.23r3. The Multimode™ AFM was utilized in the imaging of DNA
condensates in the liquid environment and provided the highest resolution for
air and liquid imaging studies at smaller scales. A size E scanner head was
used throughout.
Sample preparation for both Digital Instruments™ required the substrate to be
firmly secured to a flat metal disc to prevent lateral displacement of the sample
during imaging.
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2.3.1.1

AFM Cantilevers

For imaging in air, silicon cantilevers, 125 µm in length, with resonant
frequencies in the range of 200-300 kHz were employed (Veeco, Santa
Barbara, CA). When imaging in liquid, thin armed, 100 µm in length, silicon
nitride, oxide sharpened, triangular cantilevers of a nominal spring constant of
0.32 N/m were selected, operating at resonant frequencies of approximately 810 kHz (Veeco, Santa Barbara, CA).

2.3.1.2

AFM Data Acquisition and Analysis

All imaging was conducted in tapping mode, with 256 x 256 - 512 x 512 pixel
resolution, at a scan speed of approximately 2-8 Hz and at ambient conditions.
To achieve an efficient coupling between the drive amplitude and cantilever
amplitude response, the cantilever was brought to the sample within a distance
of 50nm. Before engaging, scan size and offset of the microscope were set to 0
to minimize sample deformation and contamination of the stylus. To engage
the AFM stylus, the piezo drive amplitude was set to 300 mV, resulting in a 1V amplitude (corresponding to 50 nm with sensitivity of 1 nm/20 mV) of the
cantilever. Optimising integral and proportional gains and scan speed
minimized both the noise of the topograph and the amplitude signals. Setpoints
were chosen close to the free oscillation amplitude to minimize forces exerted
on the interfacial species. The difference between the setpoint of jump in and
the setpoint adjusted to achieve high-resolution topographs was 0.02-0.05 V,
corresponding to a damping of 1-2.5 nm of the free amplitude. All postimaging analysis, unless otherwise indicated, was carried out on NanoScope
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IIIa™ software, version 4.23r3. Images were flattened using first or second
order polynomial function to account for Z offsets and sample tilt. Following
the flattening process and noise reduction, cross-sectional profiles through
features in the image were obtained from those molecular widths and heights
that could be assessed. Widths were measured at half the peak height
(Schneider et al., 1998) and heights were measured from the average base line
to the highest point of the peak. Axial lengths of the plasmid were obtained by
tracing the path of the DNA over the surface using SPIP software, Image
Metrology, Denmark). This information was also required in order to calculate
the volume of condensate structures. In order to measure lateral features, for
example the circumference of toroidal condensates or the length of linear
condensates, SPIP was used.

2.4

Gel Electrophoresis

The interaction between plasmid DNA and different generations of PAMAM
dendrimers was investigated by electrophoresis on 0.8% agarose gel (Promega
Corporation, Madison, USA) so as to assess the composition of PAMAM-DNA
complexes and to investigate the effect of the DNase I enzyme on the obtained
complexes. PAMAM-DNA complexes were prepared as detailed before. The
complexes formation was ensured by vortexing briefly, and then incubating at
room temperature for 2 hrs. The yield remained transparent, and no
precipitation was observed over the entire range of charge ratios examined.
These samples were then loaded in the wells of the agarose gel containing
ethidium bromide (Ebr) (1 µg.mL-1). It should be noted that ethidium bromide
is a carcinogen and should be handled and disposed of with appropriate
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precautions. Controls for free cationic polymers were applied to the gel, while
a naked DNA was included in each test as a control and to ensure that DNase I
activity was effective. The gel-making and running buffer in case of PAMAMDNA complexes was 40 mM Tris acetate (pH 7.4) and 1 mM EDTA. In case of
investigating the effect of DNase I, a successful visualization of DNA requires
the dissociation of the polyelectrolyte complexes prior to loading in order to
allow the DNA to migrate into the gel and to allow the intercalation of
ethidium bromide into the strands. Therefore, by raising the pH of the buffer
above the pKa of the PAMAM dendrimers (~9.5), the polymer becomes less
protonated, thus allowing the complexes to disassociate under electrophoretic
conditions. Therefore, the gel making and running buffer used here was
sodium-potassium-EDTA buffer (NaKE buffer), pH 11.3 (4 mM sodium
hydroxide, 16 mM potassium chloride, and 1 mM EDTA). While a high pH is
desirable to split polymers with the most strongly alkaline pKa, there is
effectively an upper limit to this, because above approximately pH 11.6,
ethidium bromide loses its affinity for DNA and fluorescence is lost (Hill et al.,
2001). The prepared gel was then submerged in TAE buffer for DNA-PAMAM
complexes at room temperature or in NaKE buffer pre-chilled to 4°C for
enzyme experiments. The NaKE buffer is also acts as a stopping buffer for the
DNase I enzyme by chelating the divalent cations responsible for the enzyme
activity. The loading buffer used for each 13 µl sample (2 µl DNA + 2 µl
polymer and + 9 µl preparing buffer for DNA complexes or + 2 µl DNase I +
7 µl dissociation buffer) is 2µl of (40% sucrose solution + 0.25 w/v
bromophenol blue). Samples were then loaded (15 µl total volume per well)
and the gel was run at a constant voltage of 70 V for 1 hr. The total amount of
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DNA loaded in each well was 50ng in case of PAMAM-DNA complexes to
detect the polymer being separated from the complexes during running and
10ng in case of DNase I experiments. DNA was then visualized with a UV
transilluminator and photographs were taken with a Polaroid instant camera.
The staining used for polymers was a 1% brilliant blue R250 in 50:40:10
methanol: glacial acetic acid: water and subsequent washing with the
destaining solution (10/10/80 v/v mixture of the staining solution without the
dye).
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CHAPTER THREE
VISUALIZATION AND CHARACTERIZATION OF
PAMAM DENDRIMERS ON DIFFERENT
SURFACES
3.1

BACKGROUND

The past several years have seen a considerable growth in the use of
dendrimers at surfaces and interfaces. This results from the realization that
their unique architecture can translate into unusual chemical and physical
properties (Watanabe and Regen, 1994, Evenson and Badyal, 1997, Tsukruk et
al., 1997, Watkins et al., 1997, Bliznyuk et al., 1998, Hierlemann et al., 1998,
Tsukruk, 1998, Bielinska et al., 2000, Betley et al., 2001, Esfand and Tomalia,
2001, Tully and Fréchet, 2001, Müller et al., 2002, Tomalia et al., 2002).
Crooks and co-workers reported the first example of covalent attachment of
PAMAM dendrimers to a solid surface. This was accomplished by forming
amide bonds between the peripheral amino-groups of the PAMAM dendrimer
and the carboxylic acid groups of a self-assembled monolayer (SAM) of
mercaptoundecanoic acid on gold (Wells and Crooks, 1996). Sheiko and coworkers first examined the properties of hydrophobic carbosilane dendrimers
deposited onto mica and pyrolytic graphite surfaces by using AFM (Sheiko et
al., 1996). Li et al (Li et al., 2000) also used the AFM to study the molecular
properties of PAMAM dendrimers, i.e., their size, shape, and rigidity after
deposition on a mica surface. Hierlemann et al (Hierlemann et al., 1998), have
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shown that dendrimers spontaneously form nearly close-packed, monolayerthick films when exposed to gold surfaces. Examples of distorted and
compressed dendritic macromolecules within monolayers and multilayers films
were also presented in that study. We aimed in this chapter to understand the
factors effecting the surface interactions of three selected generations of
PAMAM dendrimers namely, generation 4 (as a soft molecule with a
hydrodynamic diameter of 4.5 nm), and generation 6 and 8 (as rigid molecules
with hydrodynamic diameters of 6.7 and 9.7 nm respectively) on surfaces. An
understanding of these interfacial interactions is important to the biomedical
applications of these polymers. This aim was achieved by using the AFM as an
imaging and force measuring tool to visualize and characterize the adsorption
of these dendrimers on mica, gold and on alkanethiol self assembled
monolayers (SAMs). The formation of self-assembled monolayers of
alkanethiols on gold (Au) surfaces provides an excellent way to control both
surface properties and chemical functionality (Liu and Salmeron, 1994,
Barrena et al., 1999).
The self-assembly of alkanethiols on Au is initiated by strong chemical
interactions between the sulphur end-group and the Au surface which is
believed to result in chemisorption of the molecules as thiolates, forcing the
molecules to pack in registry with the Au lattice (Tamada et al., 1997).
Although the interaction of the sulphur atoms with Au is still not well
understood, the molecular assembly can be seen as the result of competition
between intermolecular forces and sulphur-substrate interactions. The two
forces, the balance of which determines the surface phase behaviour in SAMs,
are: lateral interactions between SAM molecules (dominated by Van der Waals
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forces) and vertical interactions between SAM molecules and the substrate (Lio
et al., 1997). A crystalline film at room temperature, however, can only be
formed if the attractive tail-tail interaction is strong enough to align the tails in
parallel. This is the case for sufficiently long alkyl chains, where the number of
alkyl groups (n) is

10 (Schoenenberger et al., 1994). Diffraction techniques

suggests that the size of ordered domains in SAMs of alkanethiol is at most
~10 nm (Xu et al., 1998). In previous studies, alkanethiols were used to study
the behaviour of PAMAM dendrimers on Au, Lackowski et al., (Lackowski et
al., 1999). A dynamic phase-segregation process was described involving
dendrimer/n-alkanethiol mixed-monolayers after the sequential immersion of
Au substrates into ethanolic solutions of, first, dendrimers and then nalkanethiols. For the smallest dendrimers (G4) used in their studies, adsorption
of the hexadecanethiol was found to completely displace the dendrimers from
the Au surface after 96 hrs (Lackowski et al., 1999). Thus to further build on
such studies done by Li et al., (Li et al., 2000) and by Schoenenberger et al.,
(Schoenenberger et al., 1994), we have, here, investigated the behaviour of the
G4, G6 and G8

PAMAM dendrimers on mica, and we have further

investigated the behaviour of the G4 PAMAM dendrimers on Au and on
alkanethiol surfaces with different functionalities, namely, methyl, carboxyl,
and amino terminated alkanethiol self-assembled monolayers (from hereon
referred to as SAM-CH3, SAM-COOH and SAM-NH2 surfaces respectively).

3.2

EXPERIMENTAL PARAMETERS

Details of the experimental materials, methods & instrumentation are present in
Chapter 2, sections 2.11, 2.12, 2.2.1, 2.2.2 and 2.2.3.
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3.3

RESULTS AND DISCUSSION

3.3.1 Imaging of G4 on Mica; The Effect of Drying Methods

Figure 3.1 shows series of topographical tapping mode AFM images of (a)
freshly cleaved mica and (b-d) G4 dendrimers adsorbed at the water-mica
interface following exposure of a mica surface to aqueous solution of G4 (1000
gml-1). These samples then were dried in nitrogen, (b & c), or spin-dried in air
(at 1000-rpm), (d), before imaging in air. In contrast to the essentially
featureless image of mica surface (Figure 3.1(a)) with height of 0.1-0.25 nm, a
consistent set of small features can be seen in Figure 3.1(b), which are
attributed to adsorbed aggregates of G4 dendrimers. Detailed cross-sectional
measurements on a large number of such isolated features give an average
height of 3.3 ± 0.8 nm and an average diameter of 84.6 ± 20.9 nm. On some
samples prepared using the same method these dendrimers were also
sometimes found to make layer(s) of average height of 2.3 ± 0.20 nm in
thickness, Figure 3.1(c). Within this layer(s) features of 13.2 ± 2.2 nm in
diameter could often be discerned with the height of these features of 0.43 ±
0.1 nm, most likely indicating G4 molecules immersed in a dendrimer film.
Some times larger aggregates were obtained as indicated by the arrow where
the diameter was 32 nm while its height was 2.7 nm. In Figure 3.1(d), the
image shows linear features of diameter, height and contour length of 16 ± 4.1,
1.1 ± 0.3 nm and 70-400 nm respectively. These features most likely indicate
dendrimer aggregates. Similar features were observed by Zhang et al (Zhang et
al., 2000) who used spin-drying to adsorb polyphenylene dendrimer molecules
on mica. Thus we believe that the spin-drying method is the main cause for the
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dendrimers to be rolled as strands comparative to the spherical features
obtained from drying in a stream of nitrogen. The surface behaviour of
dendrimers in Figure 3.1 (b-d) suggests compressed dendritic aggregates on an
underlying film of dendrimers. We provide further evidence supporting this
behaviour in section 3.2.
We and others (Bliznyuk et al., 1998, Tsukruk, 1998) assume that the
interaction between surface groups along with short-range Van der Waals
forces and long-range capillary forces are considered to be responsible for
formation of the observed compact structures.

a

b

c

d

Figure 3.1. Height images of (a) mica, (b-d) G4 dendrimers on mica adsorbed from
1000 µg.ml-1 solution in water. This Figure shows the effect of drying methods on
the behaviour of G4-PAMAM dendrimers on mica, (b) G4 PAMAM dendrimers
dried under nitrogen, the image shows spherical aggregates of dendrimers on mica,
(c) another image of G4 PAMAM dendrimers under the same situation of (b); the
image shows a monolayer of dendrimers and dendrimer aggregates, the arrow
shows larger aggregate of dendrimers. Figure 3.1(d) depicts images of G4 PAMAM
dendrimers on mica using spin drying method; it shows linear aggregates of
dendrimers. Scale bars =200, 170, 40 and 200 nm respectively, z scales = 4, 25, 40
and 10 nm respectively.
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3.3.2 In situ Imaging of G4 PAMAM Dendrimers on Mica; The
Effect of Dendrimer Concentration, and Adsorption Time

By controlling the applied dendrimer concentration, modified surfaces ranging
from isolated molecules to monolayer or multilayers coverage were obtained.
Figure 3.2 depicts a series of real time AFM images recorded over a period of
31 mins, which show the adsorption of G4 dendrimers at the water-mica
interface following exposure of the mica surface to a 0.00014 ng.ml-1 (10–14 M)
aqueous solution of G4. In contrast to the essentially featureless images of
mica surfaces at 0 min (before the adsorption of G4), 2 globular features can be
observed after 1 min of diameters of 29 and 35 nm, and heights of 3 and 4.3
nm respectively. Such dimensions are bigger than those predicted for
individual molecules and thus are most likely indicate dendrimer aggregates.
After 4 min, a consistent set of small features can be seen which we also
attribute to adsorbed aggregates of G4 dendrimers. Detailed cross-sectional
measurements on such isolated features give an average height of 2.0 ± 0.6 nm
and a diameter of 29.6 ± 3.3 nm. As the exposure time increased, the observed
globular features were found to increase in number. At 22 min features of
average diameter of 10.5 ± 0.9 nm, their average height was 1.2 ± 0.2 nm begin
to appear, most likely indicating individual dendrimer molecules.
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Figure 3.2. In situ imaging of the adsorption of G4 dendrimers (10-14 M) on mica
surface (in deionized water). Numbers on the images represent time lapsed in
minutes. Scale bar = 100nm, z scale = 10 nm.

Figure 3.3 depicts a second series of time lapse images recorded for the
adsorption of G4 dendrimers on mica but at a higher concentration of 0.1
g.ml-1, 1 min after the injection of the G4 dendrimer solution, a film of
dendrimers was shown to move towards the right side of the imaging field,
most properly indicating the drift of the imaged sample underneath the AFM
tip. After 10 min, 2 new features (indicated by arrows) of diameters of 34 and
26.4 nm respectively and heights of 3.8 and 2.9 nm respectively were observed
on the dendrimers film, most probably indicating dendrimer aggregates. These
aggregates were found to disappear with the increase of the exposure time,
most likely indicating the formation of new dendrimers layer(s). The
formations of G4 layers were confirmed by the f-d measurements between the
Silicon-Nitride tip and mica substrate before and after the adsorption of
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dendrimers, labelled as mica and Mica-G4 respectively and assuming the same
contact area between the tip and the surface in each case, Figure 3.4. It is clear
that the hydrophilic interaction between the silicon nitride tip and mica surface
in aqueous solution (0.36 nN) is bigger than that recorded on the adsorbed
dendrimer layer, (0.15 nN). We thought that in addition to the strong
electrostatic interaction between the positively charged G4 dendrimers and the
mica surface, these dendrimers will most likely arrange themselves as to
decrease the electrostatic repulsion energy between their surfaces and due to
their open structure, their branches interpenetrate each other on mica surface
and establish intermolecular interaction (Naylor et al., 1989) and hence the tip
might face the internal less hydrophilic surface, resulting in small adhesion.
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10

20

22

Figure 3.3. In situ imaging of the adsorption of G4 dendrimers (0.1 µg.ml-1) on mica
surface (in deionized water). Numbers on the images represent time lapsed in
minutes. Arrows show the appearance and disappearance of certain dendrimers
features. Scale bar = 100 nm, z scale = 10 nm.
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Mica-G4 0.147nN
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50nm

Figure 3.4. The recorded forces of F-d-c(s) measured between a silicon nitride tip
and a mica substrate before (Mica) and after the adsorption of G4 in aqueous
solution (Mica-G4).

3.3.3. Imaging of G6 and G8 on Mica in Water; The Effect of
Dendrimers Generation
Figure 3.5 illustrates a series of images during the adsorption of G6 (2 µg.ml-1)
on a mica surface (in 10% PBS). This time individual features consistent with
the dimensions of individual molecules were found to increase in number with
time. This consistency was confirmed with the volume analysis of the observed
features within the images, see Figure 3.8(b). Their mean diameters and height
were 18 ± 5 nm and 2.1 ± 0.6 nm respectively. The discrepancies observed
through comparison of the average diameters and heights of G6 in these images
with those obtained with G4 are most likely reflective of the rigidity of G6,
which enable them to retain their shape on mica and appear as discrete
molecules for certain time before the saturation of surface. Tsukruk et al
(Tsukruk et al., 1997) have previously reported that these dendrimers collapse
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upon adsorption to surfaces by comparing the densities estimated from
molecular dimensions and molecular weights of the adsorbed dendrimer
images and the bulk density of dendrimer monolayers evaluated from X-ray
data.

1

5

10

26

Figure 3.5. In situ imaging of the adsorption of G6 dendrimers (2 µg.ml-1) onto a
mica surface (in 10% PBS). Numbers on the images represent time lapsed in
minutes. Scale bar = 100nm, z scale = 5 nm

Figure 3.6 shows typical images of G6 dendrimers adsorbed onto mica from
0.1 µg.ml-1 solution and imaged in deionized water. From our images,
comparing the size of the G6 dendrimers in the dendrimer film and single
molecules, the lateral dimensions of isolated dendrimers appear larger (18 ± 5
nm) than in the dendrimers film (9 ± 2 nm).
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Figure 3.6. Height images of G6 dendrimers adsorbed on mica from 0.1 µg.ml-1
solutions, imaged in deionized water. Dendrimer molecules appeared as compacted
molecules within the monolayer. Scale bar = 100 nm, z scale = 10 nm.

The reason for the observed differences within the measured dimensions of the
imaged individual dendrimers and dendrimers within the monolayer is that
most likely the molecules within the monolayers are compacted and so the tip
is not able to reach the surface of mica, most likely riding instead on the tops of
the dendrimers. The result of this will be negligible addition to the lateral
dimensions due to tip convolutions. In the case of isolated dendrimers
however, the tip will be able to completely ride over the deformed spheres,
resulting in the addition of about twice the tip radius to the actual lateral
dimensions of the isolated dendrimers (Hierlemann et al., 1998).
Figure 3.7 depicts typical images of G8 dendrimers adsorbed onto mica from
0.1 µg.ml-1solution and imaged in deionized water. Again, individual features
consistent with individual dendrimers molecules were observed. Their average
diameter and height were 32 ± 5 nm and 2.5 ± 0.8 nm respectively. Unlike G4,
which was able to spread on mica surface to make multilayers and aggregates
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due to their open structure, the G6 and G8 dendrimers appear as individual
oblate features.

a

b

Figure 3.7. Height images of G8 adsorbed on mica from 0.1 µg.ml-1 solutions,
imaged in deionized water. Images (a) and (b) show different scan areas for the
same sample. Scale bars = 200 nm and 40 nm respectively, z scale = 25 nm.

A plot of the calculated mean diameters and heights as a function of generation
was shown in Figure 3.8(a), it demonstrates that the measured diameters are
always larger than heights, indicating that the dendrimer molecules are no
longer spherical but instead dome-shaped when deposited on a mica surface.
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Figure 3.8(a). Relation between diameters of G4, G6 and G8 and their heights on
mica.

From the observed dimensions, an approximate volume can be calculated for
each particle.

Figure 3.8(b) represents another histogram that relates the

volume obtained from these particles to the number of molecules within the
particle relative to the theoretical hydrodynamic diameter of each generation.
On the basis of the dome shape predicted from our images, a molecular volume
can be calculated from the following equation (Li et al., 1999).

V=

1/6π
πh(h2

+

3/4d2)

Where h is the height and d is the diameter of the cap. The number of
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molecules per feature was then calculated by dividing the calculated volume by
the theoretical volume of the individual molecule of the corresponding
generation.
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Figure 3.8(b). Comparison of the mean dendrimer volume measured by AFM from
particle profiles and theoretical volume of PAMAM Dendrimers.

It is clear that data obtained from volume measurements support the previous
data that G4 presents in aggregates with ~13.9 molecule/particle while G6 has
only ~1.2 molecules/particle and G8 ~1.3 molecules\particle which are
adsorbed in most cases as distinct individual particles. It was also found that
the number of particles decreases in the imaging field as the dendrimer
generation increases. This is most likely because the concentration in g.ml-1
used in the experiments was fixed for all generations and the only variable is
then the molecular weight of dendrimers and hence their numbers will nearly
decrease to 1/4 from G4 to G6 and another 1/4 from G6 to G8.
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The observed increase in height of the individual molecules with generation,
suggests that the molecular rigidity of dendrimers increases with increasing
generation, most likely due to the partial swelling of the dendrimers due to the
increase in their surface primary amine groups. On the other hand, due to the
open structure of the G4 molecule, self-aggregation was enhanced to make the
aforementioned features with diameters of 84.6 ± 20.9 nm as in Figure 3.1(b).
In addition, we found it very difficult to image individual molecules of the G4
dendrimer; most of the image surfaces were found to consist of small domains
of different sizes. Those discrepancies between the measured and
hydrodynamic diameters of G4 may be attributed to as following. Firstly, lowgeneration members of a dendrimer family (i.e. G4 in our study) exist as open,
plate like molecules in which the dendrimer branches can relatively easily
interpenetrate each other and thus form aggregates (Naylor et al., 1989).
Secondly, the convolutions due to the AFM tip will broaden features, since the
resulting image is always a convolution of tip and sample geometry (Fritzsche
et al., 1997). Finally, the frequency and vertical velocity of the vibrating tip are
also most likely to be sufficiently high to cause deformations of the
dendrimers. Our observations are however consistent with the AFM data
presented by Hierlemann et al and Li et al (Hierlemann et al., 1998, Li et al.,
2000). Li et al., (Li et al., 2000) has reported that the surface adsorption forces
between the mica surface and individual dendrimers increase with increasing
generation, as predicted from Mansfield’s model of dendrimer surface
adsorption (Mansfield, 1996). Therefore, when deposited on solid substrates,
they tend to deform to different degrees as a result of the interplay between
their inherent rigidity and interactions between the dendrimer molecules and
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the mica surface (Li et al., 2000). A computer-based simulation of dendrimer
surface adsorption has recently been reported (Mansfield, 1996). It describes
the dendrimer adsorption geometry and the interaction energy between the
dendrimer and the surface for G1-G8 dendrimers. The results indicate that
higher generation dendrimers (e.g. G4-G8) flatten and spread on the surface,
while the lower generations, such as G1 and G2 dendrimers, adsorb weakly and
retain their bulk-phase conformation.

3.3.4 Visualization of G4 Dendrimers on Gold
3.3.4.1

Gold Film Analysis

Figure 3.9(a) shows an AFM height image of Au coated mica prepared by
epitaxial growth on freshly cleaved mica sheets. This method produces
atomically flat gold islands with single crystal grains measuring 200-500 nm in
diameter (Derose et al., 1991). Common adhesion promoters such as chromium
and titanium were avoided in this work because they can form alloys (e.g.,
AuCr3) with Au, which can in principle behave differently than a pure gold
film (Dishner et al., 1998). During the course of these experiments, it was also
noticed that a white hue sometimes developed on the Au surface, most likely
indicating areas with rough morphology. It has been reported that if such areas
are abundant enough it can be difficult to find a region of the surface smooth
enough for use (Derose et al., 1993). Here we found that Au films prepared at a
temperature of 315 ºC and annealed at 390 ºC for 24 hours produced the
smoothest surface morphologies. Average surface roughness (Ra) and root
mean roughness (Rms) values for each Au island (215 nm x 215 nm) was found
to be 1.88 ± 0.3 Å and 2.79 ± 0.2 Å respectively. In contrast, Figure 3.9(b)
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shows AFM height image of Template Stripped Gold (TSG) surface. The
image reveals two typical topographical features; first, the gold surface exhibits
atomically flat terraces extending over up to several hundred nanometers.
Second, triangular areas with ca 60°, typical of epitaxial Au (111), can be
recognized. Moreover, on this type of surface, Au crystal lattice structures are
available for the adsorption of molecules such as alkanethiols and which shold
provide better packing of surface of chemisorbed molecules (Wagner et al.,
1995).
Average surface roughness (Ra) and root mean roughness (Rms) values for these
surfaces were found to be (1.5 ± 0.1 Å and 3.1 ± 0.2 Å per 1 µm x 1 µm,
respectively). It is obvious that TSG provides superior substrate flatness.
However, during preparation of TSG, since the gold/mica adhesion is
comparable to the mica cohesion (Stamou et al., 1997), lattice planes of mica
often remained attached to areas of the gold surface and had be removed using
both mechanical and chemical treatments that could have deteriorated the
quality of the gold surface. For this reason and the ability to also obtain an
atomically flat gold surface from the first procedure, epitaxial gold was
preferred for these studies.
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Figure 3.9. Height images recorded in air of (a) an epitaxially grown Au film on
mica. The surface topography consists of large flat Au islands, (b) TSG. Flat
terraces extending over up to several hundred nanometers and triangular areas with
ca 60º have been seen. Scale bar = 100nm, z scales = 65 and 5 nm respectively.

3.3.4.2

Imaging of G4 on Gold (in Air)

The images presented in Figure 3.10 show epitaxially grown gold surfaces
following the adsorption of G4 dendrimers from a 1000 µg.ml-1 solution in
water, which were dried with nitrogen prior to imaging. The data in Figure
3.10(a) suggest the formation of multilayers of dendrimers. The thickness of
these layers could be measured from the occasional holes observable near the
edge of Figure 3.10(a), which most likely form during sample drying. The
thickness was found to be 1.5-2.2 nm. The adsorption of these dendrimers on
Au is most likely due to an induced electrostatic interaction between the
charged dendrimers and the conducting Au surface. Because the dendrimers
bear positive charge in aqueous solution under the conditions used, there exists
an attractive image-charge interaction between themselves in solution and the
Au surface (Rahman et al., 2000). The enhanced stability of the adsorbed
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dendrimers on Au can be accounted for by two factors. First, the G4 dendrimer
has a high surface area and a dense exterior, which results in a strong Van der
Waals interaction with the Au surface together with the image-charge
interaction. Second, there are a large number of amine groups that are able to
chemisorb to the Au surface, which in a process analogous to polydentate
metal-ion ligand chemistry, can stabilize the amine/Au interaction (Tokuhisa et
al., 1998). Figure 3.10(b) depicts another image of G4 dendrimers adsorbed on
Au from 0.1 µg.ml-1solution. G4 dendrimers were found to aggregate to form
features of average diameter of 87 ± 18 nm. Their average height was 4.5 ±
1.75 nm. We believe that these features are aggregates of dendrimers being
adsorbed on a previously adsorbed dendrimer layers on the Au surface in a
similar scenario as shown in Figure 3.3.

a

b

Figure 3.10. Height images of G4 dendrimers on epitaxial gold (a) prepared from
1000 µg.ml-1solution. The dendrimers appear as monolayers on the gold surface;
and (b) prepared from 0.1 µg.ml-1solution. The dendrimers appear aggregated on
the gold surface. Scale bars = 500 and 100 nm respectively, z scales = 35 and 25 nm
respectively.
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3.3.5 Film Morphology of SAMs Monolayers in Air

Figure 3.11 displays images of (a) SAM-NH2, (b) SAM-COOH, and (c) SAMCH3 substrates recorded in tapping mode at a setpoint of 98 % of the free
oscillation amplitude. All the images show the island features associated with
the gold surface, with an overlying patchy topography that we attribute to the
presence of the surface bound alkylthiols. Such features were never observed
on non-functionalized gold surfaces. Here it should be noted that the conditions
and timescales employed for our SAM formation, are commensurate with those
well

documented

for

the

formation

of

ordered

monolayer

films

(Schoenenberger et al., 1994, Xu et al., 1998). The brighter parts in these
images thus most likely correspond to small raised islands of alkanethiols
within a SAM monolayer. The diameter of these features was about 20-60 nm,
but sometimes they appeared to be aggregated in clusters of up to 160-200 nm
in diameter. The height of the islands above the background is uniform and
equal to 1.93 ± 0.24 nm, approximately the length for one alkanethiol
molecule. Similar islands have been observed in previous ultra-high vacuum
scanning tunnelling microscopy studies of alkanethiol functionalised surfaces
(Poirier, 1997).
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Figure 3.11. Representative topography images of the SAM surfaces formed
through deposition of the alkanethiols (a) 11-amino-1-undecanethiol hydrochloride,
(b) 16-mercaptohexadecanoic acid, and (c) octadecyl mercaptane onto epitaxially
grown gold films. Images obtained in air, scale bar = 200 nm, z-scales = 70, 20, and
10 nm respectively.

3.3.6 Characterization of G4 Dendrimers on SAMs.
3.3.6.1

Imaging of G4 dendrimers on SAMs in air

Figure 3.12 (a-c) shows typical images of G4 dendrimers adsorbed onto (a)
SAM-NH2, (b) SAM-COOH, and (c) SAM-CH3 substrates to form SAM-NH2G4, SAM-COOH-G4, and SAM-CH3–G4 surfaces respectively. In these
images, spherical features were obtained. The observed diameters of these
features are (a) 22.1 ± 2.5, (b) 20.0 ± 6.5, and (c) 30.5 ± 1.3 nm. The heights of
these features are (a) 1.5 ± 0.4, (b) 1.8 ± 0.4, and (c) 2.1 ± 0.3 nm. Again the
values of diameter are significantly larger than the theoretical diameter value of
4.5 nm predicted for a spherical G4 dendrimer molecule, while the values of
height again are significantly smaller, see Figure 3.12(d).
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3.12(a-c).
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(a)
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undecanethiol hydrochloride, (b) 16-mercaptohexadecanoic acid, and (c) octadecyl
mercaptane following their exposure to a solution of G4 dendrimers (0.1 µg.ml-1)
Images recorded in air, scale bar = 100 nm, z scale = 7 nm.
35
Diameter

30

Height

25

nm

20
15
10
5
0
G4 on SAM-CH3

G4 on SAM-COO-

G4 on SAM-NH3+

Figure 3.12(d). Relation between the Diameter and Height of features observed on
SAMs coated Surfaces.
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3.3.6.2

Film Morphology of SAM-COOH Monolayers and G4
Dendrimers on SAM-COOH in Liquid

Figure 3.13(a) depicts an image of SAM-COOH surface imaged in deionized
water, it shows islands of 20-50 nm in diameter, these islands sometimes
aggregate in clusters up to 120-150 nm in size. Figure 3.13(b) depicts an image
of G4 dendrimers on SAM-COOH in deionized water. Individual dendrimer
molecules are not seen, but instead the dendrimers are found to aggregate to
give a patchy film with features of 40-65 nm in diameter. The height of these
features is 6.4 ± 1.6 nm.
While these images agree with published data (Li et al., 2000), they have
features which are similar to those observed on the SAM substrates, thus
making the discrimination of features related to either types of surface difficult.
Two approaches were subsequently employed to solve this problem, namely;
the in situ imaging of dendrimers adsorbing on one of the alkanethiol surfaces,
(SAM-COOH), and force measurements on the SAM-COOH surface before
and after the adsorption of the dendrimers.
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Figure 3.13. (a) A typical height image of SAM-COOH surface recorded in
deionized water showing raised islands of diameter 20-150 nm, (b) A typical height
image of the same surface following exposure to a 0.1 µg.ml-1 dendrimer solution
recorded in deionized water. Here dendrimers can be seen to aggregate to give a
grainy film with features of 40-65 nm in diameter, scale bar = 100 nm, z scales = 30
nm and 5 nm respectively.

3.3.6.3

In situ Imaging of G4 Dendrimers on SAM-COOH

Figure 3.14 depicts a series of images recorded at one position on a SAMCOOH surface in deionized water over a 48 minute time period, immediately
before (Figure 3.14 (a)) and following the injection of a dendrimer solution
(0.1 gml-1), (Figures 3.14 (b-f)). 5 min after the injection of the dendrimer
solution, patches (20-90 nm in diameter) were found to appear in the AFM
images (Figure 3.14 (b)). Again these features are most likely to be dendrimer
aggregates, as they were observed to grow in size with time to form a tightly
packed layer in which individual molecules and/or aggregates could not be
discriminated (Figure 3.14 (c)). Globular features, which we attribute to the
presence of additional dendrimer molecules not able to be incorporated in the
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previous layer, were then are seen to appear over this layer, as can be seen in
the Figure 3.14 (d) (highlighted with arrows). As the exposure time increased,
these globular features were also found to grow in size, and coalesce to form
another densely packed layer (Figure 3.14 (e)). Finally in Figure 3.14 (f),
obtained at t = 48 mins, features of diameter ~ 10 nm can be seen to yet again
appear over this newly formed layer.
This series of images clearly reveal a time-dependent change in the sample
topography, thus confirming that dendrimers are able to adsorb to SAM-COOH
surfaces under the conditions employed in our experiments. The images also
indicate that under our experimental conditions the dendrimer molecules first
tend to form a densely packed film. Such a phenomenon has also been
observed in previous studies (Li et al., 2000), and arises as the dendrimers
arrange themselves at the surface as to maintain their lowest energy
conformation. At a certain point however, within this packing geometry
additional dendrimer molecules will no longer be able to be incorporated
within this layer, and will begin to form additional layers as evident in images
5(d) and 5(f). Although the formation of multilayers of similarly charged
molecules may at first seem counterintuitive, we propose that such a condition
can arise through the hydrogen bonding between and/or interpenetration of
dendrimer molecules.
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Figure 3.14.(a-f) In situ imaging of the adsorption of G4 PAMAM dendrimers (from
f
-1
a 0.1 gml solution) onto a SAM-COOH surface. Arrows on (d) show aggregates
of G4 molecules on dendrimers monolayer. The arrow on (f) shows a small feature
that is most likely indicates individual G4 molecule on a dendrimers monolayer.
Scale bar = 35 nm, z scale = 30 nm.

3.3.6.4

Effect of Setpoint

Figure 3.15 (a-c) represents the effect of set point on imaging quality of SAMNH2 in deionized water. We will concentrate in our analysis on the three
marked features within the image. Three set points were chosen relative to the
free amplitude set point. The relative set point R% used is defined in the
following equation,

R% = Asp/A0 X 100
Where Asp is the set point of tapping amplitude and A0 is set point of free
oscillation amplitude. Figure 3.16 is a histogram that summarizes the
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relationship between the R% and height and diameter of the three marked
molecules. At R% = 70, all features were distorted, their heights were
dramatically decreased while their diameters were increased most likely due to
the hard tapping. As R% becomes 85%, the distortion of these features
decreased, their heights slightly increased and their diameters slightly
decreased. Finally, when R% reached the value of 98%, images became more
sharp and clear. Interestingly, their heights were nearly doubled and their
diameters were nearly decreased to half of the first mentioned diameters. It is
very important hence to choose the higher possible R% as to get real
information as possible about the imaged features. This was our strategy
throughout this study.

a
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1

b

R= 85%

c

R= 98%
1

1
2
3

2
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3

Figure 3.15 (a-c). The effect of the set point on imaging quality, as R% increases to
a certain percentage, imaging quality increases. Scale bar = 100 nm, z scale = 10
nm.
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Figure 3.16. Histograms summarize the relation ship between the R% and the (a)
height and (b) diameter of the three marked molecules.

85

Chapter three: Visualization and characterization of PAMAM dendrimers on
different surfaces

3.3.6.5

Force-Distance Curve (f-d-c) Measurements

Adhesion force-distance measurements were recorded in deionized water (pH
ca 6.5) between a SAM-COOH coated tip and all SAM coated surfaces, prior
to and following dendrimer adsorption. Previous studies performed by
ourselves and other groups have highlighted the sensitivity of adhesion force
measurements (Frisbie et al., 1994, Allen et al., 1997b, Allen et al., 1999,
Giesbers et al., 2002, Smith et al., 2003) and a-p-d curves (Danesh et al., 2000)
to differences in the chemical nature of the probe-sample interface, and in this
study we wished to investigate whether such measurements could be exploited
for the differentiation between SAM and dendrimer coated SAM substrates.
In all experiments, to assess the reliability of probe and surface
functionalization process, force measurements were first recorded between
SAM-COOH functionalized probes and the three different SAM surfaces. Only
those probes that demonstrated adhesive behaviour consistent with previous
studies were then utilized in subsequent measurements (Frisbie et al., 1994,
Giesbers et al., 2002, Smith et al., 2003). It should also be noted that in these
and subsequent dendrimer experiments we were unable to determine the radius
of curvature of the functionalized probes, and thus also estimations of probesample contact areas. Therefore, in our experiments direct comparisons of
forces were only made between those obtained within one experiment recorded
with the same probe, and in which the probe-sample contact force was
maintained at a constant value. Only trends in the obtained adhesive forces
were compared between experiments obtained with different AFM probes.
Figure 3.17(a-f) shows representative series of force-distance measurements
obtained for each tip-substrate combination. Within these series of
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measurements, it can be seen that the largest adhesion forces were recorded on
the SAM-NH2 surface (7.80 ± 0.13 nN) (Figure 3.17(c)). In the other two
combinations (on the SAM-COOH surface, Figure 3.17(a) and on the SAMCH3 surface Figure 3.17(b)), smaller adhesive forces of 1.3 ± 0.2 and 2.4 ± 0.6
nN were observed respectively. Several groups have indicated that the pKa
values of acid and amine functionalities in closely packed self-assembled
monolayers are markedly different from their values when free in solution (Sun

et al., 1993, Creager and Clarke, 1994, Smith et al., 2003), attributed to
intramonolayer hydrogen bonding between adjacent groups in the respective
monolayers. Indeed, in recent chemical force titration experiments between
carboxylic acid terminated SAMs (Smith et al., 2000) the pK1/2 (the solution
pH at which half the surface groups are ionized) was found to be around 8,
under conditions of low ionic strength. This value was found to be in good
agreement with surface pKa values (also approximately 8) derived from gas
phase and cyclic voltammetry experiments. Similar measurements recorded
between amine terminated SAMs revealed that the behaviours of such surfaces
were more complex (Wallwork et al., 2001), although also consistent with a
model incorporating intra-monolayer hydrogen bonding (at intermediate pH
values and conditions of low ionic strength).

Under the conditions employed in our experiments (i.e. deionized water, pH ca.
6.5) it is therefore likely that both the SAM-COOH and SAM-NH2 surfaces
would be composed of both non-dissociated and ionized functional groups. We
thus attribute the larger adhesion forces, recorded between SAM-COOH tips
and SAM-NH2 surfaces, to electrostatic attractive interactions between any
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ionized carboxyl and amine groups and also to inter-surface hydrogen bonds
induced upon probe-sample contact and which can occur by virtue of the nondissociated terminal functionalities (Smith et al., 2000).

The detection of

adhesion forces when recorded on a SAM-COOH surface is also consistent
with a model in which hydrogen bonds can form during probe-sample contact,
although here such interactions will be opposed by repulsive interactions
between any ionized carboxyl groups. The intermediately ranking of the forces
recorded on the hydrophobic SAM-CH3 surfaces, which is both unable to
interact with the SAM-COOH tip electrostatically or via hydrogen bonding, is
consistent with previous observations (Frisbie et al., 1994).
Figures 3.17(d)-(f), show representative force measurements recorded on the
same SAM substrates following their exposure to an aqueous solution of
dendrimers. The probe utilized in these measurements was also the same as
that employed to record Figure 3.17(a)-(c). The mean adhesion force obtained
on the dendrimer treated SAM-COOH surface was 2.4 ± 0.9 nN, Figure
3.17(d). Adhesion forces recorded with the same probe on dendrimer treated
SAM-CH3 and SAM-NH2 surfaces were found to be 5.2 ± 1.7 nN (Figure
3.17(e)), and 2.7 ± 0.5 nN (Figure 3.17(f)), respectively.
From these measurements it can be seen that both the magnitude and order of
ranking of the adhesive forces differ markedly to those recorded with the same
probe (at the same contact force) on the SAM surfaces prior to dendrimer
adsorption. This observation thus indicates the ability of adhesion force
measurements to detect the presence of dendrimers on the surface.
Interestingly, the adhesion forces recorded on the dendrimer coated SAM
surfaces were however, also found to differ. It should also be noted that
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although the data displayed in Figure 3.17 was obtained using only one probe,
several repeats of the experiment were actually performed. In all experiments,
the trends in the recorded adhesive forces were the same as that displayed in
Figure 3.17; with differences only in the absolute recorded force values i.e. due
to variation in probe geometry.
We postulate that the differences in the forces recorded on the dendrimer
coated surfaces may arise due to the high flexibility of the employed G4
dendrimer molecules and their subsequent ability to change their conformation
upon surface adsorption (Li et al., 2000). Under our experimental conditions,
the surface amine groups of the dendrimers are protonated, and the polar
solvent will cause their structures to be swollen. Within a dendrimer molecule
the interaction between polymer branches is thus weak, leaving the surface
functional groups free to interact with the different SAM substrates. When
dendrimers are adsorbed onto SAM-COOH substrates, we propose that the
initial layer of dendrimers may change their conformation by exposing some of
their functional groups towards the small number of ionized carboxylic acid
groups present on the surface, due to the electrostatic attraction.
Contrary to this, in the case of the adsorption of the dendrimers onto SAM-NH2
substrates, they may change their conformation by exposing the majority of
their functional groups away from the surface due to the repulsive electrostatic
forces imposed by the small number of protonated amine groups present. This
electrostatic repulsion will also most likely reduce the number of dendrimer
molecules on the substrate, as compared with the previous example. Assuming
however, that these molecules will also arrange themselves on the surface as to
minimize such repulsion, achievable by maximising their contact area with the
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surface through exposure of their interior hydrophobic branches, the molecules
will be relatively elongated and the surface amine groups distributed over a
large area of the elongated molecule relative to the SAM-NH2 substrate.
Finally, if the substrate has no charge on its surface (i.e. as for SAM-CH3), any
change in dendrimer conformation upon surface adsorption will largely be
driven through the hydrophobic interactions between the internal core of the
dendrimers and the underlying surface. As on the SAM-NH2 substrate, the
dendrimers would arrange themselves on the surface in order to maximize the
hydrophobic interactions with the substrate. However, unlike the case for that
substrate, electrostatic repulsive forces will not hinder dendrimer adsorption,
and thus the number of dendrimer molecules should be greater than on the
SAM-NH2 substrate. The resultant closer packing of the dendrimer molecules
on the hydrophobic surface will result in a surface amine group density greater
than that for the dendrimers on the oppositely charged SAM, but which is still
lower than the density obtained due to the SAM-NH2 substrate. To conclude,
we thus suggest that the observed differences in adhesion forces recorded on
the different dendrimer coated SAM surfaces are reflective of differences in the
dendrimer surface conformation and the subsequent change in the density of
protonated amine groups available for binding to the SAM-COOH tip.
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Figure 3.17. F-d-c(s) Force distance measurements recorded between a SAMCOOH modified tip and the different SAM substrates. All measurements are
recorded in deionized water, and dendrimer coated SAM surface indicated in the
legend by a’G4’ suffix.
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3.3.6.6

Amplitude-Phase-Distance (a-p-d) Measurements

Representative a-p-d curves obtained using a SAM-COOH functionalised
TESP AFM probe and the same range of substrate surfaces as employed in
force distance measurements, are presented in Figures 3.18. For clarity, only
the approach curves are shown. It should also be noted that these
measurements were recorded in air, unlike the force-distance measurements
presented in Figure 3.17. In this type of measurement, during tip-sample
approach prior to any significant tip-sample interactions, both amplitude and
phase signals were constant for all the samples and thus they appear as
horizontal lines in the figures. At a certain distance, the cantilever becomes
close enough to surface to experience both attractive and repulsive forces,
including capillary force interactions, and the amplitude starts to decrease,
while the phase lag starts to increase (observed as a negative phase shift),
indicating the onset of tapping (Anselmetti et al., 1994, Chen et al., 1998,
Danesh et al., 2000). This change can be seen to continue during approach until
a point where the phase shift suddenly switches from negative to positive,
indicating a change in tip-sample interactions from attractive-dominated to
repulsive-dominated as shown in Figure 3.18(b). Simultaneously, a
discontinuity can be seen in the amplitude curve. We also found that in some
cases, the transition of phase shift from negative to positive did not always
appear as such a sudden jump, but a continuous evolution, as shown in Figures
3.18(c) and 3.18(d). Furthermore, in Figures 3.18(a) and 3.18(e) there is no
phase transition due to the strong electrostatic attraction between the tip and
SAM-NH2 and the dendrimer coated SAM-CH3 substrates respectively.
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Accordingly, the amplitude curves in these measurements also show a smooth
and usually non-linear decrease.
Comparing profiles of the a-p-d curves obtained from Figures 3.18(a-e), it is
clear that the a-p-d measurements appear to indicate a difference in the surface
chemical functionality of these different substrates. These results support the
data obtained in our force-distance measurements, in that the carboxyl
functionalized probe experiences different forces and behaves differently when
interacting with each of the different substrates. The observed trends in the a-pd data recorded on the dendrimer coated substrates are also consistent with the
force-distance measurements, further supporting our hypothesis that the
dendrimers are able to change their conformation on the different alkanethiol
surfaces due to their flexibility. These results are in line with the work of
Danesh et al., (Danesh et al., 2000) who used a-p-d curves to differentiate
between different functionalised surfaces.
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Figure 3.18. A-p-d curves recorded between a SAM-COOH modified TESP tip and
the same range of surfaces as tested in Figure 3.17. All measurements are recorded
in air, and again dendrimer coated SAM surfaces are indicated in the legend by a
‘G4’ suffix.
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3.4

CONCLUSIONS

We have shown that AFM images in air and in liquid were found to provide
topological information about PAMAM dendrimers and PAMAM dendrimers
coated surfaces. By controlling dendrimer concentration, modified surfaces
ranging from isolated molecules to monolayer or even multilayer coverage
were obtained. However, we found it difficult to image individual molecules of
the G4 dendrimer (the theoretical diameter is ~4.5 nm) on mica and gold.
Rather, the surface behaviour appeared to produce at low concentration
collapsed small aggregates of dendrimer molecules and also at higher
concentrations aggregates of dendrimers on underlying dendrimer films.

For G6 and G8, individual dendrimer molecules could be clearly observed
within the AFM images, which appeared as monodispersed, dome-shaped
particles which were randomly distributed on the mica surface.
The diameter and height data were used to calculate the molecular volume of
each particle imaged in the AFM studies. The calculated volumes for G6 and
G8 were in very good agreement with theoretical values for individual
molecules while that for G4 indicate the aggregation of these open molecules.
In the case of the adsorption of G4 dendrimers on different SAM surfaces, the
similarity of the spherical features observed on both types of substrates (SAMs
surfaces, and G4 treated SAMs) caused difficulties in their discrimination
using AFM height images only. In situ imaging and force measurement (forcedistance and amplitude-phase-distance) experiments were therefore performed
to determine whether the imaged features were G4 dendrimer molecules or the
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underlying functionalized substrates. In situ imaging of the adsorbed G4
dendrimers onto SAM-COOH surfaces in deionized water indicated the rapid
formation of multilayers, most likely via electrostatic interactions and
hydrogen bonding. This finding is supported by the appearance and merging of
some aggregates and reappearance of new aggregates of dendrimer molecules
upon such layers. Utilizing AFM probes functionalized with SAM-COOH, and
applying the AFM in its force-distance and amplitude-phase distance modes,
our data suggest conformational changes of the G4 dendrimers molecules on
the different alkanethiol surfaces.
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CHAPTER FOUR
MONOVALENT COUNTERION CORRELATIONS
BETWEEN LIKE-CHARGED SURFACES
FACILITATE IMAGING IN REAL TIME
4.1

BACKGROUND

DNA plays an important role in many cellular processes like replication,
recombination, and transcription. Besides its genomic information, DNA
exhibits very interesting biophysical and physicochemical properties, which are
essential for a proper functioning of the biomolecular processes involved.
Fundamental phenomena like molecular elasticity, binding to proteins and
supercoiling can be investigated nowadays on a single molecular level
(Anselmetti et al., 2000). For example, developing a deep understanding of the
adsorption of DNA onto oppositely charged substrates would be of
fundamental importance to understanding many key physiological processes. It
is not surprising therefore that many experimental studies have approached this
problem from many different viewpoints. Much of this work has been strongly
motivated by applications to gene therapy (Sens and Joanny, 2000) and
references therein. Of relevance here are individual molecule techniques,
which allow the addressing and observation of the conformation of individual
molecules. The atomic force microscope in particular has proved its use in both
the characterization and analysis of biomolecules, and has been used to observe
DNA in a near natural state and observe DNA undergoing natural processes
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(Argaman et al., 1997, Clausen-Schaumann et al., 2000).

AFM studies

typically use muscovite mica as the substrate of choice in which to image
DNA, this being primarily as a result of its atomically flat surface after
cleavage along the basal plane of the potassium layer (Terashima, 2002).
Muscovite mica consists of tetrahedral double sheets of (Si/Al)2O5)
electrostatically linked by K+ ions. The K+ are believed to dissociate in an
aqueous environment where they are then replaced by protons (H3O+)
(Campbell et al., 1998), such K+ ions are believed to give rise to a surface
charge of 0.0025 C/m2 at neutral pH, equivalent to 0.015 electronic charges per
nm2 (Pashley, 1982). In parallel, DNA caries a high negative charge in aqueous
solutions, such a charge results from two electronic charges per base pair (or
equivalently, per 3.4 Å) along the length of the double helix (Ha and Liu,
2001). Such negative charge carried by the phosphates prevents stabilization to
the mica, and hence reinforces the need for surface modification to enable
aqueous imaging of DNA. With reference to DNA the methods most frequently
utilised involve the formation of electrostatic bridges between DNA and
substrate. One of the first methods for reliable AFM imaging of DNA utilized
the attachment of positive amine groups to the mica surface, using
aminopropyltriethoxysilane-creating APTES-mica (Lyubchenko et al., 1993).
This approach binds DNA very strongly to the mica, and as a result the
peristant length of DNA may be lowered. Such strong binding may also be
detrimental to various in-vitro experiments (Zuccheri et al., 1998). An
alternative approach is the pretreatment of mica with divalent cations. Divalent
metal cations are widely presented in vivo, and known to be essential for living
organisms to maintain regular activities (Sigel, 1989). This may take the form
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of magnesium, nickel, or other divalent cation being present in the DNA
solution (Hansma et al., 1995, Wagner, 1998). A systematic study of the effect
of the cationic radius on the adsorption of DNA onto mica led to the conclusion
that stronger adsorption occurred in the presence of highly charged transition
metal ions such as Ni2+ and Cu2+, whereas the metal ions of Mg2+ and Mn2+
were produce a weaker adsorption (Hansma, 1996b). These cations will serve
two effects, first the ion-exchange between protons, K+, and the divalent cation
will result in a net-positive charge carried by the mica, (Osman M.A, 2000),
second the overall charge of the DNA molecule will also be altered, this can
lead to problems as a result of changing the conformation of the DNA
(Chasovskikh and Dritschilo, 2002). It is important that this does not occur, or
can be quantified, so that their influence is not confused with the molecule or
system of interest. In addition, transition metals have a strong base-affinity.
They can chelate or coordinate directly to the nucleophilic atoms of bases and
thus perturb the hydrogen bonding between base pairs, resulting in a
destabilization of DNA (Chasovskikh and Dritschilo, 2002). Whilst strong
adsorption is desirable for high resolution imaging, it is often preferable to
weakly attach DNA to a substrate. This allows a more natural conformation to
be adapted, and can enable real time processes to be studied. A method
exploited for modulating the ionic environment, producing sufficient
attachment to mica, whilst maintaining mobility of DNA has previously been
exploited, enabling “real time” imaging of DNA related processes, (Zuccheri et

al., 1998). Contrary to the well-established intuition by mean-field PoissonBoltzmann theory, which predicts that like-charged rods should repel,
regardless of the valency of the counterion, it now seems that like-charged
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particles sometimes attract each other (Manning, 1994). Reports of this
extraordinary effect and efforts to explain it have led to some debate (Grier,
1998, Diehl et al., 2001). The interaction between charged objects is strongly
affected by the electrolytes present in the solution. The macroions attract the
counterions and repel the coions, which generate large inhomogeneities in the
densities of the electrolytes. The main effect of these inhomogeneities is the
screening of the Coulomb interaction between polyions. This is characterized
by the Debye-Huckel screening length, which at the mean-field level would
decrease Coulomb repulsion in accordance with DLVO theory (Barbosa,
2002). The ability to control adhesion forces could ultimately prove invaluable
to any microscopist wishing to study DNA and other like biomolecules. If we
look at a simple analogy, describing DNA as an array of negative charges that
has a “rod-like characteristics” and the mica, as a planar surface with “planelike properties” it would be possible to discuss the attraction between mica
(negative plane) and DNA (negative rod) in relation to previous work by Mashl
and Grønbech-Jensen (Mashl and Gronbech-Jensen, 1998). Statistical evidence
for the attraction between rods and planes has been put forward where a
systematic study of such like-like interactions resulted in attraction mediated
by counterions that induced “counter-ion correlation”. These counterions in the
solution are divided into free counterions and condensed counterions. Free
counterions are allowed to roam throughout the volume, but condensed
counterions are restricted to lie on the surface and reduce the local monomer
charge. The condensed and free counterions are in chemical equilibrium, and
so, the local monomer charge fluctuates (Nyquist et al.). Although the number
of polyions and counterions is fixed, the number of condensed counterions per
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monomer can vary. Such observations have also been made with like-charged
spheres (Grier, 1998, Grier, 2000, Messina et al., 2000) and describe a
columbic depletion zone. Whilst Mashl and Grønbech-Jensen suggested that
such “counter-ion correlation” is more profound with an increase valency of
counterions, they may also be observed with the use of monovalent cations
(Diehl et al., 2001). Moreover, Mash and Gronbech-Jensen (Mashl and
Gronbech-Jensen, 1998) found an effective attraction between rods and a
planar surface that is mediated by counter-ions at room temperature in the
dilute-rod limit. They indicated that this attraction was due to counterion
fluctuation and correlations (neglected in Poisson-Boltzmann theory) that
overcome the inherent columbic repulsion between the two macroions. Density
functional arguments also predict that like-charged plates can attract (Ha and
Liu, 2001). The phenomena under contention depend on three energy scales,
those set by Van der Waals attraction, by the randomizing influence of thermal
energy, and by the hierarchy of electrostatic interactions among highly charged
polymer particles and the singly charged simple ions around them. The balance
of these three determines the properties of the system (Grier, 1998).
Suggestions that the proximity of the rod and plane may dictate the probability
of “counterion-correlation” mean that the rod and the plane would have to lie
within sufficient proximity for such correlations to occur. This suggests the
importance of Brownian motion. Besides attraction between like-charged rods
and planes, attraction between rods of like-charge has also been suggested
(Potemkin et al., 2002).
Here we aim to
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1- Test the theory of fluctuation of monovalent cations between two like
charged surfaces, namely DNA-DNA (rod-rod) and DNA-mica (rodplane) surfaces in the absence of divalent cations using AFM in real
time and at an individual molecular level.
2- Imaging of DNA in 10% PBS containing divalent cations, (MgCl2 &
NiCl2).
3- Imaging of DNA in Air.

4.2

i.

Imaging of DNA on Mica.

ii.

Imaging of DNA on MgCl2-treated Mica.

EXPERIMENTAL PARAMETERS

Details of the experimental materials, methods & instrumentation are present in
Chapter 2, sections 2.11, 2.13, 2.2.1.1 and 2.3.

4.3

RESULTS AND DISCUSSION

4.3.1 Imaging of DNA in the Presence of Monovalent Cations;
the Theory of Fluctuation of Monovalent Cations between
Two Like Charged Surfaces
Figure 4.1 shows a sequence of time-laps images of 1 µg.ml-1 plasmid DNA,
diluted in 10% PBS and immediately adsorbed onto mica and imaged in the
same buffer. DNA molecules exhibit a width of typically 11-14 nm that is more
than the theoretical diameter of DNA (2 nm); a well-known phenomenon
largely governed by tip convolution effects (Allen et al., 1992, Thundat et al.,
1992, Vesenka et al., 1994, Miller et al., 1995, Ramirez-Aguilar and Rowlen,
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1998, Rivetti and Codeluppi, 2001). Average height observed were 1.2 ± 0.3
nm which is higher than heights previously measured with AFM (Hansma et

al., 1998). The mean contour length of these features were 1120 ± 70 nm, this
is compatible with the theoretical contour length of one DNA plasmid
molecule of 1484.1 nm. It’s noteworthy that the plasmid’s morphology is
changing with time, representing random movement, during which the DNA
molecule contracts and relaxes. This illustrates the weak adsorption of DNA to
the mica substrate in 10% PBS. Within these images features of mean diameter
and heights of 17 ± 2 and 2 ± 0.3 nm respectively were obtained. These are
thought to result from NaCl.
1 min

2 min
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Fig. 4.1. Top view AFM images of different ds DNA topologies on mica taken in
AFM tapping mode under ambient condition immediately after the dilution of DNA
with 10% BPS. Numbers on the images represent time lapsed in minutes. Scale bar
= 70 nm, z scale = 6 nm. My colleague, Ellis, J.S, and I obtained these images.

Figure 4.2 shows typical topographical images for 3.3 µg.ml-1DNA plasmid
incubated in 10 % PBS for 24 hrs before imaging. All of these molecules were
changing their tertiary structures with time. We will only concentrate on 3
features from these molecules, namely those denoted a, b and c in the images.
Features a and b together had a contour length of 2396 nm, their thickness and
heights were 12 ± 2 nm and 0.9 ± 0.1 nm respectively. These features reflect 2
DNA molecules fused together, which was confirmed with time, when these
molecules were identified as two separate molecules. The first (a) has two
loops of a contour length of 1435 nm, a thickness of 13 ± 2 nm and a height of
1.0 ± 0.3 nm. The other (b) was a partially condensed circle of a contour length
of 961nm, thickness of 14 ± 2.5 nm and height of 1.1 ± 0.3 nm. With time, the
contour length of molecule (b) decreases dramatically to 766 nm after 5 min,
690 nm after 6.5 min, 620 nm after 8.5 min and finally 520 nm after 13 min
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respectively, while its thickness and height increase to be 33 ± 1nm, and 1.8 ±
0.3 nm respectively. Regarding molecule (c), the contour length was 1576 nm,
which starts to decrease in length after 5 min to be 1200 nm when it starts to
fold from one end. The thickness and height for the molecule was 12 ± 2 nm
and 1 ± 0.2 nm respectively while they were 32 ± 2 nm and 1.8 ± 0.3 nm
respectively at the folded end.
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Fig. 4.2. Top view AFM images of different ds DNA topologies on mica taken in
tapping mode AFM under ambient condition. The DNA was incubated in 10%PBS
for 24 hrs before being imaged in the same buffer. Open relaxed DNA molecules
were observed to change their conformation by time. Molecule (c) was condensed
into a partially condensed toroid. Numbers on the images represent time lapsed in
minutes. Scale bar = 250 nm, z scale = 5 nm.

Although DNA condensation and aggregation usually require multivalent
cations, Attraction has been predicted in univalent salt solution between
parallel polyelectrolyte rods, modelled as infinite linear arrays of uniformly
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spaced monovalent charge sites (Manning, 1994). Attraction results from the
enhanced translation entropy of the condensed counter-ions as they share the
space between the polyions. The relationship between this theoretical
prediction and the experimental results remains to be clarified. Figures 4.3
depict a similar data series as above in figure 4.2 but also suggesting that
aggregation between DNA strands has occurred. Observation over 14 minutes
suggests the de-aggregation of DNA. These data suggest two occurrences,
firstly attraction between DNA and mica leading to partial immobilization,
secondly rod–rod attraction leading to aggregation of DNA, such attraction
may be weak, as both desorption from the surface and de-aggregation occurs
rapidly.
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Figure 4.3. Top view AFM images of different ds DNA topologies on mica taken in
5 mi n

tapping mode AFM under ambient condition. The DNA was imaged immediately in
the same buffer. De aggregation of DNA aggregates was shown in real time. My
colleague, Ellis, J.S obtained these images. Numbers on the images represent time
lapsed in minutes. Scale bar = 200nm, z scale = 10nm.
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4.3.2 Imaging of DNA in 10% PBS Containing Divalent
Cations, (MgCl2 & NiCl2).

Figure 4.4 (a-c) represents different images for 3.3 µg.ml-1 DNA plasmid being
diluted in 10% PBS containing 2mM MgCl2 and 1mM NiCl2. It depicts
representative tertiary structures of those observed when the bare DNA
molecules adsorbed on mica surface and imaged in the aforementioned buffer.

a

b

c

Figure. 4.4. Top view AFM images of different ds DNA topologies on mica taken in
tapping mode AFM under ambient condition. The DNA was imaged immediately in
the 10% PBS containing 2mM MgCl2 and 1mM NiCl2,(a) shows open circular and
supercoiled DNA, (b) shows one twisted DNA molecule where the height at the point
of twisting, marked by an arrow, most likely represents the height of two DNA
double strands over each other and (c) shows features, most probably salt particles
,that located on many of the DNA stands. Scale bars = 100, 100 and 75 nm
respectively, z scale = 5 nm.

In figure 4.4 (a), the mean apparent thickness of these molecules was 17 ± 1.2
nm, the height was 1.5 ± 0.5 nm. The circumference of the marked molecule
was approximately 1423 nm which when compared to the theoretical contour
length of the plasmid DNA refers to individual DNA molecule. Duplicate
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measurements usually differed by about 2 to 3 %. Figure 4.4 (b) shows another
height image for the DNA plasmid in the same experimental condition. The
diameter of the marked white feature is 47 nm, the height was 5.3 nm. The
diameter of the DNA was 19 ± 4 nm and the height was 1.2 ± 0.4 nm. The
contour length of these two features together was ~1562 nm. The contour
length of one of them was 814 nm, these two features represent one twisted
DNA molecule where the height at the point of twisting most likely represents
the height of two DNA double strands over each other. In image (c), small
features of solid material were located on many of the DNA stands, most
probably salt particles. However if this were the case they would be expected
to be found randomly across the mica surface. These deposits are
predominantly found apparently attached to the nucleic acid material,
suggesting an attraction or dependence on the presence of the DNA.

4.3.3 Imaging of DNA in Air.
4.3.3.1

Imaging of DNA on Mica.

Figure 4.5 shows a representative image of naked DNA plasmids being
adsorbed from 10% PBS buffer containing 2mM MgCl2 and 1mM NiCl2 and
imaged in air. These plasmids display relaxed, open structure morphology
with some entanglements and fasciculation of the strands.
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Non-twisted DNA

Supercoiled DNA

Fig. 4.5. Top view AFM image of uncondensed DNA plasmids visualized using
AFM operating in air. The plasmids display relaxed open structure and supercoiled
morphologies on mica. Scale bar = 100 nm, z scale = 15 nm.

In some cases however, islands and/or holes of 0.6-0.9 nm in height appear in
the substrate. Since this kind of defects are not present on freshly cleaved mica,
we deduce that they are due to salt layers, which cover the mica substrate when
DNA is prepared from a buffer solution. After drying of the preparation, the
DNA molecules appear to be trapped in this salt layer. This layer distorts the
measurement of DNA height and is the main source of error; some sample
deformation due to either the loading force of the tip or the interaction with the
substrate is also present.
Height measurements of DNA in air using tapping mode reveal a height of 0.35
± 0.2 nm. This value increases up to 1.5 ± 0.5 nm when the salt layer as in
figure 4.4(a), in which the molecules are embedded, is removed. In addition to
the salt layer that hinders the tip from reaching the surface of the substrate, the
lower height of the DNA measured in air has been attributed to dehydration of
the sample. The average thickness of these molecules were 23.5 ± 3.2 nm.
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4.3.3.2

Imaging of DNA on MgCl2-treated Mica.

Figure 4.6 depicts a representative image of naked DNA plasmids being
adsorbed onto MgCl2 treated mica. The DNA appears as partially condensed
long rods of a thickness and contour length of 15 ± 2 nm, 400 ± 100 nm
respectively. The reason of this partial condensation of the DNA is most likely
due to the release of some divalent cations from the mica to the DNA solution
before the drying process. Interestingly, most of these rods were aligned in the
same direction reflecting the direction of the stream of nitrogen gas during the
drying process.

Fig. 4.6. Top view of an AFM image of ds DNA on MgCl2 treated mica in air. Both
long rods and plectonemic morphology are observed. Scale bar = 270 nm, z scale =
20 nm
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4.4

CONCLUSIONS

Immobilization of DNA molecules on mica was obtained successfully in the
presence of monovalent cations. This was theorized as being due to random
fluctuations in condensed sodium ions leading to formation of temporary dipoles between the DNA molecules (rods) and the mica surface (planar surface).
In addition, aggregation was observed, confirming the theory that monovalent
cations may induce like–charged attraction. These data suggest that further
research needs to be conducted into the counter–ion correlation theory.
Molecular dynamics simulations of simple condensing highly charged,
semiflexible polyelectrolytes such as DNA by multivalent ions are performed
where all charges are explicitly treated. No condensates form or are stable for
divalent counterions (Stevens, 2001). DNA condensation typically occurs for
counterion valences of 3 or larger. The importance of multivalency is that it
increases the magnitude of the Coulombic interactions and enables the net
attraction to occur before the steric repulsion enters. For monovalent and
divalent ions, the Coulombic interactions are not strong enough to counter
entropic effects. Thus, condensates do not form for low valence counterions.
However, regarding the situation here where molecules might condense to
form toroidal like structures as in Figure 4.2, we suggest that these are un
stable condensates temporarily formed as a result of the neutralization of the
DNA molecule where the entropy cannot stop the volume decreasing, and the
system will shrink until steric repulsions stop the contraction and reverse the
condensation to form open circular molecules at the end.
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It has been observed that pre-treatment of a mica substrate with MgCl2 and a
subsequent deposition of DNA will result in the formation of partially
condensed DNA molecules. The morphology of these condensates depends on
the density of the cations across the substrate and the amount of soluble
cations.

Using these methods, it appears to be possible to visualise

intermediates of the DNA condensation process. It is difficult to compare
these intermediate stages to those observed when plasmid DNA is condensed
in solution, however it appears that whether DNA condensation is surfacemediated or in solution, if adequate cations are present toroidal and
plectonemic condensates will result.
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CHAPTER FIVE
SURFACE VISUALIZATION OF PAMAM
DENDRIMERS-INDUCED DNA CONDENSATION
5.1

BACKGROUND

DNA and polyamidoamine (PAMAM) dendrimers form complexes on the
basis of the electrostatic interactions between negatively charged phosphate
groups of the nucleic acid and protonated amino groups of the polymers
(Kabanov and Kabanov, 1995, Bielinska et al., 1997, Kabanov et al., 1998).
The physicochemical properties of dendrimers are dependant on their shape, as
well as the presence of high positive charge density of protonized primary
amine groups on their surface. Together with high solubility in water, these
characteristics have led to the use of these polyamines to mediate efficient
DNA transfer into numerous cell lines in vitro (Bielinska et al., 1999).
Complexing DNA with dendrimers changes the molecular organisation of
DNA and results in condensation and aggregation of DNA particles, but also
increases DNA survival upon delivery in vitro and in vivo. DNA condensation
occurs once a critical concentration of the cation is reached where the
Coulombic interactions being sufficient strong that they dominate entropic
interactions and can achieve a charged-ordered state that has the lowest
Coulombic energy (Matulis et al., 2000, Stevens, 2001). In the thermodynamic
analysis of the osmotic stress-induced condensation of DNA in the presence of
multivalent cations it was argued that the source for the entropy increase
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accompanying DNA condensation in aqueous environment must be the change
in entropy of water induced by the approaching DNA molecules, and thus that
the hydration force is the source of attraction between DNA molecules
(Matulis et al., 2000). However, the hydration force and electrostatic
mechanisms may be indistinguishable in an aqueous environment, since the
orientation of the water dipoles by ions and charged surfaces also leads to a
positive

entropic

contribution.

Complex

formation

analysis

and

characterization can be carried out on soluble– insoluble or low–high density
particles by various methods such as UV light absorption, laser light scattering
and measurements that use radiolabeled DNA and/or dendrimers. The actual
binding affinity constants of DNA and dendrimers are not easily determined,
partly because of the subsequent aggregation and precipitation of the
complexes (Rau and Parsegian, 1992). However, it has been observed in
studies using intact dendrimers that G5 or above show greater transfection
efficiencies than the lower generation G0-G4 dendrimers (Haensler and Szoka,
1993). Further work from these investigators revealed that the transfection
observed in these experiments was mediated by degraded dendrimers when
compared with the intact G5 polymer. The enhanced transfection activity of the
degraded polymer was attributed to increased flexibility in their structure.
Independent studies by Kukowska-Latallo and co workers documented the
efficiency of intact dendrimers as synthetic vectors for the delivery of genetic
material into cells (Kukowska-Latallo et al., 1996). This work employed
various generations of intact dendrimers to transfect plasmid DNA in a variety
of cells using luciferase and

-galactosidase reporter genes to quantify

efficiency. In contrast to the results obtained with degraded PAMAM
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dendrimers, only intact dendrimers >G5 mediated significant transfection, and
this required the addition of a dispersing agent such as (diethylamino) ethyl
(DEAE) dextran. The addition of other agents to the DNA–dendrimer complex
can alter transfection. For example, chloroquine or dextran added to
dendrimer–DNA complexes significantly increase transgene expression in a
number of cell lines. DEAE dextran is believed to alter the nature of the
dendrimer by dispersing complex aggregates. However, it is cytotoxic and
might prevent stable gene integration. Thus, an understanding of the
physicochemical properties and biological function of dendrimer-DNA
complexes appears to be an important issue for the development of artificial
systems for gene transfer. We demonstrate this philosophy here in a study
where plasmid DNA has been condensed using G4, G6 or G8 PAMAM
dendrimers, and the morphology of these condensates has been visualized and
compared in terms of their tertiary structures. An assessment is then made
regarding the effect of the dendrimer’s loading ratio, the dendrimer’s
generation, and the effect of the ionic strength and pH of the dendrimer
solution on the obtained condensates.

Condensates have been visualized

mainly in near in situ conditions (in liquid) and on occasion in partially
hydrated state (in air). Finally, an assessment has been made regarding the
ability of a positively charged substrate to induce DNA condensation in the
presence and absence of soluble cations. A comparison also is made of the
tertiary structure of DNA condensates that are formed in the solution state to
those which are surface mediated. There is a question of how well the
composition of adsorbed structures represents the composition that is in
solution. We have no readily accessible way of determining this, and hence, it
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is possible that there are intermediates in solution that are missed in this study.
However, this does not significantly effect the interpretation of the data, since
we report only the structures that are seen and make no assumptions about ones
that are not. The question of how the substrate may affect the structure of the
condensates is discussed below. However it is interesting to note the
similarities of our protocol to those reported by others who have utilised
positively charged substrates to immobilize DNA in the study of DNA tertiary
structure (Lyubchenko et al., 1992, Pope et al., 2000). As a parallel, a number
of investigations have also been reported in which the mica substrate used has
been coated with small molecular cations before deposition of DNA solution in
order to intentionally induce DNA condensation (Allen et al., 1997a, Fang and
Hoh, 1998b, Ono and Spain, 1999). In these studies, this protocol has been
proposed as a means of enabling the visualization of DNA condensates that
have been formed on a surface in contrast to those formed in solution.

5.2

RESULTS AND DISCUSSION

5.2.1 Effect of Dendrimer’s Loading Ratio and Generation on
the DNA Condensation.
5.2.1.1

Effect of G4 Dendrimer’s Loading Ratio.

The folding pathway of dendrimers-induced DNA condensation on the surface
of mica in aqueous environment was examined by varying the concentration of
dendrimers in a dilute DNA solution and visualizing intermediates by AFM.
DNA was condensed in solution with G4 over seven primary amine charges to
DNA phosphate ratios, 0.005:1, 0.5:1, 1:1, 2.5:1, 5:1, 10:1 and 15:1. These
ratios were chosen to investigate the effect of G4 loading ratio on the structural
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morphology of the DNA complexes taking in consideration that the theoretical
point of collapse of the nucleic acid molecule is when ca 85-90 % of its anionic
phosphate charge has been neutralized (Bloomfield, 1996, Matulis et al.,
2000). Too low a cation concentration will lead to unstable poorly condensed
complexes susceptible to attack from nucleases. These complexes are also
likely to have a low positive, or even a negative, surface charge reducing the
potential for interaction with the negatively charged cell membrane, leading to
diminished cellular uptake. Alternatively, too many cations in the system
would lead to excess positive charges that would be freely available in the
body resulting in high toxicity.

The higher ratios mentioned above of >5:1

provide an excess of positive charge but were used to investigate the effect of a
high cation concentration on full condensation of the genetic material. Figure
5.1 (a-h) depicts representative AFM Images of (a) DNA imaged in 10% PBS
containing 1mM NiCl2 and 2mM MgCl2 and (b-h) DNA-G4 complexes at
different charge ratios imaged in deionized water. In Figure 5.1 (a)
characteristic

morphology

consistent

with

linear,

naked-circular

and

supercoiled DNA were observed. This is supported by complementary agarose
gel electrophoresis discussed later, Figure 5.23 (lane 1), which shows the
pBR322 plasmid to consist of the three forms of DNA, linear (lower band),
naked circular (middle band) and supercoiled (upper band) respectively. The
mean thickness of these molecules was 17 ± 1.2 nm; the mean height was 1.5 ±
0.5 nm. In Figure 5.1 (b) the G4-DNA molecules were shown to aggregate and
adhere to the mica surface at this very small ratio (0.005:1) indicating that
these small open structure dendrimer molecules (G4) were able to bridge
between the DNA-DNA molecules and the DNA-mica surfaces. The structures
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formed at this ratio are of a non-uniform morphology. Most polyplexes consist
of a dense core surrounded by a large quantity of diffuse materials. The relative
quantities of dense and diffuse material vary with some structures containing
solely material of the more diffuse nature. The mean apparent thickness of
these molecules in the un-aggregated areas was 7 ± 2 nm; the mean height was
1.3 ± 0.3 nm. For the 0.5:1 ratio (Figure. 5.1c), features consistent with
individual molecules or small aggregates of G4 molecules are observed to
decorate the DNA molecule. For the DNA to be fully condensed, a high
proportion of the total cationic charge present must make contact with a section
of DNA. However, the theoretical cationic charges available here are not
sufficient to combine with the DNA. In addition a number of cationic charges
will be effectively ‘lost’ because they adhered to the negatively charged mica
surface. The measured thickness and height of the decorated DNA strands were
22 ± 5.5 and 3.7 ± 1.4 nm, respectively, while the measured thickness and
height of the undecorated parts were 11.0 ± 0.5 and 0.5 ± 0.1 nm, respectively.
This is consistent with some regions of the DNA plasmids having a high
density of bound G4 whilst other regions remain relatively bare. At 1:1 ratio,
the observed complexes mostly appear as thickened ring-like structures or pre
matured toroids (thickness ranging from 20 to 60 nm), similar to the classical
DNA condensates that have been predicted theoretically (Hud et al., 1995,
Stevens, 2001) and observed experimentally (Plum et al., 1990, Lin et al.,
1998). The reason of considering them as premature toroids is the ability to
distinguish the low compaction of these rings. The thickened regions are made
up of parallel strands of condensed DNA molecules, consistent with DNA
folding as a mechanism for DNA condensation, Figure 5.13. Features
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attributable to individual G4 molecules can no longer be seen to decorate the
individual complexes, most likely due to their higher packing density along the
DNA. As the ratio increased to 2.5: 1, DNA condensates can grow in size by
means of a DNA loop from one condensate reaching into the adjacent
condensate, Figure 5.1(e). Many molecules have two or more independent
loops; other molecules with multiple intramolecular loops that cross at a single
point can also be seen. These loops of DNA resemble the petals of a flower
with the central region, the pistil. Structures like these have been observed
before by my colleague Alison Martin, by Fang and Hoh (Fang and Hoh,
1998a) and Montigny et al. (Montigny et al., 2001). Experimentally cationic
charges may be present in excess to that of the anionic charges, however, for
the DNA to be fully condensed a high proportion of the total cationic charges
present must make contact with a section of DNA. In reality, not all the
theoretical cationic charges available are practically able to combine with the
DNA. A number of cationic charges may be effectively ‘lost’ because they are
sterically unable to reach a section of the charged DNA after part of the
polymer molecule has become complexed to other DNA molecules and again a
number of the polymeric charges will also adhere to the negatively charged
mica surface. Flowers become very prevalent as the G4 loading is further
increased, Figure 5.1 (f-h). The multimolecular flowers generally have a single
crossover point, which appears as a very tall structure with a height of (5-7 nm)
often 5-10 times taller than an isolated DNA strand. In some larger structures
there are multiple crossover points. In addition to these flower-like structures
disk-like structures are also observed. The thickness of the strands within a
disk (ca 30 nm) is usually greater than those in the flowers (ca 3-5 nm),

118

Chapter five: Surface Visualization of PAMAM Dendrimers-induced DNA
Condensation
suggesting that the strands in a disk are composed of many closely associated
DNA strands, Figure 5.1(f). Stabilization of strand-strand interactions is
suggested by the presence of these flowers or disks. However, disks have never
been seen in the absence of flowers in the same preparation, while flowers are
frequently seen in the absence of disks. In addition, it appears in many images
that a disk is forming from a flower. Hence it is likely that disk formation
follows flower formation. At the 15:1 ratio, Figure 5.1(h), the disk-like
structures are less frequently observed, rather flowers and open looped
molecules were seen, most likely an indication of the start of the reverse
condensation process. This was confirmed by repeating these experiments at
15:1and 20:1 ratios, Figure 5.2 (a-d). Again all molecules appeared as open
loops and relaxed circles. The average contour length of which was 1540 ± 60
nm and the average diameter was 485 ± 5 nm, which reflects individual relaxed
DNA molecules. The average thickness was 17 ± 1 nm and the average height
was 0.6 ± 0.1 nm. The possible reason for observing a relaxed DNA in these
high dendrimers ratio is most likely due to the accommodation of many
dendrimer molecules onto the DNA ds(s) leading to charge inversion. We also
considered the effect of the decrease in the number of water molecules relative
to the number of free amine groups available in the system at these ratios.
Theoretical estimates of the number of free amine groups in the 15:1 and 20:1
ratios are ca 7.316 and 9.916 molecules respectively, in the 30 µl aliquot. This
results in the ratio of water molecules to free amine
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Figure 5.1. Representative AFM Images of (a) DNA and (b-h) G4-DNA complexes
at different charge ratios, imaged in deionized water. Dendrimers: DNA ratios were
mentioned on the images. The most interesting features are multimolecular flowershaped structures made up of condensed rings, open loops and toroids, which all
have one or few crossover points that are as much as 5-10 times taller than that of a
single double stranded DNA molecule. A disc-shaped condensate also appears at
5:1-15:1 ratios. Scale bars = 180, 150, 70, 100, 370, 100, 100 and 100 nm
respectively, z scale = 7 nm.

a

b

c

d

Figure 5.2. Representative AFM Images of G4:DNA complexes formed at (a-c)
15:1 and (d) 20:1 ratios and imaged in deionized water. Molecules appear as relaxed
open circles and loops. Scale bars = 300, 160, 120 and 100 nm respectively, z scale
= 5 nm.
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groups of 11.6:1 and 8.6:1 respectively compared with 162:1 for the ratio 2:1
(Figure 5.3a). Obviously, the number of water molecules decreases linearly
with the increase in the dendrimers ratios. Consider the situation in which the
DNA double helix is totally covered and neutralized by dendrimers with a large
number of peripheral monovalent positive charges (64 charges per molecule in
our study). Due to its 3-D structure, each positive charge on the dendrimer
cannot position itself directly opposite each negative charge on the DNA. As a
result a fraction of the positive charge is situated some distance from the DNA
phosphate backbone. Additionally, the size and shape of the dendrimer
molecule forces large segments of the helix between adsorbed dendrimers to
remain negatively charged. Nguyen and Shklovskii (Nguyen and Shklovskii,
2002) stated that an additional dendrimer could still be adsorbed on DNA as
follows. When a new dendrimer molecule arrives at the DNA double helix,
which is already neutralized by dendrimers, it creates a place for itself in the
following way. One dendrimer monomer partially detaches from DNA surface,
exposing some of the negative charge of the DNA. These negative “vacancies”
can then join together by a shift of the adsorbed dendrimer molecules along the
DNA strand. Space is then found for a new dendrimer molecule to be
accommodated in the vacancy (with its positive charge closer to the DNA
charge than the previous dendrimer conformation). This process is dependent
on the shape, flexibility & charge density of the dendrimers, and results in an
increase in the total positive charge surrounding the DNA with some of the
charge now found some distance from the DNA strand. Providing the
dendrimer ratio is sufficiently high, this can result in charge inversion, the
outer layer of the “complexed” strand having a net positive charge. This
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mechanism is driven by elimination of the repulsive self-energy of free
dendrimer molecules in extended conformations, as it has in the solution.
However, in this condition of charge inversion, and due to the closely spaced
dendrimers, the DNA molecule extends to relaxed open circles. In contrast,
loops observed at these ratios were probably due to the temporarily bridging of
G4 molecules between different DNA molecules or within the DNA molecule
itself. We therefore believe that these open loops may be intermediates to the
fully opened circles in case of high dendrimers ratios. Figure 5:3b.
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Figure 5.3a shows the change in the (free water/free amine ratio) relative to
changes in G4:DNA ratios. As the polymer ratio increases the number of water
molecules that can arrange them selves around the free amine groups decreases.

a

b

Figure 5:3b shows the origin of charge inversion in adsorption of high generation
dendrimers: (a) DNA double helix (grey) neutralized by a Wigner-crystal-like liquid
of a high generation dendrimers (dark spheres). A new dendrimer molecule is
approaching DNA; (b) the new dendrimer molecule is integrated into Wignercrystal-like liquid while neighbouring already adsorbed dendrimers slide away from
it and smear its charge over the helix (Nguyen and Shklovskii, 2002).
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5.2.12

Effect of G6 Dendrimer’s Loading Ratio.

Representative G6-DNA condensates formed at the 0.5:1 ratio are depicted in
Figure 5.4. A number of flower-like condensates were observed. These flowerlike condensates appeared to contain less diffuse materials and petal like
strands of nucleic acid, than those of the higher ratios observed with G4. The
presence of partly formed condensates at this ratio was expected. This indicates
that the number of G6 molecules were not sufficient to make inter and intra
molecular bridges. Another feature of this ratio is that the decoration observed
previously with G4 is dramatically decreased with G6, most probably due to
the number of G6 molecules being decreased to one forth of that in G4, at the
same applied ratios, and that the larger size of this generation most likely
enabled the DNA to wrap around the dendrimers molecules instead of the
dendrimers decorating the DNA molecules. The condensates formed at the
ratio of 1:1 and 5:1 were of globular, spherical, morphology. A dense central
core is evident with little or no diffuse material around the circumference of
these structures. The mean cross-sectional diameter of these condensates was
85.4 ± 25.3 nm. The mean height was 4.1 ± 1.3 nm. The high molecular
weight and charge density of the G6 would also be expected to entrap a greater
yield of DNA than the smaller G4 molecule.
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200 nm

1:1
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Figure 5.4. Representative AFM Images of G6:DNA complexes at 0.5:1, 1:1 and
5:1 charge ratios imaged in deionized water. Multimolecular flower-shaped
structures, which all have one or few crossover points were seen at 0.5:1 ratio while
spheroidal shapes were obtained with 1:1and 5:1 ratios. Scale bars = 100, 100, and
200 nm respectively, z scales = 15, 30 and 30 nm respectively.

5.2.1.3

Effect of G8 Dendrimer’s Loading Ratio.

Figure 5.5 shows condensates formed between G8 and DNA at the ratio of
0.5:1, 1:1 and 5:1 respectively. All features were of globular or spherical
morphology; no flowers, relaxed molecules, or diffused materials were seen,
most probably reflecting the high compaction of this generation relative to G6
and G4. The mean cross-sectional diameter of these condensates was 80.2 ±
35.5 nm. The mean height was 5.5 ± 2.3 nm.
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Figure 5.5. Representative AFM Images of G8: DNA complexes at 0.5:1, 1:1 and
5:1 charge ratios imaged in deionized water, spheroidal shapes were obtained with
all ratios. Scale bars = 120, 120 and 260 nm respectively, z scales = 12, 7 and 35 nm
respectively.

5.2.2 Surface-influenced DNA Condensation in the Presence
and Absence of Sufficient Soluble G4 Dendrimers.
5.2.2.1

In the Presence of Sufficient Soluble G4 Dendrimers

The effect of soluble PAMAM molecules on the adsorbed DNA was studied as
follows. One 20 µl aliquot of 0.1 µg.ml-1 G4 solution in 10% PBS solution was
deposited onto a freshly cleaved mica disc. This was then incubated for 30
seconds. This volume then was almost replaced with a 20 µl aliquot of 3.3 µg.ml1

DNA in 10% PBS without previous washing. This method leaves some free G4

on the surface of mica ready to interact with DNA plasmid. Figure 5.6 shows
polyplexes of toroidal, linear, plectonemic and flower morphologies. The
toroidal condensates possess a mean external diameters of 87 ± 7 nm, their
internal diameters was 37 ± 8 nm and their thickness was 26 ± 2 nm. The mean
length of the plectonemic and rod condensates was approximately 300 ± 20 nm.
Their thickness was 25 ± 2 nm. In parallel, condensates of toroidal, plectonemic
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and rod-like morphology have been frequently reported for DNA-spermine and
DNA-spermidine complexes (Gosule and Schellman, 1976, Gosule and
Schellman, 1978, Allison, 1981, Plum et al., 1990, Bottcher et al., 1998, Lin et

al., 1998). A schematic representation of these structures together with images
obtained at 6:1 (I) and 20:1 (II) G4 : DNA ratios are shown in Figure 5.7.

a

b

c

Fig. 5.6. Top view AFM images of different ds DNA topologies on G4 treated mica
taken in tapping mode AFM under ambient condition without washing. The DNA
was imaged immediately in the 10% PBS. This method leaves some free G4 on the
surface of mica ready to interact with DNA plasmid. This method shows (a) toroidal
and linear, (b-c) plectonemic and flower morphologies. Scale bars = 150, 270 and
130 nm respectively, z scale = 20 nm.
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(I)

(II)

Figure 5.7. Images and schematic representations of (I) toroidal and (II)
plectonemic structures. The toroidal structures are made up of multi loops. Each
loop is parallel to the other loops, except in the region where it crosses over itself.
The ends of the strands will continue around and eventually be parallel to the noncrossover part of the loop.

5.2.2.2

In the Absence of Sufficient Soluble G4 Dendrimers

One 20 µl aliquot of 0.1 µg.ml-1 G4 solution in 10% PBS was deposited onto a
freshly cleaved mica disc. This was incubated for 30 seconds, rinsed with five
1 ml aliquots of water, then one 20 µl aliquot of 3.3 µg.ml-1 of DNA solution
was introduced in 10% PBS to the surface without previous drying. This
method produces a network of DNA flowers, rings and plectonemic structures.
All of these forms were loosely formed, where the strands of DNA were clearly
observed, Figure 5.8(a-c). The mean thickness of these strands in most cases
was 3.3 ± 0.8 nm and the mean distance between these strands was ca 4.5 ± 0.5
nm, as in the marked area in (b). However, for ring-like structures, the
thickness was 25 ± 2 nm, the internal diameter was 78 ± 7 nm and the external
diameter was 127 ± 4 nm. We assume that some of the adsorbed dendrimers
reentered the solution and complexed with DNA molecules to give these early
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condensates. The washing of the G4 pre-treated substrate allows relative
comparisons to be drawn with the previous protocol, however it is not possible
to absolutely quantify the ‘amount’ of G4 remaining, hence it is difficult to
know the cationic charge: DNA phosphate ratios.
a

b

c

Figure. 5.8 (a-c) Top view AFM images of different ds DNA topologies on G4
treated mica taken in tapping mode AFM under ambient condition after washing.
The DNA was then imaged immediately in the 10% PBS. This method leaves very
little G4 on the surface of mica ready to interact with DNA plasmid. Flowers,
plectonemic morphologies were observed. The arrow in (b) shows parallel-arranged
DNA strands. Scale bars = 100, 30 and 60 nm respectively, z scales = 15, 15 and 6
nm respectively.

5.2.3 Ionic Strength Dependence.
Figure 5.9 (a-c) shows images of DNA-G6 complexes at 1:1, 5:1 and 7.5:1
ratios respectively prepared and imaged in 1mM (10%) PBS containing 14.7
mM NaCl (pH 7.4). For the convenience of comparison, we show the degree
of changes in the tertiary morphological structures of the DNA-G6 complexes
relative to those obtained in deionized water in Figure 5.4 (a-c). Plectonemic,
loops, flowers morphologies and aggregates of loosely formed complexes were
seen. The compact spheroids seen before at these ratios in Figure 5.4 were not
seen here. The same holds true in Figure 5.9 (d-f) when we imaged these
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complexes at the same ratios, in 10 mM (100%) PBS containing 147 mM NaCl
(pH 7.4). Here, complexes appeared as open loops. These loops are more
opened than those imaged in 10% PBS. Again no spheroids were seen even at
high ratios. These observations, most likely, indicate that as ionic strength
increases, the binding between DNA and dendrimer decreases, which is in
agreement with electrostatic contributions to the binding. When monovalent
salt is added at sufficiently high concentrations, it can reverse condensation to
a certain extent, leading to isolated chains and open structural complexes.

a

1:1

d

1:1

b

e

5:1

5:1

c

7.5:1

f

7.5:1

Figure 5.9 (a-f). Representative AFM Images of G6:DNA complexes arranged in
order of increasing dendrimers-DNA ratios from 1:1 to 7.5:1. Ratios are stated on
the images. Images from a-c were imaged in 10% PBS while images d-f were
imaged in 100% PBS. Comparing these images with that in Figure 5.4, obtained in
water indicate that the binding between DNA and dendrimer is poor even at ratios of
7.5:1. Scale bars = 250, 270, 120, 100, 100 and 100 nm respectively, z scales = 5, 8,
10, 7, 12 and 15 nm respectively.
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These results are in general agreement with results obtained by Conwell et al.,
(Conwell et al., 2003) who studied the DNA complexes with hexamine cobalt
(III) and found that the obtained condensates is a salt-dependant phenomenon
and with results obtained by Burak et al., (Burak et al., 2003) who found that
the number of condensed spermine ions at the onset of aggregation of DNA
decreases with the addition of monovalent salt.

5.2.4 pH Dependence.
The ability of PAMAM dendrimers to act as a proton sponge has been widely
suggested. During intracellular trafficking, their buffering capacity will not
only tend to inhibit the action of the lysosomal nucleases, which operate
optimally in acidic conditions, but will also alter the osmolarity of the vesicle.
In the presence of PAMAM, there will be a net increase in the ionic
concentration within the endosome, resulting in a swelling of the polymer by
internal charge repulsion and osmotic swelling of the endosome, due to water
entry. Hence, resulting in accelerating the release of the genetic material from
the endosome and hence reducing their exposure to the endosomal enzymes.
Here we study the effect of the acidic (5.5), physiological (7.4) and basic (11.3)
pH(s), of the imaging media, on the stability of G4, G6 and G8 PAMAM-DNA
complexes being formed in water. An assessment then will make on the
structural integrity of such complexes at the molecular level.
Complexes were formed at 5:1 ratio in deionized water, equilibrated for some
seconds before imaging in 10% PBS, pH 5.5, Figure 5.10 (a-c) or in 10% PBS,
pH 7.4, Figure (d-f). At these pHs, the morphology of the observed
condensates is markedly consistent with spheroidal DNA condensates
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previously reported (Rackstraw et al., 2001). The measured diameters and
heights of these features were 85 ± 15 and 10.6 ± 5.7 nm, respectively. Both in
pH 5.5 and pH 7.4, a greater portion of the dendrimer surface groups is
expected to be protonated, since the pKa of dendrimers is ca 9.5. This effect
was confirmed by the spheroidal morphology obtained with these dendrimers.
Manipulation of the pH of the imaging medium to 11.3 caused some of these
complexes, Figure 5.10 (g and h) to rapidly disassemble, due to the
neutralization of the charges on the G4 and G6 dendrimers respectively, and
for free DNA molecules to be observed within 1-3 min. This confirms that the
spheroids are made up of condensed plasmid molecules. However, this
scenario was not true with DNA-G8 complexes, Figure 5.10 (i), where the
complex retained its spheroidal morphology for more than 5 minutes, most
probably due to the strong interaction with G8 relative to the G4 and G6
respectively. PAMAM dendrimers-DNA condensates appear to be stable when
exposed to environmental conditions across the central part of the pH
spectrum, as demonstrated by the similarity of structures elucidated at pH 5.5
and 7.4.
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Figure 5.10. Representative AFM Images of DNA: PAMAM dendrimer complexes
arranged in order of increasing dendrimers generation at 5:1ratios. Images (a-c)
represent the image of complexes in pH 5.5, (d-f) represent images in pH 7.4 and
images (g-i) in pH 11.3. Images a, d and g represent G4, b, e and h represent G6
and c, f and i represent G8 complexes. Scale bars = 100, 160, 200, 500, 300, 300,
100, 100 and 150 nm respectively, z scales = 7, 35, 30, 50, 8, 7, 7, 30 and 12 nm
respectively.
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5.2.5 Imaging of DNA on G4-treated Mica in Air.
Figure 5.11 depicts a representative image of naked DNA plasmids being
adsorbed onto G4 treated mica (section 2.2.4.5). A number of plectonemic
condensates were observed, where G4 molecules were found to decorate the
DNA molecules. The partially condensed plectonemic ‘tangles’ of DNA
observed were of similar morphology to those presented by Allen et al (Allen

et al., 1997a). The reason of forming these partially condensates in air is again
due to the reentrance of G4 molecules into the DNA solution and subsequently
their interaction with the DNA leading to partially neutralization, decoration,
and partially condensation of DNA molecules before drying. The average
thickness and height of these forms in the undecorated areas was 16 ± 4 and 0.6

± 0.2 nm respectively, the variation of height obtained relative to the
theoretical height of DNA was attributed to the dehydration of DNA molecules
in air and to the surrounding molecules of polymers where the DNA molecules
were embedded and perhaps due to the tip convolution. The average thickness
and height in the decorated areas were 23 ± 4 and 2.5 ± 0.8 respectively.

Plectonemic

Figure 5.11. Top view AFM image of DNA plasmid on G4 treated mica taken in
tapping mode AFM under ambient condition in air. G4-decorated plectonemic
morphologies are observed. Scale bar = 120 nm, z scale = 10 nm.
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5.2.6 Imaging of DNA-Dendrimers Condensates in Air.
AFM topographical images of polyplexes formed between DNA and each of
G4, G6 and G8 respectively at 1:1 charge ratio are depicted in Figure 5.12 (ac); details were presented in section 2.2.4.5.2 Globular structures of varying
uniformity are observed. These have a mean cross-sectional diameter of 90.5 ±
34.4 nm. Some times these complexes aggregated to form big complexes as
with G6 dendrimers in Figure 5.12 (b). Samples dried with compressed
Nitrogen may have artifactual effects on condensation and aggregation, which
will disrupt weakly, condensed and aggregated molecules and only strong
condensates and aggregates will be observed after drying. We decided to work
in liquid in most of our work to be as near the natural environmental conditions
for the DNA molecules as possible, to eliminate the artifactual effects due to
drying methods and to visualize the effect between the different generations of
PAMAMs used here and the DNA in real time.

a

G4

Figure 5.12 (a-c).

c

b

G6

G8

Representative AFM Images of DNA: PAMAM dendrimer

complexes arranged in order of increasing dendrimers generation at 1:1ratios, (a)
G4, (b) G6 and (c) G8. All condensates have been formed in water, dried under
nitrogen and imaging has been conducted in air. Scale bars = 45, 100 and 80 nm
respectively, z scales = 10, 35 and 5 nm respectively.
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5.2.7 Possible Condensation Mechanisms and Pathways of
PAMAM-DNA Polyplexes onto Mica Surface.
In biological systems, there are many surfaces with which DNA can and does
interact. One might even view the nucleosome as a surface onto which DNA
“condenses”. However, thermodynamic and spectroscopic experiments have
defined a major transition in the DNA condensation pathway as an abrupt
collapse that occurs when a condensing agent neutralizes approximately 8590% of the backbone charges. (Bloomfield, 1991, Bloomfield, 1996, Matulis et

al., 2000). The counter-ions not only screen columbic repulsions between the
DNA phosphates, they also produce attraction through correlated fluctuations
of the ion atmosphere. This idea was first put forward by Oosawa in 1970
(Oosawa, 1971), and was recently applied to DNA. A more detailed model
based on the Poisson-Boltzmann theory predicts that aggregates will redissolve as salt is added due to the screening of short-range electrostatic
attractions. In the following we will explore the probable mechanism of
condensation towards toroidal or flower structures.

5.2.7.1

Towards Toroidal Formation

The morphology of condensed DNA particles is most commonly that of a
compact, orderly toroid for which there are two models of formation, the first
being the spool-like model originally proposed by Ubbink and Odijk (Ubbink
and Odijk, 1995). This model relies on the hypothesis that toroids are formed
from a curved rod consisting of hexagonally packed DNA molecules. This
curved rod closes on itself in order to avoid discontinuity of its ends. The
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spool-like model is flawed however, in that if the strands are hexagonally
packed there will be a considerable gradient in the curvature contribution to the
energy of the strands, dependant on their radial position from the centre of the
toroid. This mechanism has hence been revised by Hud et al (Hud et al.,
1995), who have proposed the constant radius of curvature model. In this
model, the DNA is coiled with a constant radius of curvature into a series of
equally sized contiguous loops that are approximately coplanar but nonconcentric. Each loop of DNA is in close contact along its entirety with the
loops immediately pre and succeeding it. The centres of each loop lie on a
helical path around the central axis of the toroid giving the entire toroid the
structure of a helix of extremely low pitch. X-ray scattering data shows that
the surface-to-surface spacing between DNA helices is only about 1-2 water
molecules in diameter, so that the packaging density of DNA condensed in

vitro is entirely comparable to that of interphage DNA (Bloomfield, 1997).
Schematic representations of the spool-like and constant radius of curvature
models are provided in Figure 5.13 (a). Interestingly, one of our high resolution
AFM images of surface-directed DNA condensation have been acquired in
water and show parallel arrays of DNA strands held together at intervals in a
dense disk, Figure 5.13 (b). This morphology forms at a high G4 dendrimer
ratio (6:1). We believe that this morphology is an intermediate following the
constant radius of curvature model represented in Figure 5.13 (a (II) towards
toroidal formation. The large end loop seen in this figure may have been
formed after the ring-like structure had collapsed. The formation of these
structures is evidence for stabilization between DNA molecules along their
lengths, which should extend in all dimensions. However, the morphology seen
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is highly planar. Such a planar morphology may result from the collapse of the
three-dimensional arrangements onto the surface or from the attractive
interactions between the DNA and the substrate. All the arguments presented
above suggest that the structures observed might be influenced by the substrate
but are predominantly the result of DNA-DNA interactions and not DNAsubstrate interactions.

a

b

Figure 5.13. Represents top views of (a) the spool-like model (I) and constant radius
of curvature models (II) of torus formation. A lateral cross-section of the spool-like
model is presented in (III). The ends of the cross-sections of the DNA strands are
numbered, indicating their compliment on each side of the cross-section. This
figure is adapted from that presented in Böttcher et al., (Böttcher et al 1998). In (b),
the hexagonal packing of the DNA strands was held together at intervals in dense
disk, this morphology was formed at 6:1 ratio between the G4 and the DNA. Scale
bar = 35 nm, z scale = 6 nm.

In a proposed binding model for DNA-dendrimer complexes by Chen et al
(Chen et al., 2000), the DNA wraps around larger dendrimers while the
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wrapping of DNA does not occur for smaller dendrimers. Furthermore, the
surface groups of small dendrimers are more mobile than those of large
dendrimers, due to the open structure of the smaller generation (larger
entropy). Hence, instead of DNA wrapping on G4 dendrimers, the G4
dendrimers will bind to the DNA molecule, decorating it, leading to inter and
intra DNA ds interactions. We have seen such behaviour here with G4
dendrimers at different charge ratios, Figure 5.1, where these molecules were
found to decorate the DNA molecules at low charge ratios and form
temporarily intermediates at high charge ratios. We further confirmed these
suggestions by near in situ (four dimensions) imaging of the G4 (small
dendrimers) and G6 (large dendrimers) and DNA molecules as to investigate
the possible pathways of toroids formation.

5.2.7.2

Towards Flowers Formation

Regarding the flowers condensates being observed with G4 dendrimers, we
confirm the suggestion made by Montigny that the flower-like condensates are
made due to the binding of cations with the DNA molecules leading to the
DNA looping and subsequent loop condensation (Montigny et al., 2001).
Figure 5.14 depicts a schematic representation and four AFM images
suggesting a possible mechanism of formation of these ‘flower-like’
condensates. Considering this hypothesis, it is clear that the single twisted
decorated plasmid, marked in the figure, is an intermediate in the formation of
these flower-like structures.

139

Chapter five: Surface Visualization of PAMAM Dendrimers-induced DNA
Condensation
Left

Right

Figure 5.14. Right, a schematic representation depicts a possible mechanism of
formation of DNA condensates of a flower-like morphology from plasmid DNA and
small molecular cations, for example spermine or spermidine. This schematic has
been adapted from a similar representation in Montigny et al (Montigny et al.,
2001). Left, four AFM images taken from three different experiments with G4
PAMAM dendrimers, they show steps similar to those suggested in the scheme.

5.2.8 Four Dimensions Investigations of the DNA Condensation
and Condensates Disassembly in Liquid.
Dynamic real time assembly and disassembly of flower and toroidal DNA
condensates have been visualized using atomic force microscopy. Imaging
was conducted in an aqueous environment allowing the visualization of
hydrated, PAMAM dendrimer-DNA polyplexes undergoing dynamic structural
movement and conformational change without the presence of drying artefacts.
An increased understanding of the process of DNA condensation and
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condensate disassembly will we believe aid the development and optimisation
of gene delivery vectors. Experimentally Golan et al (Golan et al., 1999) have
utilised AFM in an attempt to image condensates at various stages of
formation, concluding that linear structures are intermediates in the formation
of toroids, and these toroidal structures ultimately collapse into short rigid rods.
A similar investigation conducted by Fang et al (Fang and Hoh, 1999)
concluded that plasmids follow one of two pathways when they condense
either to form rods or toroids and that these structures are discrete end-points of
each other. Such studies however do have the flaw that they produce snapshots of a sequential process and not the full inter-relationship of structural
transition. A limited number of studies including our own, Abdelhady et al
(Abdelhady et al., 2003), have exploited AFM to visualize dynamical
molecular processes involving DNA, Martin et al (Martin et al., 2000), Pope et

al (Pope et al., 1999) and Ono et al (Ono and Spain, 1999). In our studies,
firstly, regarding the condensation processes, Figure 5.15 displays images
recorded for the 1:1 G4: DNA ratio, in which DNA and G4 molecules are
allowed to equilibrate in solution for 15 min. The data displayed are
noteworthy since the observed complex was treated with DNase I enzyme so as
to study the effect of DNase I on G4:DNA complexes. We will concentrate on
the structural changes of the complex before the clear enzymatic interaction
that takes place at 71-94 min. Then we will discuss in details the effect of
DNase I on this complex in the next chapter. Initially a multi-looped molecule
was obtained with a contour length of 1074 nm, a measured height of 0.85 ±
0.2 nm and a maximum height at the marked white spot of 3.7 nm. The
measured thickness of the remainder of the complex was 18 ± 1.2 nm. Over the
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next 36.5 minutes the DNA becomes increasingly condensed, demonstrated by
a reduction in diameter and an increased thickness and height of the condensed
complex to 27.6 ± 2.3 and 1.8 ± 0.34 nm respectively. We confer the presence
of looped molecule to the binding of G4 with the DNA molecule leading to the
DNA looping and subsequent loop condensation by pulling the DNA double
strands from one loop to the other in such away as to arrange the DNA double
strands parallel to each other in a highly compacted ring (toroid).
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Figure 5.15. AFM image sequences for the 1:1 G4 to DNA ratio, in which DNA and
dendrimer molecules were allowed to equilibrate in solution for 15 min. Images,
show in near in situ, the formation of toroidal complex. Numbers on the images
represent time lapsed in minutes. The arrow at t = 0 min shows the point of
maximum height of the molecule. Scale bar = 100 nm, z scale = 3 nm.
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Figure 5.16 depicts another sequence of AFM images in deionized water being
formed at 1:1 ratio and allowed to equilibrate for 2 hrs before imaging.
Plectonemic and double looped condensates were obtained. From this
sequence, the hypothesis can be developed that when plasmids first encounter
the G4 cationic polymer they begin an inward collapse and appeared as an
interwound plectonemic and multi looped condensates. The initial step in the
condensation after that is the increased intrinsic bending of these molecules to
form ring-like condensate. This is also supported by the recent theoretical work
of Rouzina and Bloomfield (Rouzina and Bloomfield, 1998) showing that
small multivalent cations can induce local bends in DNA. The next identifiable
step in the process is the initial intramolecular loop formation appeared as 3looped molecule after 34 min(s) of imaging. We thought that, if this molecule
aggregates with other molecular condensates, then multimeric condensates
would appear, which require intermolecular contacts. One of those
intermolecular contacts is the crossover points and interactions that involve the
ends of DNA molecules. In the case when there are no or few free ends there
must be intra or intermolecular contacts involving the ends. There are several
possibilities for such a contact, including partial overlaps between molecules,
end-to-end interactions, or termination of free ends at the crossover point.
Figure 5.17 shows a third sequence of images where the G4 dendrimers were
first adsorbed onto mica for some seconds, the aliquot was then removed
carefully with tissue without washing, then the DNA was introduced and
imaged in 10% PBS. Within the figure, the plectonemic structure on the left
was observed to coil round and fuse to form a continuous ring-like structure,
thus minimizing discontinuity of their ends, the basis of the spool-like model
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towards toroid. The right structure resembles that in Figure 5.13 that appear as
multimeric flower and disk-like structures.
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Figure 5.16. AFM image sequences for the 1:1 G4 to DNA ratio, in which DNA and
dendrimer molecules were allowed to equilibrate in solution for 2 hr. Images, show
in near in situ, the formation of ring-like complex. We consider this as an
intermediate towards toroidal formation. Numbers on the images represent time
lapsed in minutes. Scale bar = 100 nm, z scale = 5 nm.
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Figure 5.17. Top view AFM image sequences for ds DNA topologies on G4 treated
mica taken in tapping mode AFM under ambient condition without washing. The
DNA was imaged immediately in the 10% PBS. This method leaves some free G4 on
the surface of mica ready to interact with DNA plasmid. This method shows, in near
in situ conditions, the bending of the plectonemic structure, the molecule in the left,
to make an intermediate towards the toroidal morphology. Numbers on the images
represent time lapsed in seconds. Scale bar = 140 nm, z scale =25 nm.

A fourth sequence of images showing the formation of toroidal structures when
the DNA is first treated with larger dendrimers (G6) in 100% PBS at 1:1 ratio
and imaged in the same buffer instantaneously is shown in Figure 5.18. It is
clear from this sequence of images that these structures adopt the mechanism
of wrapping of the DNA molecules around G6 molecules to form a toroidal
morphology after 21 minutes. The mean external diameter of these toroids was
42 ± 1 nm, the thickness was 12 ± 2 nm and the height was 2.5 ± 0.5 nm. This
results in an internal diameter of 13.5 ± 1 nm that is similar to that obtained by
the use of spermine and spermidine, leading to the production of toroidal DNA
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with inner radii of 140 Å (He et al., 2000). These data also agree with data
presented by Chen et al (Chen et al., 2000) who found that the DNA could
wrap around larger dendrimer molecules, G7 in his study, for about 1.4 turns,
which is analogous to the DNA-histones complex, while it cannot wrap around
the smaller G4 molecules. He also found that one dendrimer molecule can bind
to two or more independent DNA pieces.
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Figure 5.18. AFM image sequences for the 1:1 G6 to DNA ratio, in which DNA and
dendrimer molecules were allowed to equilibrate in100% PBS solution for few
seconds. Images show the DNA molecules wrapping around the G6 molecules in
near in situ conditions towards toroidal morphology. Numbers on the images
represent time lapsed in minutes. Arrows on the images showing the formation of
the toroidal structure Scale bar = 60 nm, z scale = 9 nm.

Secondly, regarding the disassembly of the DNA condensates, toroids and
flowers, Figure 5.19 represents three different sequences of images being taken
in 10% PBS. These sequences were formed at 7.5:1 and 10:1 G4-DNA ratios
and incubated for 4.5 hours before imaging as in Figure 5.19 (I) and (II)
respectively and at 10:1 ratio and incubated for one hour before imaging,
Figure 5.19 (III).
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Figure 5.19. AFM image sequences for (I) 7.5:1 G4: DNA ratio, in which DNA and
dendrimer molecules were allowed to equilibrate in10% PBS solution for 4 hrs, (II)
10:1 ratio incubated for 4.5 hrs and (III) 10:1 ratio incubated for 1 hr. It’s obvious
that these images represent a reverse mechanism to the DNA condensation in real
time. Numbers on the images represent time lapsed in minutes. Scale bars for each
sequence = 200, 350 and 250 nm respectively, z scales = 7, 9 and 10 nm respectively.

In figure 5.19 (I) the flower-like structure can be seen to open after 7 minutes
with the molecule then identified into two discreet parts; each of them was
moving away from the other after a further time period of 16 min. After 19
min, these molecules rearrange, each displaying different multi-looped
morphologies. In figure 5.19 (II) multi-looped, toroidal DNA and a large
aggregate were seen. We will concentrate on the toroidal structure and the
aggregate presented in this image. Interestingly, the aggregate seems as
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condensed flowers, started to open after 8 min reaching a maximum relaxation
after 30 min where ‘petals’ appeared to originate from multi-focal pointes
within this flower. In addition to the flower structure seen in this image, a
toroidal structure was observed, its external diameter being 185 nm and its
height 2.6 nm. This diameter increased to reach 192 nm after 8 min and its
height decreased to 1.8 nm. After 30 min this toroidal structure further relaxed
and reached its maximum diameter of 247 nm and minimum height of 1.1 nm.
A behaviour like this was also observed in Figure 5.19(III) where a multi
toroidal aggregate were seen to disassemble after 8 min and a three distinct
toroids were observed at the lower left end of the image. The external
diameters of these toroids from the left to right were 127, 103 and 190 nm
respectively. Their heights were 2, 2.6 and 1.8 nm respectively. These toroids
were found to relax with time to reach a diameter of 196, 157 and 240 nm
respectively after 10 min; their heights were 1.9, 2 and 1.1 nm respectively.
The formation of these aggregates that are composed of loosely associated
molecules suggests that there is long-range attractive interaction between DNA
molecules at these ratios. Rau and Parsegian have proposed that hydration
forces underlie long-range attractive interactions between parallel DNA strands
in the presence of condensing agents (Rau and Parsegian, 1992). It is clear
from these images that the mechanism adopted here is opposite to that adopted
in the condensation processes to make either multi-loped flowers or toroids.
These images together with those obtained in real time to elucidate the
mechanisms of condensation are supportive to each other in clarifying the
pathways of condensations and disassembly. Furthermore images observed in
Figure 5.19 (II) and (III) agree with those observed in Figure 5.9 in that the
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presence of monovalent cation aids in reversing the condensation process.
Moreover, data obtained in Figure 5.19 (II) and (III) represents the effect of
incubation time with the 10% PBS. It’s clear that as the incubation time with
10 % PBS increases the degree of complexation decreases resulting in the
formation of intermediates rather than toroids and/or rods.

5.2.9 Analysis of Condensate Volumes

AFM captures topographical information in three-dimensions. Analysis of such
three-dimensional information has the potential, allowing for certain
considerations, to allow the assessment of the structural volume and hence to
provide information regarding the number of plasmid molecules in each
condensate. Figure 5.20 shows different morphological structures of PAMAM
dendrimer-DNA condensates presented in three-dimensional orientations.
Here, a novel assessment of condensate volume relative to structural
morphology has been made. Our measurements are based on considering the
DNA double strands as a long flexible cylindrical geometry. This cylinder can
either loop around it self to make a flower like structure, further enterwind and
compact to arrange the DNA double strands in parallel before condensation
closes the structure to make rings or toroids. Other scenarios to consider are
cylinders bending around themselves to make parallel cylinders (rods) or forms
intermediate structures between these morphologies. All of these morphologies
include cross sections of the DNA double strands. These cross sections most
likely maintain a constant radius for the condensed DNA during and within the
formation of toroids and we propose that this constant radius mechanism is
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applicable to rod formation as well when the toroid opens onto rod or vies
versa. In case of ring or toroidal morphologies, the estimation of the volume is
then simply achieved using equation 5.1(a) that was extracted from the
schematic representation in Figure 5.20 (j). For flowers, the volume was
estimated by integrating the volume of the petals (cylinders) of these flowers
and the volumes of the cross sections, equation 5.1(b). If the cross sections
appeared as a spheroidal morphology, then their volume was considered as the
volume of the sphere, equation 5.1(d). If the geometry of the cross sectional
part is not spherical in shape, then the volume will depend on the new
geometry.

All measurements of these condensates were taken at half

maximum height of the condensate in order to minimise tip convolution effects
(Allen et al., 1997a). The relative percentage occurrence of the globular, ringlike, linear and flower condensates are described in Table 5.2 and Figure 5.21.
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Figure 5.20. 3D representations of (a) rod, (b) toroid, (c) 2D image of the same
toroid where cross-sectional measurements were taken at the positions displayed by
arrows and is shown annotated with the readings taken from it in (d). Schematic
representation of the possible arrangements of the DNA ds(s)were shown in (e),
arrows refer to these arrangements in (a, b and f respectively), in (f), the DNA ds(s)
were found to follow the constant radius mechanism of toroidal formation, the
mean thickness of DNA ds was 2.4 nm and the separation distance between two
DNA ds(s) was ca 2-4 nm. 3D representations of ring, open relaxed ring, flower
morphologies and their schematic representations were shown in (g-i) respectively.
Schematic representations of a toroid where cross-sectional measurements are
taken at the positions displayed in (j) and are used to calculate toroidal and ring
volumes with equation 5.1 (a).
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Equation 5.1
(a): Volume of toroid or ring = 2π
π2(r+h/2)2R/4 or π(r+h/2)2L.
(b): Volume of flower = Σ(π
π(r+h/2)2L) for each petal + ΣVolumes of the
cross points.
(c): Volume of rode = π(r+h/2)2L
(d): Volume of spheroid = 4/3 π(D/2)3
Where:

r = ((A-D)-(B-C))/4 for rings and toroids in Figure 5.20(j).
R = ((B-C)/2)+r for rings and toroids in Figure 5.20(j).
L= contour length
D = diameter of the rod or spheroid

Generation

n

Globular
%

Rings
%

Linear
%

Flowers
%

G4

186

15.6

19.3

4.3

60.7

G6
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66.6

7.1

3.6
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0
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0
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Table 5.1 and Figure 5.21 show the percentage of each condensate morphology
relative to the dendrimers generation and irrelative to the loading ratio.
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The estimated volumes of the aforementioned condensates are shown in table
5.3 and Figure 5.22 respectively. We did not attempt to estimate the volume of
aggregated condensates.
G4

Parameter

G6

G8

Globular Toroids

Globular

Naked
DNA

Globular

Toroids

Linear

Flowers

n

15

7

5

9

15

5

15

11

r (nm)

30

12

11

5

45

9

41

5.5

h/2(nm)

10

1

1.2

1.5

5

0.9

6

0.7

(r+h/2)/2

20

6.5

6.1

3.25

25

4.95

23.5

3.1

350

300

1641

Volume (nm )

33493

46433

35052

54426

65417

11541

54334

34702

No of DNA molecules relative to
the estimated volume of naked
DNA

1.0

1.3

1.0

1.6

1.9

0.3

1.6

1.0

No of DNA molecules relative to
the theoretical volume of naked
DNA

7.2

10.0

7.5

11.7

14.0

2.5

11.7

7.4

Contour length (nm)
3

150

1150

2.0
1.8
No of DNA molecules

1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2
0.0
Globular

Rings /
Toroids

Rods
G4

Flow ers

Globular

Rings /
Toroids

Globular

G6

G8

Table 5.2 and Figure 5.22 show volume of PAMAM dendrimer-DNA complexes
with different dendrimer generations and a histogram depicting the volume
distribution of the obtained morphologies relative to the dendrimers generation.
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Analysis of the morphology and volume for all systems revealed similar
magnitudes of condensate volume. G4-DNA condensates appear to contain one
plasmid in most cases, relative to the estimated DNA volume, except with the
flowers morphology that reveal an average of 1.6 plasmids per condensate. In
case of condensates obtained with G6, the toroidal structure revealed an
average volume of 0.3 plasmid relative to the estimated volume of DNA (based
upon the AFM data) while it results in 2.5 plasmids relative to the theoretical
volume of the plasmid DNA. Interestingly toroids obtained with G6 however
produce toroids of the more classical geometry, rather than the loose structures
observed with G4 system. Typical, classical toroids have reported outer radial
geometries of approximately 40 nm for DNA lengths ranging from 0.4 to 48
Kbp (Marx and Ruben, 1986, Bloomfield, 1991). The values we report for the
G4 system are approximately two times higher than those for classical toroids.
However the globular structures observed with G6 results in a volume of 1.9
plasmids per condensate. For G8 dendrimers only globular condensates were
observed. Interestingly, as the generation of the used dendrimers increases, the
degree of compactness of the obtained condensates also increases, a behaviour
that was clear in the obtained morphology, i.e. with G4 dendrimers, rings, rods,
flowers and globular morphologies were seen while classical toroids and
globules were the only structures observed with G6 and only globular
structures were observed with G8 dendrimers. The discrepancy in the measured
volumes is most likely due to the tip convolution and sample compression
effects.
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5.2.10 Effect of Loading Ratio and Generation Type on the
Complex Retardation in Gel Electrophoresis
Agarose gel electrophoresis is a convenient method for monitoring the reaction
between PAMAM dendrimers and DNA mixtures, and is capable of revealing
much detail of the interaction. Figure 5.23 shows the pattern on the gel for G4,
G6 and G8, complexed with plasmid DNA at various ratios. Although gel
migration is affected by size and charge, our data suggest that charge is the
primary determinant of the migration patterns in this case. Thus, by varying the
dendrimers: DNA ratio a variety of cationic, neutral, or anionic complexes can
be created.
Lane 1 shows the pattern of naked DNA plasmid in the absence of polymer, the
DNA is separated as 2 bands. These are likely to represent different
“conformations” of plasmid; the upper band represents super coiled DNA
while the middle band represents the linear and open circular forms of DNA
fused together in one band. We believe that if extra running time were allowed,
this band will separate into two as latter confirmed in chapter 6. The lower
band represents the DNA that trapped in the well. At 0.5:1 ratio, lanes 9 and 13
with G6 and G8 respectively, an excess of un-complexed DNA was present
and again two bands toward the anode were seen. The upper band represent
supercoiled and condensed DNA while the middle band represents linear and
open circular DNA fused together. At this ratio, the complexed plasmid still
has a negative net charge, as shown by its migration to the anodic edge of the
loading well, the same holds true with 0.5:1 ratio with G4 (data not shown
here).
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Figure.5.23.

Gel

electrophoretic

retardation pattern for

PAMAM-plasmid

complexes. Upper images show fluorescently labelled plasmid migration. The lower
images show the same gels following staining for polymers. The anodic and
cathodic ends are marked with + and -, respectively, and the loading wells were
marked with numbers. Lane 1 contains free plasmid as control. Complex ratio
details for the remaining wells are as follows: lanes 3-7 contain 1, 3, 5, 7 and 10:1
G4:DNA respectively; lanes 8-12 contain 0.5,1, 3, 5 and 7:1 G6:DNA respectively
and lanes 13–18 contain 0.5, 1, 3, 5 and 7:1 G8:DNA, respectively.

At 1:1 ratios or above, the gels indicate that most of the DNA is associated
with the complex and DNA bands disappeared from this point onwards due to
the loss of EBr fluorescence on complete complexation of DNA with polymer,
demonstrating that PAMAMs were capable of binding with DNA at
physiological pH. When the polymer-loading ratio increases the DNA might be
expected to migrate to the cathodic side, implying a positive charge on the
complex. However, this behaviour is not seen here, probably due to the loss of
EBr fluorescence on complete complexation of DNA with polymer.
Interestingly, inspection of the gel stained for the polymer suggests a trend of
bands of free polymer running toward the cathode. This indicates that once
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stoichiometric complexes are formed between dendrimers and DNA molecules
there is no further association of the polymer with the complex. The rate of
migration of the free polymer differs dramatically within generations, while
they were quick in case of G4; they were slower in the case of G6 and very
slow in case of G8. This might reflect the effect of generation size and charge
on the formation of strong complex between them and the DNA. This finding
was confirmed using gel electrophoresis for G4, G6 and G8 PAMAMdendrimers in the absence of DNA, Figure 5.24. The amount of dendrimers
used in each generation was the same as to make 5:1 PAMAM: DNA ratios. It
was clear that as the dendrimers increased in generation (size), rates of moving
towards the cathode decrease. Data obtained from gel electrophoresis supports
that obtained from the AFM indicating that the reaction strength between the
DNA and the PAMAM dendrimers increases with generation.

G8

G4
G6

Fig. 5.24. Gel electrophoretic retardation pattern, towards the cathode, for G4, G6
and G8 PAMAM dendrimers respectively following staining. As the dendrimers
increase in generation, rates of moving towards the cathode decreases.
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5.3

CONCLUSIONS

Images reveal that dendrimer-induced DNA condensation involves multiple
well-defined structural intermediates. The reasons for these intermediates may
be due to the interruption in the folding process as a result of the
immobilization of the condensates onto the mica surface, the lack of sufficient
polymer cations as in case of low ratios and the presence of salt in the
preparing solutions or imaging environment. The morphology of these
complexes depends on the loading ratio of dendrimers, dendrimer’s generation
and the presence or absence of soluble dendrimers in the imaging field. As the
concentration of dendrimers relative to DNA is increased, the nucleic acid
takes on a more condensed morphology.

Initially the DNA becomes

increasingly twisted and supercoiled, a number of flower-like condensates,
disks, rings, toroids and rods are observed. We observed that pre-treatment of
mica with G4 and subsequent deposition of DNA will result in the formation of
partially condensed DNA complexes. However it appears that whether DNA
condensation is surface-mediated or in solution, if adequate cations are present
rods, toroids and plectonemic condensates will result. Samples prepared and
imaged in water gave better condensation than samples in saline, but samples
in saline are more relevant for comparison with in vivo results. The binding
between DNA and dendrimers became weaker at higher ionic strength and/or
high pH, consistent with the importance of the electrostatic interactions in the
DNA-dendrimer binding. It is evident that polyplexes formed from DNA and
G4 possess an increased tendency toward aggregation than those formed from
higher generations. However, the pathway observed in Figure 5.16,
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plectonemic structure towards ring and finally towards multi-looped structure,
together with that previously observed in Figure 5.15, towards the formation of
toroids from multi looped condensates, suggested that one structure
(plectonemic, ring or toroid) is an intermediate in the formation of the other, or
in other words that they exist in a dynamic equilibrium. Such observation does
not support the hypothesis that the plectonemic, ring-like morphologies and
toroids are distinct end-points of condensation formed by contrasting folding
pathways (Noguchi et al., 1996). This is consistent with the hypothesis that
these thicker rings of more robust appearance are formed from the concentric
wrapping of an interwound condensate. From this sequence, the hypothesis can
be developed that when plasmids first encounter the cationic polymer they
collapse into interwound linear condensates. The number of interwound twists
(loops) of these structures increases and ultimately they coil round and fuse to
form a ring-like structure, thus minimizing discontinuity of their ends, the basis
of the spool-like model, crossover stabilization is then formed between these
structures leading to multimerization and strand-strand stabilization of these
loops or rings. However, in common with all surface imaging, there is the
question of how closely the composition and morphology of adsorbed
structures represents that in the bulk solution. In this study, repeated imaging
of the sample was possible over a number of hours. In addition, images taken
in air as a result of the precipitation of all of the suspended condensates in
solution did not reveal any significantly different morphology than that
obtained in liquid.

It would be expected that if other structures rather than

those already observed were present then they would adhere to the substrate in
a similar manner to the condensates observed.
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CHAPTER SIX
DIRECT REAL-TIME MOLECULAR SCALE
VISUALISATION OF THE DEGRADATION OF
CONDENSED DNA COMPLEXES EXPOSED TO
DNASE I
6.1

BACKGROUND

Despite much progress, there remain a number of well-known obstacles to the
development of efficient gene delivery systems. To help overcome these
challenges, it is clear that a deeper understanding of the detailed structure of
proposed vector complexes and their response to environmental challenges
would be of great benefit in the rational design of such systems. We
demonstrate this philosophy here in a study of the effect of DNase I on the
molecular structure of PAMAM dendrimer-DNA complexes. Such complexes
form through electrostatic interactions between negatively charged phosphate
groups of the DNA and protonated amino groups of the dendrimers
(Kukowska-Latallo et al., 1996, Bielinska et al., 1997, Hill et al., 2001). The
complexes remain highly soluble, indicating that nuclease resistance may be
achieved without forming insoluble complexes (Bielinska et al., 1997). In vitro
experiments have shown that such dendrimers can chaperone DNA through
cell membranes and promote efficient gene transfection (Tang et al., 1996). In
parallel, atomic force microscopy has demonstrated potential in studying
processes involving DNA (Bezanilla et al., 1994, Hansma and Pietrasanta,
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1998, Golan et al., 1999, Umemura et al., 2000). For example, work imaging
static DNA condensates induced by polylysine (Hansma and Pietrasanta, 1998,
Golan et al., 1999) and spermidine (Fang and Hoh, 1998a) has been reported.
Liu et al. have also visualized the end point structure of a chitosan-DNA
complex after exposure to DNase I (Liu et al., 2001b). In these studies
resolution has been achieved by imaging fixed samples in air and therefore
information on process dynamics is limited, and structural morphology may
contain drying artifacts. A limited number of studies have exploited AFM to
visualise dynamical molecular processes involving DNA (Bezanilla et al.,
1994, Ellis et al., 1999b, Ono and Spain, 1999, Pope et al., 1999, Berge et al.,
2000, Martin et al., 2000). Here our studies, which build upon this work, show
the effect of the DNase I enzyme on DNA following complexation with
increasing ratios and incubation times of generation 4, 6 and 8 PAMAM
dendrimers. DNase I is a pancreatic endonuclease, which catalyses the
hydrolysis of double-stranded DNA (Pan et al., 1998) and is a commonly
employed biochemical probe in DNA footprinting studies. It recognizes certain
sequence-dependent structural variations of the double helix and senses DNA
flexibility. Structural analysis by X-ray crystallography shows that DNase I
binds in the minor groove of B-type DNA (Lahm and Suck, 1991, Suck, 1997,
Paul et al., 2000) forming contacts in and along both sides of the minor groove
extending over a total of 6 base pairs plus 2 adjacent phosphates. As a
consequence of DNase I binding, the minor groove opens by approximately 3
Å and the duplex bends towards the major groove by about 20º (Lahm and
Suck, 1991, Suck, 1997, Martin et al., 2000). In the presence of divalent metal
ions, DNase I cleaves DNA at the phosphodiester bonds that link adjacent
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nucleotides. Cleavage preferentially occurs adjacent to pyrimidine bases. In the
presence of Mg2+, DNase I hydrolyses each strand of a duplex independently
leading to random single strand breaks (SSBs). The purine-pyrimidine bonds
are subsequently preferentially cleaved leading to double strand breaks (DSBs)
leading to a final product of di- and higher oligonucleotides (Weston et al.,
1992, Pan et al., 1998, Fojta et al., 1999, Pan and Lazarus, 1999). In the
presence of Mn2+, the enzyme cleaves both strands of DNA at approximately
the same site, leading directly to DSBs, Figure 6.1.

Supercoiled

DSB

SSB

Linear

DNase I

Open
circular

Accumulation of
SSB(s)
Figure 6.1. Scheme of supercoiled DNA and the formation of open circular or
linear DNA as the result of nicking of one DNA strand (single-strand brake (SSB)
or both strands in the same site or near to each other (double-strand break (DSB).
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6.2

RESULTS AND DISCUSSION

6.2.1 On Substrate Experiments
6.2.1.1

Effect of DNase I on Naked DNA Plasmids

Figure 6.2 (a) shows topographical image of the DNase I on mica, this reveals
a mean diameter of 19 ± 2 nm and a mean height of 1.7 ± 0.3 nm. Figure 6.2
(b) depicts an example control AFM study of naked DNA adsorbed onto
freshly cleaved mica and exposed to DNase I, details of samples preparation
are in sections 2.2.5 and 2.4. This shows that fragmentation due to the
accumulation of SSBs of the DNA molecules starts at ~9 min after the addition
of DNase I with complete fragmentation within 22 min (significantly shorter
than time periods subsequently observed for G4-DNA complexes, Figure (6.3).
Such data clearly demonstrate the accessibility of the DNase I to the cleavage
site of the surface immobilised DNA.
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(a)
0

9

12

22

(b)

Figure 6.2. Control AFM image of (a) the DNase I adsorbed onto mica, (b) Control
AFM images shows the effect of DNase I on bare DNA adsorbed onto mica
surfaces. Images were taken in 1mM PBS containing 2mM MgCl2 and 1mM NiCl2.
Numbers on the images represent time lapsed in minutes. Scale bars = 55, 100 nm
respectively, z scales = 5, 7 nm respectively.

6.2.1.2

Effect of Dendrimer’s Loading Ratio

Figure 6.3 shows examples of the effect of DNase I on G4-DNA complexes at
(a) 0.5:1, (b) 1:1 and (c) 5:1 ratios; complexes were prepared in which DNA
and G4 molecules were allowed to equilibrate in solution for a few seconds
before being directly introduced to the mica and imaged for ~20 min prior to
the addition of the enzyme. The images observed before and at 0 min for all
ratios demonstrate the influence of G4 loading upon the morphology of the
complexes. For the 0.5:1 ratio (Figure. 6.3a), features consistent with
individual molecules or small aggregates of G4 molecules are observed to
decorate the DNA at 0 min. During the hour after addition of DNase I, a slight
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relaxation of the ring structure is initially observed via an extension in length
of 66 nm to 1442 nm and eventually a fragmentation of the complex. At 0 min
the measured thickness and height of the decorated DNA strands were 22 ± 5.5
and 3.7 ± 1.4 nm, respectively, while the measured thickness and height of the
undecorated parts were 11.0 ± 0.5 and 0.5 ± 0.1 nm, respectively. This is
consistent with some regions of the DNA plasmid having a high density of
bound G4 whilst other regions remain relatively bare. Subsequent image data
show this G4 coverage is in a constant state of flux. For example, the
highlighted portion of the complex at 19 min, which is initially protected by G4
complexes, becomes bare after 22 min and is rapidly fragmented by 41 min.
Figure 6.3b shows the effect of DNase I on a G4-DNA complex at 1:1 ratio.
Here the observed complexes mostly appear as thickened ring-like structures
(thickness ranging from 20 to 60 nm), similar to those previously reported for
toroidal DNA condensates and their intermediates (Liu et al., 2001a).
The thickened regions are made up of parallel strands of condensed DNA
molecules, consistent with DNA folding as a mechanism for DNA
condensation. Features attributable to individual G4 molecules can no longer
be seen to decorate the individual complexes, most likely due to their higher
packing density along the DNA. The images recorded over 102 min,
subsequent to enzyme addition; show dynamic changes in molecular
conformation and a gradual degradation of the complexes. This fragmentation
indicates that the enzyme is still able to access the DNA double helix
sufficiently to allow the accumulation of SSBs, and complete strand breakage.
It is also interesting to note that regions of the complexes that appear to be
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composed of several laterally associated strands of DNA display more
resistance to enzymatic degradation than isolated strands.

0

41

19

45

20

22

56

60

Figure 6.3(a). Effect of DNase I enzyme on G4-DNA (0.5:1) complex, the
complex was immediately adsorbed onto mica and imaged in deionized water
until stable images were obtained, then the DNase I was introduced. Numbers
on the images represent time lapsed in minutes. Scale bar = 70 nm, z scale = 10
nm.

At the higher, 5:1 G4: DNA ratio (Figure 6.3c), the morphology of the
observed condensates is markedly changed and consistent with `spheroid'DNA
condensates. Following the addition of DNase I, it can be seen that the
complexes are still protected at 120 min without any significant degradation.
The measured diameter and height of these features were 69 ± 15 and 10.6 ±
5.7 nm, respectively. Manipulation of the pH of the imaging medium to 11.3 in
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the absence of the enzyme, caused these complexes to rapidly disassemble, due
to neutralization of the charge on the dendrimers, and for free DNA molecules
to be observed within 1 min. This confirms that the spheroids are made up of
condensed plasmid molecules.
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Figure 6.3(b). Effect of DNase I enzyme on G4-DNA (1:1) complex. Numbers on
the images represent time lapsed in minutes. Scale bar = 100 nm, z scale = 5 nm.

PH = 11.3

0 min

120 min

Figure 6.3(c). Effect of DNase I enzyme on G4-DNA (5:1) complex, spheroidal
condensates were observed. Following the addition of DNase I, it can be seen that
the complexes are still protected at 120 min without any significant degradation.
Manipulation of the pH of the imaging medium to 11.3 in the absence of the enzyme
caused these complexes to rapidly disassemble. Scale bar = 100 nm, z scale = 7 nm.
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The images displayed in Figure 6.3 a-c thus demonstrate that the morphology
of the G4-DNA complexes varies markedly with increasing G4 loading and
that the degree of protection afforded by the complex is found to rise with
increasing G4 loading, at least up to 5:1. From these and other data, we
estimate an average for the observed lifetime until complete degradation of the
naked DNA and the complexes at different ratios as 18.5 ± 7.8 min for naked
DNA (n = 3), 66 ± 8.4 min for 0.5:1 G4: DNA ratio (n = 5) and 141.5 ± 37.5
min for 1:1 G4: DNA ratio (n = 46). These findings are summarized in Table
6.1 and Figure 6.3 (d) respectively.

Time (min)
Ratio Starting/Ending(S/ Experiment
E)
1
2

0.0

0.5

1

5

Number of
molecules

S

9

15

3

E

13

24

3

S

22

52

5

E

60

72

5

S

20

43

46

E

115

168

46

S

>115

>110

>112.5

E

Protection

35

Morphology

Open circular

Loops

Loops and
Flowers

Mean

SD

SE

12.0

4.24

2.45

18.5

7.78

4.49

37.0

21.21

9.49

66.0

8.49

3.79

31.5

16.26

2.40

141.5

37.48

5.53

Spheroids

Table 6.1 summarizes the mean starting and ending times of fragmentation within
different complex’s ratios with G4 dendrimers.
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Mean ending time
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5:1
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DNA
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0
Ratio

Figure 6.3(d) shows the mean starting and ending times of fragmentation within
different complex’s ratios with G4 dendrimers.

6.2.1.3

Effect of Incubation Time with Dendrimers

It is feasible that the complex architecture, and hence its ability to resist
degradation, will also depend on the time allowed to form the system. Figure
6.4a displays images recorded for the 1:1 G4: DNA ratio, in which DNA and
G4 molecules were allowed to equilibrate in solution for 15 min prior to
deposition onto mica and subsequent exposure to the DNase I enzyme. By
consideration of the images in Figure 6.3b (instantaneous mixing), Figure 6.5
(2hr incubation) it can be seen that for all incubations the morphology of the
observed complexes is predominantly toroidal. The importance of the time
allowed for complex formation is also apparent. For example, many of the
features observed in Figure 6.3b appear to be composed of several loops, and
may thus represent incompletely formed toroidal complexes or multimeric
intermediates. In contrast, those complexes observed following longer
incubation times are mostly ring-like, toroidal complexes of diameter 70 ± 130
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nm. The data displayed in Figure 6.4a are noteworthy since the observed
complex is still undergoing structural changes consistent with complexation
before a clear enzymatic interaction takes place (79 - 99 min). Initially a multilooped molecule is observed with a contour length of 861 ± 20 nm, a width of
18 ± 1.2 nm and a maximum height at the marked high feature of 3.7 nm. The
measured height of the remainder of the complex is 0.8 ± 0.2 nm. Over the next
36 min the DNA becomes increasingly condensed, as demonstrated by an
increased width and height of the condensed complex to 27 ± 2.3 nm and 1.8 ±
0.3 nm, respectively, and a reduced length of 433 nm. Within the sequence a
globular feature consistent with an enzyme molecule is apparent at 36 min. At
90-94 min an abrupt relaxation of the complex is coincident with the
highlighted isolated feature `binding'to the complex. The complex shows an
immediate increase in observed length of ~400 nm. The complex then opens
out to a relaxed open circle morphology, reaching a maximum observed length
of 1535 ± 45 nm, a thickness of 11 ± 0.3 nm and a height of 0.5 ± 0.1 nm. The
contour length, thickness and height profiles of this molecule were illustrated
in table 6.2 and Figure 6.4 b respectively.
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Figure 6.4a. AFM image sequences for the 1:1 G4 to DNA ratio, in which DNA and
dendrimer molecules were allowed to equilibrate in solution for15 min prior to
deposition onto mica. The DNA molecule was observed to condense and reaches its
smallest diameter after 36 min before a sudden relaxation commences after 99 min
and the DNA reaches its maximum diameter after 132 min. Numbers on the images
represent time lapsed in minutes. Scale bar = 70 nm, z scale = 3 nm.
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Time (min)

Contour Length (nm)

Thickness (nm)

Height (nm)

0

861

17.7

0.6

1.4

960

16.5

0.9

2.8

922

23.7

1.2

4.2

795

22.0

2.1

5.6

900

18.4

1.6

7

910

18.4

1.6

8.4

907

18.4

1.6

9.8

907

17.0

0.5

11.2

800

16.5

0.7

12.6

800

18.4

0.6

14

800

18.4

0.6

15.4

674

18.3

0.8

16.8

710

20.1

0.8

35

617

22.0

1.0

75.6

375

25.7

1.2

78.4

608

22.0

1.1

81.2

492

22.0

0.7

85.4

1001

14.7

0.7

86.8

415

18.3

0.8

93.8

765

18.3

0.8

100.8

681

17.7

0.8

127

1733

11.0

0.5

154

1732

11.0

0.5

173

1535

11.0

0.6

185

1462

16.5

0.5

Table 6.2.The changes in contour length, thickness and height of DNA with time
after the addition of DNase I.

Other AFM sequences obtained under the same experimental conditions
confirm these findings. For example consider the data in Figure 6.4b. This
time the relaxation process was observed to start after 7min instead of 132 min
indicating that this behaviour is not only depending on the experimental
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conditions but also depends on the state of the individual molecule as well,
Figure 6.4c. To support these results another repeat is shown in Figure 6.4d.
This time, interestingly, the previous behaviour of the relaxation of the DNA
molecules was not observed, rather, fragmentation was the only mechanism
observed which commences after 45 minutes and a complete fragmentation

Contour Length (nm)

appeared after 115 min most likely due to the accumulation of SSBs.
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Figure 6.4b. Changes in contour length, thickness and height of the DNA molecule
observed in Figure 6.4a with time following the addition of DNase I.
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Figure 6.4c. AFM image sequences for the 1:1 G4 to DNA ratio, in which DNA and
dendrimer molecules were allowed to equilibrate in solution for 15 min prior to
deposition onto mica and subsequent introduction of DNase I. The relaxation of the
DNA molecule was observed after7 min. Numbers on the images represent time
lapsed in minutes. Scale bar of images at times of 0-13 min = 70 nm, scale bare at
33 min = 150 nm, z scale = 5 nm.
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Figure 6.4d. AFM image sequences for the 1:1 G4 to DNA ratio, in which DNA and
dendrimer molecules were allowed to equilibrate in solution for 15 min prior to
deposition onto mica and subsequent addition of the DNase I. Fragmentation of the
DNA molecules was observed due to the accumulation of the SSBs. Numbers on the
images represent time lapsed in minutes. Scale bar = 300 nm, z scale = 5 nm.

An increase in the time of incubation before deposition onto mica from 15 min
to 2 h produces complexes that are consistently condensed into toroidal
structures (Figure 6.5) and which do not display the continuing condensation
seen in Figure 6.4a. It is evident that such complexes resist degradation for
longer, showing extensive fragmentation only after ~10 hr through an opening
of their structure with individual strands becoming partially detached. It is not
immediately apparent why, on some occasions, complexes are degraded to an
open relaxed plasmid that is not fragmented as compared to the more common
endpoint of complete fragmentation, although it may be related to the initial
distribution in the DNA population of relaxed and supercoiled plasmids. From
a total of 19 separate experiments, this former pathway was observed twice. In
terms of the total number of individual complexes observed undergoing this
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degradation route, this corresponds to 2 complexes from 44, or ~5%, table 6.3.
We also note that this scenario always leads to a near perfect circular plasmid,
which degrades no further, suggesting for this pathway that this is a minimum
energy state of the DNA-dendrimer-substrate system, with relaxation of all
writhe in the DNA. In this particular case, interactions between the plasmid and
the substrate appear to dominate and that this acts to fully open the plasmid and
inhibit further action of the DNase I beyond the inclusion of sufficient SSBs to
relax the DNA.

Mechanism
SSB
DSB
Total
Percentage of
SSB

No of experiments No of molecules

Total experiments with G4

Total No of molecules

2
1
3

2
42
44

2
17
19

2
570
572

66.7

4.5

10.5

0.3

Table 6.3 shows number of molecules that follows the SSB and DSB mechanisms
after the addition of the DNase I enzyme.
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Figure 6.5: AFM image sequences for the 1:1 G4 to DNA ratio, in which DNA and
dendrimer molecules were allowed to equilibrate in solution for 2hr prior to
deposition onto mica. Numbers on the images represent time lapsed in minutes.
Scale bar = 100 nm, z scale = 5 nm.

6.2.1.4

Effect of Substrate

Clearly, in interpreting the data, the effect of the substrate on DNA complex
structure and behaviour must be considered. For example, one would expect
free G4 to bind to the negatively charged mica surface and possibly play a role
in condensing and protecting adsorbed DNA. However, control experiments
adsorbing DNA to mica pre-treated with G4 showed no evidence of protection
of DNA compared to adsorption on bare mica, Figure 6.6.
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0

1

39

43

Figure 6.6. AFM image sequences for DNA plasmid in which the DNA was
adsorbed onto G4 treated mica before the introduction of DNase I. Numbers on the
images represent time lapsed in minutes. Scale bar = 600 nm, z scale = 15 nm.

It is worthy of note that, in experiments with a high excess of G4 to DNA,
some evidence of the potential structural effects of the substrate was found.
The data in Figure 6.7 show a `flower-like'complex formed at 20:1 G4: DNA
ratio following prior incubation for 2 hr before the introduction of DNase I.
Under such conditions we should expect to observe highly complexed
spheroid-like structures, as in Figure 5.5. We propose that here the excess of
dendrimer causes an artifactual structure to form through the immobilisation of
the complex at the solid-solution interface. This is supported by higher
resolution images of the substrate background in Figure 6.8 that reveal features
(5.5 ± 1nm) consistent with a densely packed layer of the positively charged
G4 molecules. In close proximity to the complex, this layer appears to order
and align features within the complex, some of which now have dimensions
consistent with exposed DNA (6 ± 2 nm). Hence, we believe that this process
is driven by a reorganisation of the surface bound complex due to the attraction
of the positive G4 to exposed portions of negative DNA.
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Figure 6.7. AFM images of a `flower-like'complex formed at 20:1 G4: DNA ratio.

A higher resolution image of the substrate background at 70 min shows features
consistent with a densely packed layer of DNA segments. Numbers on the images
represent time lapsed in minutes. Scale bars =100, 60, 33, 60, 50, 200, 50 and 15 nm
respectively, z scale = 5 nm.

We propose that such62exposed portions result from DNA that becomes
150 nm

transiently free of solution derived G4 (as observed dynamically in Figure 6.3
(a). These free regions are then preferentially attracted to the highly packed
surface adsorbed dendrimers, causing the opening and distortion of the
complex structure observed. Whilst such effects were not observed at lower
G4: DNA ratios, they may play a role in the formation of the open loop
plasmids such as observed in Figure 6.4 a and c. Moreover, it is clear that since
`open loop'data were recorded in the presence of Mg2+, the action of enzyme
leads to SSBs, and hence the open circular endpoint is a possibility.
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Figure 6.8. AFM image of a `flower-like'complex formed at 20:1 G4: DNA ratio.
Higher resolution images (centred on regions marked X and Y) of the substrate
background show features consistent with a densely packed layer of G4.

6.2.1.5

Effect of Incubation Cations

When carrying out similar experiments in Mn2+ instead of Mg2+, in which the
enzyme cleaves both strands of DNA, only fragmentation should be observed.
This was indeed the case as evidenced by the data shown in Figure 6.9.
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Figure 6.9. Time-lapse images showing the effect of DNase I on G4: DNA complex,
1:1 ratio, incubated for 15 min before deposition. The DNase I then was added and
the system was imaged in 1 mM PBS, containing 2 mM MnCl2 and 1mM NiCl2.
Numbers on the images represent time lapsed in minutes. Scale bar = 100 nm, z
scale = 7 nm.
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6.2.1.6

Effect of Dendrimer’s Generation

Since the morphology of DNA condensates with both G6 and G8 was
spheroidal structures, Figures 5.4 and 5.5, these morphologies were able to
retain their structures against the effect of DNase I for longer time as seen with
the spheroidal structures formed with G4 complexes at 5:1 ratio, Figure 6.3c.
To help assess the impact of the substrate we latter show studies of these
complexes using the Gel electrophoresis.
To assess the effect of dendrimer generations we have also studied the effect of
DNase I on G6: DNA complexes being formed at 1:1 ratio, incubated for 2 hr,
and imaged in 10% PBS, Figure 6.10. It’s obvious from these data that the
obtained complexes were of globular structures and displayed aggregation, for
simplicity we will focus on the marked spherical molecule. This molecule had
a diameter and height of 80 nm and 6 nm respectively. No obvious changes
were observed after the addition of DNase I until 65 min when a small rod like
structure was found to emanate from the spheroidal structure accompanied with
a decrease in the diameter and height of this feature. This rod like structure
then started to increase in length with time and reaches its maximum length of
400 nm after 105 min, its diameter was 40 nm and its height was 1.2 nm. We
propose that the DNA molecule was unwrapped from the G6 molecules and
then fragmented after 125 min. This behaviour is opposite to the previous one
observed in Figure 5.18 where the DNA molecules were found to wrap around
the G6 dendrimers.
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Figure 6.10. Time-lapse images showing the effect of DNase I on G6: DNA
complex, 1:1 ratio, incubated for 2hr before deposition and imaged in 10% PBS,
containing 2 mM MgCl2 and 1mM NiCl2, pH 7.4. Numbers on the images represent
time lapsed in minutes. Arrows show the unwrapping of DNA from G6 molecules.
Scale bar = 100 nm, z scale = 5 nm.

6.2.2 In Solution Experiments
6.2.2.1

Effect of Loading Ratio

Figure 6.11 shows examples of the effect of DNase I on G4-DNA complexes at
(a) 1:1 and (b) 5:1 ratios. Complexes were prepared in which DNA and G4
molecules were allowed to equilibrate in solution for 2hr and then incubated
with DNase I for 1 min prior to deposition onto mica. In both ratios, the
morphology of the observed condensates is markedly consistent with ‘flower’184

Chapter six: Direct real-time molecular scale visualisation of the degradation of
condensed DNA complexes exposed to DNase I
like DNA condensates. The displayed complexes also appear to be composed
of several plasmid molecules. Images at 1 min represents the first images
directly after incubation with enzyme. For the 1:1 ratio the data in Figure
6.11a, show complexes completely fragmented after 5 min and traces of the
fragmented molecules starting to disappear from the imaging field after 7 min.
In Figure 6.11b, at 5:1 ratio, it can be seen that even for this higher ratio the
complexes are completely fragmented by 58 min. Indeed, by consideration of
the complexes at 41 min, it can be seen that DNA strands located towards the
complex perimeter, and thus presumably more accessible to enzyme, become
fragmented at much earlier exposure times. The images displayed in Figure
6.11 thus demonstrate that the morphology of the G4-DNA complexes did not
vary markedly with increasing dendrimer: DNA ratio. Note that these
morphologies were observed after 1 min of incubation with DNase I. However,
the degree of protection afforded by the complex is found to rise with
increasing dendrimer loading. Since we did not stop the reactivity of the
enzyme after adsorption onto mica, the enzyme was still active and even at the
highest loading ratio employed, the molecule could still be degraded relatively
quickly if compared to the same ratios studied on substrate where a complete
fragmentation was observed after ca. 1 hr with 1:1 ratio and was protected for
more than 120 min with 5:1 ratio. This confirmed the restricted accessibility of
DNase I on surface and that 1 min incubation of the aforementioned ratios with
DNase I in liquid before depositing onto the surface was enough to enhance the
accessibility of the enzyme.
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Figure 6.11. Time-lapse images showing the effect of DNase I on G4: DNA
complexes at (a) 1:1and (b) at 5:1 ratios incubated for 2hr before then incubated for
1 min with the enzyme and subsequent deposition onto mica. Numbers on the
images represent time lapsed in minutes. Scale bars = 175 and 100 nm respectively,
z scale = 6 nm.

6.2.2.2

Effect of Generation

The data from a preliminary experiment at a 1:1 ratio of G6: DNA and
incubated for 2 hr before being incubated with DNase I for 30 min are shown
in Figure 6.12. It is clear that most of the condensates were stable up to 30 min
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and appeared as spheroidal structures as previously observed (Figure 5.4).
After 60 min, these spheroidal molecules were opened to make open looped
structures. We thus consider these molecules to be stable for more than 30 min
up to less than 60 min.
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Figure 6.12. Time-lapse images showing the effect of DNase I on G6: DNA
complexes at 1:1 ratio following incubation with the DNase I for 30 and 60 min
respectively. Complexes were found to be stable against the enzyme action for 30
min and less than 60 min. Numbers on the images represent time lapsed in minutes.
Scale bars

= 200, 300 and 300 nm respectively, z scales = 15, 5 and 4 nm

respectively.

6.2.3 Gel Electrophoresis Investigations of the Effect of
Loading Ratio, Generation Type and Incubation Time
with DNase I on the Protection of the Obtained
Complexes.
The morphology, size, and aggregation state of the complexes are affected by
the polymer used and by the formulation conditions. The ratio of polymer to
DNA, order of addition, and salt concentration of the medium are some of the
important factors involved. It would be expected that any of these factors might
influence the ability of these complexes to protect DNA from degradation by
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nucleases, depending on how well the DNA is sequestered from the nucleases.
The choice of conditions is also important for assessing nuclease degradation.
Here we show results according to the experimental conditions detailed in
section 2.4. Gel electrophoresis data for the time course degradation of G4:
DNA polyelectrolyte complexes at different ratios are shown in Figure 6.13.
Lane 1 and 16 show the pattern of naked DNA plasmid in the absence of
DNase I, the DNA is separated as 2 bands as mentioned before in Figure 5.23.
We believe if extra running time were used the lower band would split into two
bands as in lanes 8 and 22 that represent linear and open circular DNA
respectively. Lanes 3-6 represents intact DNA in their complexes at 0.5, 1, 3
and 5: 1 ratios respectively in the absence of DNase I and we refer to their time
as zero time. These ratios was then loaded in the same order onto the gel after
incubation with the DNase I for 30 min (lanes 8-11), 1 hr (lanes 12-15), 2 hr
(lanes 18-21), 3 hr (lanes 22-25) and 5 hr (lanes 26-29). Lanes 2 and 17 show
the effect of DNase I on naked DNA. Bands corresponding to the full-size
plasmid have disappeared by 10 min, and have been replaced in most cases by
more mobile, less dense bands representing degradation products which may
include either nucleotides or oligo-nucleotide fragments, neither of which binds
EBr to the same extent as double-stranded DNA. To provide a more realistic
test of protection we have to compare our data with data obtained with serum.
Interestingly, a cationic peptide, (N-(2-aminoethyl) glycine)36, has been shown
to protect DNA from degradation in 50% (v/v) serum but not in the presence of
DNase I (1 IU/mg DNA) (Murphy et al., 1998). However, our results compare
favourably with in vivo studies in mice where plasmid DNA has been seen to
be linearized and largely degraded within 5 min and completely degraded
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within 15 min of administration (Kawabata et al., 1995). Moreover, it agrees
with results obtained by performing time-course studies that reported plasmid
DNA to be largely degraded by DNase I within 5 min (Xu and Szoka, 1996),
within less than 10 min with 50% newborn calf serum (Hill et al 2001) and
within 15 min when exposed to 100% rat serum (Chiou et al., 1994).
At 0.5:1 ratio, after 30 min incubation with DNase I, lane 8, degradation started
almost immediately but occurred relatively slowly compared to naked DNA.
Two bands representing linear and open circular DNA are shown. The density
of these bands together (by naked eye) is lower than that of intact DNA in lane
3. After 1 hr of incubation with DNase I, lane 12, all bands have disappeared
and no intact plasmid is apparent, rather a smear of digested materials was
seen. However, at 2-5 hours of incubation, lanes 18, 22 and 26 respectively,
again, the two bands were observed in linear and open circular regions, this
time they were very faint than those obtained in lane 8. We refer this
discrepancy to differences within the gel environment, where any small
differences in the experimental conditions, like gel volumes, volume of the
running buffer, degree of steering of the running buffer etc, could lead to the
observed differences within the gels. On the other hand, complexes formed at
ratios greater than 0.5:1 show that intact plasmid DNA can be recovered after
up to 5 h of exposure to DNase I enzyme showing increased nuclease
protection against degradation. However, it’s clear that, after 1 hr, degradation
commenced and increased with the incubation time with enzyme. It is
noteworthy, however, that the intensity of the bands concerned suggests that
incubation with DNase I converts the more mobile bands (supercoiled or
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condensed) into the less mobile bands (open circular and linear) in all ratios,
and finally the intensity of both bands decreases with further incubation times.
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Figure 6.13. Typical gels showing time-dependent degradation by DNase I of
plasmid DNA complexed with G4 at increasing ratios. The time of incubation with
DNase I is noted in the gel. ip, intact plasmid; dp, degraded plasmid. Lane 1and 16
contain free plasmid as control. Lane 2 and 17 contain DNase I treated plasmid.
Complex ratio details for the remaining wells are as follows: lanes 3-6 contain 0.5,
1, 3, and 5 G4: DNA ratios respectively before treating with the DNase I. lanes 8-11
contain the same complex’s after 30 min incubation with DNase I and then the
same complexes were incubated with the enzyme for 1 hr as in lanes 12–15, 2 hrs,
lanes 18-21, 3 hrs as in lanes 23-25 and for 5 hrs, lanes 26-29.

The same finding was observed with DNA complexed with G6 (Figure 6.14).
Lane 1 and 15 show the pattern of naked DNA plasmid in the absence of
DNase I, the same finding as those in the previous figure was true. Lanes 3-6
represents intact DNA in their complexes at 0.5, 1, 3 and 5:1 ratios respectively
at zero time. These ratios were then loaded as mentioned with G4 dendrimers.
Lanes 2 and 16 show the effect of DNase I on naked DNA. Bands
corresponding to full-size plasmids have faintly appeared in the first gel (left)
as three distinct bands together with less dense bands representing degradation

190

Chapter six: Direct real-time molecular scale visualisation of the degradation of
condensed DNA complexes exposed to DNase I
products which may include either nucleotides or oligo-nucleotide fragments
while it was fully disappeared from the second gel (right) by 10 min.
At 0.5:1 ratio, after 30 min incubation with DNase I, lane 7, again two bands
represent linear and open circular DNA were shown. After 1 hr of incubation
with DNase I, lane 11, the lower band increases in size and brightness while
the upper one decreases in both, indicating that some of the supercoiled and/or
highly condensed DNA transformed to open relaxed molecules. This behaviour
holds true for 2-3 hours, lanes 17, 21 respectively. After 5 hr, however both
bands have loosed the most of their brightness and their sizes were decreased
indicating that most of the DNA was degraded. Surprisingly, no bands were
fully disappeared indicating that even at this very small ratio, at our
experimental conditions, some of the DNA molecules still protected from the
enzyme. This finding couldn’t be obtained from the AFM, which indicated that
complexes at ratios larger than this were completely degraded after 1 hr.
However, complexes formed at ratios greater than 0.5:1 show that intact
plasmid DNA were recovered as two bands up to 5 hr of exposure to DNase I
enzyme. At a 1:1 ratio, lanes 4, 8, 12, 18, 22 and 26, the degree of protection
was clearly higher than that obtained with 0.5:1 ratio. Then again, the same
behaviour of transforming the more mobile DNA to less mobile forms before
then disappears from the gel indicates their complete fragmentation. In view of
these observations ratios greater than 1:1 are shown in lanes 9,10, 13, 14, 19,
20, 23, 24, 27 and 28. The same behaviour was seen as with 1:1 ratio but in this
time

the

amount

of

intact

DNA

showed

in

the

regions

of

supercoiled/condensed DNA were more than those for 1:1 ratios indicating
more protection against the enzyme.
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Figure 6.14. Typical gels showing time-dependent degradation by DNase I of
plasmid DNA complexed with G6 at increasing ratios. The time of incubation with
DNase I is noted in the gel. Lanes 1 and 15 contain free plasmid as control. Lane 2
and 16 contain DNase I treated plasmids. Complex ratio details for the remaining
wells are as follows: lanes 3-6 contain 0.5, 1, 3, and 5 G6: DNA ratios respectively
before treating with the DNase I. lanes 7-10 contain the same complexs after 30 min
incubation with DNase I and then the same complexes were incubated with the
enzyme for 1 hr as in lanes 11–14, 2 hrs lanes 17-20, 3 hrs as in lanes 21-24 and for
5 hrs, lanes 25-28.
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6.3

CONCLUSIONS

Clearly there are many factors that delineate the ability of a DNA condensing
agent to form stable condensates capable of resisting enzymatic degradation for
a sufficient period to facilitate transfection. We have demonstrated an approach
based upon direct molecular observation that reveals the effect of structural
factors and the process of degradation itself. In the example of a G4 and G6
system, we have shown that increasing polymer loading, polymer generation
and incubation time can facilitate increased DNA protection. In addition, we
report here a simple electrophoretic assay to determine degradation of DNA
molecules in their complexes (Hill et al., 2001). The assay is based on a high
pH buffer, which can dissociate the complexes under standard electrophoretic
conditions. This assay was used qualitatively to determine the time taken for
degradation to occur using different polymer loading ratios, polymer
generations and time of incubation with DNase I. Alternatively, a standard gel
analysis program can be used quantitatively to investigate rates of DNA
degradation from complexes in the presence of DNase I. Yet, this is beyond the
target of my thesis.
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CHAPTER SEVEN
OVERALL CONCLUSIONS

This investigation is one of the first to apply real time AFM, in aqueous
conditions and at an individual molecular scale, to the visualisation and
characterisation of DNA in the absence of multivalent cations, and to the
condensation and dissociation of DNA with fourth, sixth, and eighth generation
of ethylenediamine core dendrimers. Such complexes were also investigated
using real time AFM imaging to evaluate the degree of protection obtained
against the DNase I enzyme. In addition the molecular properties of these
PAMAM dendrimers as imaged by AFM, i.e., their size, shape, and rigidity
after deposition on surfaces, in air and in liquid have been studied.

By controlling dendrimer concentration, modified surfaces with coverage
ranging from isolated molecules to multilayers were obtained. These
observations were confirmed by the in situ imaging of dendrimers on mica and
alkanethiol SAMs surfaces in deionized water.
The calculated volumes for G6 and G8 from the AFM data were in very good
agreement with theoretical values for individual ‘relatively rigid’ molecules
while that for G4 indicated aggregation of these more ‘relatively open’
molecules.
The behaviour of G4 was also investigated by applying the AFM in its forcedistance and amplitude-phase distance modes. It was shown that both modes
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suggest conformational changes of the G4 dendrimer molecules on the
different alkanethiol surfaces.

Routine imaging of DNA is a major advance towards the useful biological
applications of AFM. The ability to control adhesion forces could ultimately
prove invaluable to any microscopist wishing to study DNA and other like
biomolecules. Towards that, we investigated the ability of monovalent cations
(particularily Na+) to facilitate AFM imaging of DNA. Immobilization of
individual DNA molecules and DNA aggregates to mica was successfully
shown in the presence of monovalent cations and imaged with the AFM for the
first time. This was theorized as being due to random fluctuations in condensed
sodium ions leading to formation of temporary di-poles between the DNADNA molecules (rod-rod), DNA-mica (rod-planar). These data show that
further research needs to be conducted into the application of current counter–
ion correlation theory.

Despite the fact that DNA condensation typically

occurs for counterion valences of 3 or more, monovalent cations were found in
our experimental conditions to be capable of condensing the DNA molecules
to form temporarily toroidal like structures.

With regard to the mechanism of DNA condensation, we applied the approach
of condensing the nucleic acid material by a stepwise addition of the PAMAM
dendrimers. The genetic material was then examined at each stage and a data
collected showing the DNA progressing from a random coil to a fully formed
condensate structure. The morphology of these complexes depends on the
loading ratio of dendrimers, the dendrimer generation and the presence or
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absence of soluble dendrimers in the imaging field. We hypothesized that when
plasmids first encounter the cationic polymer they collapse into interwound
linear condensates. The number of interwound twists of these structures
increases and ultimately they coil round and fuse to form a ring-like structure.
Crossover stabilization is then formed between these structures leading to
multimerization and strand-strand stabilization of these loops or rings.

Moreover, we have demonstrated a novel assessment of condensates volumes
relative to structural morphology based on considering the DNA double strands
as a long flexible cylindrical geometry. These cylinders can either form flower
like structure, rings, toroids, rods or intermediate structures between these
morphologies. All of these morphologies include cross sections of the DNA
double strands. These cross sections most likely maintain a constant radius for
the condensed DNA.
In addition, in relation to the study of the effect of DNase I on the
aforementioned complexes with PAMAM dendrimers, we have demonstrated
an approach based upon direct molecular observation that reveals the effect of
structural factors and the process of degradation itself. In the example of a G4
and G6 system, we have shown that increasing polymer loading, polymer
generation and incubation time can facilitate increased DNA protection. The
data reveal the dynamic motion associated with latter stages of condensation
and structural changes thereafter, and the effect of introducing DNase I into the
environment. As yet it is difficult to completely separate these two processes as
even at equilibrium dynamic changes are seen in the complex structure (Martin

et al., 2000), and indeed such conformational shifts in complex structure may
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facilitate the degradation caused by the enzyme. Nevertheless, this approach
offers an accessible means of studying a range of complex biomolecular
processes at interfaces such as, for example, would occur in membrane
environments. In this context, a future combination of dynamic imaging with
molecular scale sample manipulation and single molecule force spectroscopy
(Scheuring et al., 2002) would represent a significant step.
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