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Abstract
Nanoparticles are increasingly found in modern technologies, ranging from biosensors to food
additives. However, how the size, shape and surface chemistry of nanoparticles affect their
cytotoxic effects is not well understood. Cytotoxicity tests using dye-based assays give limited
information on the fundamental interactions between NPs and cell membranes that lead to
cellular entry and resulting toxicity. It is also difficult to examine such interactions in vitro and
thus using membrane models represents a promising complementary approach.
This project explores how the physicochemical properties of polyamidoamine (PAMAM)
dendrimers (as model nanoparticles; 2.5 nm or 4.5 nm in size, with either NH2 or hydrophobic
C12 terminal groups) influence their interactions with phosphatidylcholine (PC) and
phosphatidylethanolamine (PE) membrane models (bilayers, multilayers, and mesophases),
probed with techniques including atomic force microscopy and synchrotron X-ray scattering.
We found that adding PAMAM dendrimers to DOPC bilayers caused an increase in the bilayer
thickness, an effect that depended on the dendrimer size and concentration. The presence of
the dendrimers induced significant structural disruptions to DOPC multilayers, evident from
the reduced coherence length and the enlarged paracrystalline disorder in the multilayers.
Using high pressure small angle X-ray scattering (HP-SAXS), we also studied the effect of the
dendrimers on the transitions between different POPE mesophases. The lamellar (Lα and Lβ)
phases bear structural resemblance to cell membranes, whilst the highly curved inverse
hexagonal (HII) phase is considered an analogue for membrane fusion intermediates, which
would form during nanoparticle cellular uptake. We observed the suppression of the HII phase
in the presence of high concentrations of 4.5 nm dendrimers and the stabilisation of a highly
swollen fluid lamellar phase. These structural changes in the model membranes caused by the
nano-sized dendrimers give us unprecedented physical insight into the energetic processes of
nanoparticle cellular uptake and the fundamentals of nanotoxicity.
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1.1. Project motivation
As nanoparticles (NPs) are widely found in modern technologies, ranging from energy
conversion to medical applications, our exposure to them is also increasing. However, the
cytotoxic effects of NPs are not well understood, stimulating a new research area dubbed
‘nanotoxicity’. Nanotoxicity has been found to depend upon the size, shape and surface
chemistry of NPS, and can be imparted via a multitude of toxicity pathways. The most common
method for determining the cytotoxic effects of NPs has been through dye-based cytotoxicity
assays that can provide information such as cell proliferation, glucose consumption and
membrane permeability. However, these assays give little information about the fundamental
interactions between NPs and cells that lead to cellular entry (endocytosis) and resulting
toxicity. During endocytosis, NPs interact with the cell membrane which largely consists of
phospholipids in a bilayer structure. Similar membranes are also present around the nucleus
and other organelles within the cell. An understanding of NP interactions with membranes is
key to understanding endocytosis, membrane fusion and nanotoxicity, as well as for improving
drug-delivery-vectors. Due to the complex nature of cells, this is difficult to examine in vitro
and so using membrane models represents a promising and important alternative approach.
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The overall goal of the project is to gain a fundamental understanding of how the
physicochemical properties of NPs influence their interactions with cellular membranes and
in-turn impart toxicity. This work can be split into two main components: the characterisation
of cell membrane models to act as test systems for NPs with different physicochemical
properties and the study of interactions between NPs and the model membranes using several
techniques such as X-ray reflectivity (XRR), small-angle x-ray scattering (SAXS) and atomic force
microscopy (AFM). Many self-assembled lipid systems have been used previously to model cell
membranes, including bilayers, monolayers, and liposomes (or vesicles) which are now
discussed.

1.2. Nanotoxicity
Nanoparticle (NP) applications
NPs are increasingly incorporated in modern applications ranging from biosensors [1] to food
additives [2] and sunscreens [3], and many fundamental studies have been dedicated to the
properties of NP dispersions [4]. The physicochemical properties of NPs, such as reactivity,
melting point and conductivity, are different from those of the bulk material and can be
exploited for enhanced product functionality and performance. Concurrently, these properties
also pose profound challenges due to uncertainties associated with the biocompatibility and
cytotoxicity of NPs and nanomaterials, particularly in biomedical applications. A key
consideration here is related to how NPs and nanomaterials enter cells, either by endocytosis
or passive, non-endocytic mechanisms. Endocytosis is any energy-dependent uptake
mechanism and includes micropinocytosis, clathrin-dependent endocytosis, caveolae and
clathrin- and caveolin- independent mechanisms all with different proceeding intracellular
pathways [5]. Understanding cellular entry of NPs is also essential to their potential
applications such as targeted drug delivery and medical imaging [6]. However, our
understanding of cytotoxicity of NPs (nanotoxicity), particularly how they interaction with cell
membranes, remains limited [7]. It is of high importance to understand the toxicity of NPs
before their implementation in biomedical applications and consumer products.

Protein corona
Once in the body, a protein corona will form around NPs due to adsorption of proteins, amino
acids and sugars and it is this corona that first interacts directly with a cell. The physicochemical
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properties of the NPs such as size, shape and surface chemistry, influence the formation of this
corona, as well as the protein medium composition and physiological conditions such as pH
[8]. The composition of the corona can change over time and can cause particle aggregation
and dissolution and have significant effects on their pharmacokinetics and reactivity [9]. By
modifying the NP surface chemistry (e.g. PEG) or coating in an artificial protein corona
interactions with serum proteins can be minimised which can help retain the target specificity
of NPs used in targeted drug delivery [10]. Although a lot has been learned about the
formation of the protein corona, the role of the protein corona on NP-cellular interactions and
biological responses is still largely uncertain and is still an important ongoing research area.
There are over 9000 proteins present in blood plasma and only interactions between 300–500
with NPs are reported [11].

Toxicity assays
Both in-vivo and in-vitro cytotoxicity assays have been used to assess the toxic effects
of NPs with various physicochemical properties. These assays have given insight into
endocytosis and toxicity routes of NPs; however, interpretation can be difficult due to the
complexity of the environment. There are a variety of in-vitro assays for classifying toxicity
including; trypan blue exclusion and microculture tetrazolium (MTA) for cell viability, lactate
dehydrogenase (LDH) for membrane integrity, apostain for apoptosis/programmed cell death
and single-cell gel electrophoresis (Comet) for DNA damage [12]. Alongside these assays, cellstaining with confocal microscopy and transmission electron microscopy of resin-fixed cells can
provide insight into the location of NPs in cells and trafficking mechanisms. However, in-vivo
and in-vitro models cannot provide detailed insight into the fundamental interactions taking
place at the molecular level.
There are 8 common mechanisms of NP cytotoxicity suggested by Sukhanova et al. [13]
1. Reactive oxygen species (ROS) formation; leading to oxidation and oxidative stress
2. Perforation of cell membranes; causing cell leakage and impairing membrane function
3. Cytoskeleton damage; disrupting cell division and transport
4. DNA damage; disrupting cell transcription
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5. Mitochondria damage; disrupting the metabolism of the cells
6. Lysosome disruption; disrupting the degradation of macromolecules and triggering
apoptosis
7. Membrane protein damage; disrupting transportation in and out of cells
8. Metabolism disruption; resulting in activation of an inflammatory response
Three of these processes directly involve interactions with cellular membranes (2,6 and 7) with
the other mechanisms involving interactions with membranes as a prerequisite for toxicity.
The impact of NPs on biological environments also depends on the immune response of the
organisms, and due to the small size of NPs, they can activate the immune system and cause
inflammation,

but can also inhibit or interfere with this process and act as

immunosuppressants [14]. Therefore, the interaction between NPs and immune cells is also of
importance for their application.

Effect of NP physicochemical properties on cytotoxicity
The difference in toxicity of NP depending upon their physicochemical properties (size [15],
shape [16], charge [17], dispersal state [18], functionalisation [19, 20] etc., see Figure 1.1) has
been extensively studied, and from these studies some rules of toxicity have been brought to
light. From the literature, it has been found that most NPs are able to bypass the cellular
membrane by endocytosis or passive diffusion, and an ‘optimal’ size may exist for the most
efficient transport across this membrane. Positively charged NPs are indicated by the literature
to cross cell membranes with the most efficiency and hydrophobic NPs can rapidly translocate
to the hydrophobic region of lipid bilayers [7].
However, there are still many conflicting studies on the validity of these ‘rules. For example,
Schaeublin et al. [21] found that anionic and cationic Au NPs were toxic with the negative NPs
having the highest toxicity, whereas Goodman et al. [22] found that cationic Au NPs were toxic
whilst anionic were not, this difference derived from small changes in the outer surface
chemistry of the ligands used. The toxicity of Au NPs has also been found to depend upon their
shape/roughness, with star shapes being more cytotoxic than spherical [16]. Carbon nanotubes
(CNTs) with large aspect ratios have been found to efficiently penetrate cell membranes and
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cannot be cleared by macrophages, however, the level of toxicity is also dependent on their
agglomeration state and flexibility of the CNT bundles [23, 24].
There are several reviews that attempt to link the physical properties of NPs with their cellular
uptake and toxicity, in an attempt to come up with a set of generalised rules [7, 13, 25, 26],
however, the number of variables involved make this a challenging endeavour. Not only do the
physicochemical properties of the NPs play an important role, but also their bio-identity
(protein corona formation [10], cf. 1.2.2), cell type (membrane composition, structure, fluidity,
uptake mechanism etc.) and external environment (pH, temperature, ions).

Figure 1.1. Nanoparticle physicochemical properties that affect their toxicity and
biodistribution.

Nanotoxicity databases
Nanomaterial

and

Nanotoxicity

databases,

such

as

the

Nanomaterial

Registry

(https://www.nanomaterialregistry.org/) and the NanoTEST project (http://www.nanotestfp7.eu/), were designed to capture information about nanomaterial physicochemical
characteristics, and develop high throughput testing using in vitro and in silico methods to
assess NP toxicity [27, 28]. The aim of the NanoTEST project was to assess whether NPs could
cross specific cell barriers, such as the placenta [29], to identify the toxicological potential of

5

Chapter 1. Introduction
NPs. The lack of standardized protocols was expressed as being one of the greatest problems
in understanding NP toxicity. The physicochemical properties of the NPs were to be studied
alongside toxicity assays in order to establish a structure-toxicity relationship and evaluate
potential risks of new medical NPs to communicate to the scientific and industrial community.
However, the complexity and laborious procedures involved in cell toxicity tests and
restrictions in large detailed in silico studies due to limits in computing power are significant
challenges to these screening tools.

Cell entry / endocytosis
Gaining cellular entry is not always required for NPs to impart toxicity to a cell, as NPs can cause
toxicity indirectly by the production of ROS as described in 1.2.3 [30]. However, NP entry is still
associated with most adverse effects associated with NPs. The plasma membrane allows the
uptake and removal of material such as ions and proteins in varying sizes. Ion channels are
selective and can have pores ranging in size from 0.3 to 12 Å making them an unlikely route for
NP entry. NP size, shape, charge and surface chemistry, alongside the cell type, are all factors
that affect the endocytosis, cell trafficking and cell removal (exocytosis) mechanisms [31, 32].
Interaction forces between the NP and cell membrane modify the energy landscapes and
determine the route of endocytosis. There are 7 main internalisation pathways; phagocytosis,
macropinocytosis, caveolin-dependent, clathrin-dependent, receptor-mediated, non-specific
and translocation as shown in Figure 1.2 [26], each with their own dynamics and size rules.
Large micron-sized particles are most likely to be internalised using phagocytosis or
macropinocytosis, both involve the wrapping of the membrane around particles through
membrane protrusions and actin regulation. Wrapping NPs requires the bending of the cell
membrane, providing a force against endocytosis, therefore there is an interplay between
adhesion and bending energies, which depends upon the NP size and shape [33]. The
endocytosis of elastic nanoparticles can also be hindered by particle deformations [34, 35].
Caveolin-dependent and clathrin-dependent endocytosis involve complex biochemical
signalling and the formation of caveolin or clathrin-coated cages. For large NPs,
transmembrane penetration can occur directly due to the formation of pores, although this
can be destructive. Small particles (~1-4 nm) can also diffuse directly through the membrane
[36, 37]. Inside the cell, NPs are usually transported inside a vesicle (lysosome/endosome)
which they can escape from, or diffuse directly into, the cytoplasm. For use as drug delivery
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vehicles, NPs must escape a transport vesicle in order to deliver to an intracellular target,
understanding NP-membrane interacts may help design vehicles to destabilize the vesicles and
facilitate this process.

Figure 1.2. Possible endocytosis (cellular uptake) pathways for different sized NPs.
Phagocytosis (undertaken by phagocytes such as macrophages) and macropinocytosis are the
most common routes for large micron-sized particles or aggregates. Surface functionalisation
of NPs can lead to receptor-mediated or non-specific endocytosis. Reproduced from [26].

Cell membranes
1.2.7.1. Composition
The plasma membrane (cf. Figure 1.3) largely consists of phospholipids in a bilayer structure
but also includes sterols and various membrane proteins (e.g. receptors and ion channels).
Phospholipids consist of hydrophilic polar headgroups and hydrophobic hydrocarbon chains
(fatty acids or fatty alcohols) and self-assembly of these amphiphilic molecules leads to the
bilayer structure. The hydrocarbon tails vary in their degree of saturation and length [38] which
along with the size of the headgroup affect the shape/structure of the phospholipid. The
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various structures of membrane lipids contribute to membrane properties such as thickness,
fluidity, curvature, domain (raft) formation and surface charge [39, 40].

Figure 1.3. A representation of a plasma membrane, consisting of a lipid bilayer made up of
phospholipids (PC, PS, PE, Lyso-PC) with different packing parameters, P (inset), sphingolipids
(SM), glycolipids, cholesterol and membrane proteins.
1.2.7.2. Packing parameter
The structure of the lipids effects their packing properties which influences the crystalline
phases it can form. A packing parameter, 𝑃𝑃, can be defined by the volume, 𝑣𝑣, and length, 𝑙𝑙𝑐𝑐 ,
of the tail groups, and the area of the head group, 𝑎𝑎0 , using = 𝑣𝑣/𝑎𝑎0 𝑙𝑙𝑐𝑐 , and can be used to

determine the structures formed by the lipid (cf. Inset: Figure 1.3) [41-43]. For example,

phosphatidylcholine (PC) accounts for >50% of the phospholipids in most eukaryotic
membranes and has a cylindrical shape which relates to a packing parameter of 1, this means
that it is a bilayer/lamellar forming lipid (cf. Figure 1.3). The removal of one of the tails results
in lysophosphatidylcholine (Lyso-PC) and gives the molecule an inverted cone shape and a
packing parameter of >1. This results in the formation of inverted micelles, or when mixed with
bilayer forming lipids can introduce curvature stresses [44]. Phosphatidylethanolamine (PE)
has a smaller comparative headgroup, resulting in a cone-like structure and a packing
parameter of <1, this lipid alone will not form bilayers but reverse hexagonal phases [45]. The
sphingolipid sphingomyelin (SM) has a ceramide backbone (cf. Figure 1.4). These differences
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in structure mean that membrane lipids can exist in multiple phase states. Sterols, such as
cholesterol can form coexisting liquid-ordered and liquid-disordered phases when mixed with
membrane-forming lipids such as PC. Non-bilayer forming phases such as hexagonal/cubic
phases may relate to events such as membrane fusion or pore formation.

Figure 1.4. A schematic of some of the possible combinations of headgroups and fatty
acids/alcohols of membrane lipids. There are three main types of membrane lipid;
phospholipids, sphingolipids and sterols (here cholesterol in lilac). Possible headgroups are
represented in grey, classes are represented by attachment to diacylglycerol (phospholipids)
or ceramide (sphingolipids). These tails can have different kinds of chemical bonds (dotted box)
and can consist of different fatty acids or alcohols (green and blue). Reproduced from [19].
The composition of the membrane varies significantly between cell types and organelles (cf.
Figure 1.4, Table 1.1). This is due to the role of membrane lipids in specialised membrane
processes that take place in and on the membrane and interactions with membrane proteins.
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Table 1.1. Approximate compositions of different cell membranes. Reproduced from [46].
Lipid
Cholesterol
PE
PS
PC
SM
Glycolipids
Other

Percentage of Total Lipid by Weight
Liver Plasma Red Blood Cell Plasma
Myelin
Mitochondrion
Membrane
Membrane
17
23
22
3
7
18
15
25
4
7
9
2
24
17
10
39
19
18
8
0
7
3
28
trace
22
13
8
21

Endoplasmic
Reticulum
6
17
5
40
5
trace
27

1.3. Model membranes
Since the development of the first Langmuir-Blodgett trough in the 1920s, model membranes
have been developed by several groups to explore interactions between lipid molecules and
proteins, pharmaceuticals and NPs [7, 46] by observing both structural and energetic changes
qualitatively and quantitatively. These models include lipid monolayers (first studied by
Langmuir and Blodgett [47-49]), mesophases [50, 51], bilayers [51, 52], multilayers,
vesicles/liposomes [53] and computational models [54] (Figure 1.5).
Membrane models can mimic the structural organisation of cellular membranes as well as the
charge by varying the lipid composition. Lipids can several differently charged headgroups (e.g.
phosphatidylethanolamine (PE), phosphatidic acid

(PA), phosphatidylglycerol (PG),

phosphatidylinositol (PI)), as well as have carbon-chains of different lengths and saturation
degrees. This variation results in different charge densities, chain fluidities and liquid crystalline
phases. Due to the wide variety of cellular membranes present within a cell (plasma
membrane, organelles, and nucleus) and between different cell types, there is no ‘one size fits
all’ model. However, by varying composition, combining several of these models, and using a
range of characterisation techniques, it has been possible to gain physical insights into the
fundamental interactions between NPs and lipid membranes. The use of these models allows
both qualitative and quantitative comparisons of NP physicochemical properties on
interactions with cell membranes of varying properties.
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Figure 1.5 Model membrane systems used for NP-membrane interaction studies: one lipid
leaflet (monolayers), two leaflets (bilayer) or several stacked bilayers (multilayers). Liposomes
(made up of an enclosed lipid bilayer) and the liquid crystalline phases of lipids (including fluid
(Lα), ripple (Pβ) and crystalline (Lc) lamellar phases and hexagonal phase) can also be used to
study the deformation energetics during endocytosis and membrane fusion.

Supported lipid bilayers (SLBs)
Supported lipid bilayers (SLBs) are well suited for studying NP-membrane interactions, as they
lend themselves readily to quantitative analysis using a range of surface sensitive techniques
such as X-ray and neutron reflectivity (XRR and NR) [55-57], atomic force microscopy (AFM)
[58-60], ellipsometry [56, 61], quartz crystal microbalance with dissipation (QCM-D) [57, 61,
62], NMR [63], differential scanning calorimetry (DSC) and Raman spectroscopy [64].
Both symmetric and asymmetric bilayers can be formed via the vesicle rupture method at a
solid substrate (e.g. silica [81] and mica [82]). In addition, SLBs can also be prepared via two
sequential depositions of Langmuir monolayers onto a solid support [83]. The presence of the
solid support could affect the bilayer structure and fluidity, e.g. via the lipid-substrate
electrostatic interactions and mismatch between the membrane natural curvature and the flat
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substrate, thus affecting lateral molecular diffusion, lipid domain formation and the reactivity
of the SLB.
Cell membranes modulate their lipid phase behaviour by varying their composition. This results
in different crystalline lipid phases, important for membrane fusion [84-86] and the formation
of lipid rafts (microdomains of one lipid type), conjectured to regulate membrane signalling
and cellular entry [87]. The molecular packing and thus the bilayer structure can be tuned by
using different lipids to mimic different membranes [83]. An understanding of how the
composition and phase behaviour of lipid membranes influence interactions with NPs is
therefore important in understanding their effects on cellular processes. This could be readily
accessed by using SLBs. Large areas of defect-free DOPC and DPPC lipid bilayers have been
successfully created using the vesicle-fusion method, with and without the addition of calcium
ions [59]. DOPC and DPPC have different transition temperatures (-16.5°C and 41.3°C,
respectively), which means they are in different phase states at room temperature which can
affect bilayer formation.

Langmuir monolayers
Langmuir monolayers are made up of one leaflet of lipid at the liquid-air interface, typically
formed by spreading lipids dissolved in a volatile organic solvent onto an aqueous subphase
within a Langmuir-Blodgett trough. As the monolayer is compressed, a surface pressure (π)
versus surface area (A) isotherm is recorded and the phase (or aggregation state) of the lipids
at different surface pressures can be determined. The derivative of this curve can be used to
find the monolayer elasticity or fluidity [65]. The composition of the monolayer can be tuned,
and the packing of the monolayer can be adjusted by varying the surface pressure, allowing
the effect of different NPs on the monolayers of different designated properties to be studied.
These monolayers can be observed using fluorescence microscopy or Brewster angle
microscopy (BAM), and additionally the monolayers can be transferred to a substrate, such as
mica, at a designated surface pressure to create supported monolayers or SLBs and
investigated using a range of surface sensitive techniques such as AFM and XRR [46, 65].
Ábrahám et al. (2014) used a DPPC Langmuir-monolayer model to investigate bio-membrane
interactions with biofunctionalized (cysteine or glutathione) gold nanoparticles of different size
and shape (spherical and rod-shaped) [66]. Gold nanoparticles are of interest in biomedical
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applications due to their unique plasmonic properties which can be used in therapeutic and
diagnostic techniques [67]. π-A isotherms of the monolayer with gold NPs in the sub-phase
revealed interactions between gold NPs and DPPC molecules that led to reduced fluidity of the
membrane. Injection of gold NPs to the subphase beneath a pre-formed DPPC monolayer
reduced surface pressure, indicating their positive affinity to the membrane with the smaller
particles having a higher affinity for the membrane. The monolayer films were also transferred
to mica substrates to be visualized using AFM and indicate the incorporation of the spherical
NPs into the DPPC membrane.

Liposomes
Liposomes (or vesicles) comprise single or multiple lipid bilayers that form a capsule enclosing
an aqueous compartment, and can be made using several methods, including lipid thin-film
hydration (the Bangham method) [68], reverse phase evaporation, electrophoresis and using
microfluidics [69]. The method used can influence the size and lamellarity of the liposome,
whilst the lipid composition can also influence the size of the liposomes but also their stability,
fluidity and charge. Liposomes are usually divided into sub-groups depending upon their
lamellarity and size as shown in Figure 1.6. Multi-lamellar vesicles (MLV) are usually
polydisperse and consist of several liposomes trapped inside each other, forming an onion-like
structure. Uni-lamellar vesicles are then characterised by their size: small (SUV) 20-100 nm,
large (LUV) >100 nm and giant (GUV) ~1000 nm. In addition to being used as cell membrane
models, liposomes have been widely investigated as delivery vectors in drug delivery [69] due
to their ability to encapsulate both hydrophilic and hydrophobic molecules, their
biocompatibility and the possibility of chemical modifications for additional functionality.
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Figure 1.6. Liposomes are capsules made of lipid bilayers and can be categorised by size,
ranging from small (SUV) to giant (GUV) vesicles, and by their lamellar structure, i.e. unilamellar
or multilamellar (MLV).
Liposomes can be loaded with a self-quenching dye, such as Calcein, in the aqueous core to
observe membrane disruption by NPs via dye-leakage assays, and the results complement
those by cell leakage assays such as LDH. The change in the size and structure of liposomes in
the presence of NPs can be monitored by dynamic light scattering (DLS), fluorescent
microscopy, small- and wide-angle x-ray scattering (SAXS/WAXS). Differential scanning
calorimetry (DSC) can also reveal changes in the thermodynamic properties of liposomes, such
as the liquid-crystalline phase transition temperature and enthalpy.

Lipid multilayers
Multilayers can be formed using vesicle fusion, multiple Langmuir monolayer depositions or
spin-casting and consist of several stacked bilayers. Usually, an average of the structural
properties of the bilayers is measured in multi-layer models. Sironi et al. used X-ray reflectivity
(XRR) to study the characteristics of DOPC multilayers on substrates with varying surface
chemistry (polymer coating/charge/hydrophobicity) (cf. Figure 1.7) [55]. MLV and SUV
dispersions were drop-cast onto PEI-coated, STAI-coated and bare mica, and then dried to
create lipid multilayers. The multilayers prepared using SUV dispersions were found to be more
ordered than those made with MLV dispersions which were identified by a larger coherence
length and minimal fluctuation of the bilayer thickness of the SUV multilayers. Fast XRR scans
showed the rapid swelling of bilayers as they were submerged into water and lamellar
delamination after 2 hours. It was also found that the surface chemistry of the mica affected
the ordering of the multilayer structure, with the most hydrophobic coating (STAI) having the
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greatest effect on order. Multilayers have also been prepared by several groups by dropcasting from organic solvents and imaged using AFM [70] and compared to results from XRR
[71] or XRD [72].

Figure 1.7. (a) XRR curves of DOPC multilayers on mica, PEI-coated mica and STAI coated mica.
(b) Schematic of different substrate structures. Reproduced from [55].

Lipid mesophases
Lipid mesophase models explore the ordered liquid-crystalline phase transitions of lipid
molecules. Lipids can exist in different phases in a cellular membrane, resulting in phase
separation and the formation ‘lipid rafts’, these assemblies are important for cellular functions
such as membrane signalling and trafficking. Sterols such as cholesterol favour interactions
with lipids with straighter hydrocarbon chains (such as sphingolipids), and force neighbouring
chains into extended conformations, increasing membrane thickness and phase segregation
[40, 73]. Parallels have also been drawn between lipid mesophase transitions and the energy
barriers in the membrane fusion process which takes place during endocytosis [74-76], see
Figure 1.8. For this reason, exploring how lipid mesophase transitions vary dependent upon
membrane composition, or the inclusion of NPs can give us insight into changes in energetic
barriers during endocytosis.
In membrane fusion, two lipid bilayers fuse together to become one. Lipids must leave their
lamellar orientation to merge. The hydrophobic region exposed to water must be kept small
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and would favour the minimum number of disrupted lipids. Kuzmin et al. (2001) suggested a
model that involves the formation of two contact points ‘nipples’, that displace some of the
headgroups. This leads to small hydrophobic patches at their tips. It is suggested that the lipid
bilayer bends and tilts, which lowers the free energy of stalk expansion, this structure is
referred to as the modified stalk. The route permits the expansion and formation of the
modified stalk into a pre-pore, and then a fusion pore without the creation of an extended
hemifusion diaphragm. This model is useful in explaining the mechanisms of exocytosis in cells
[75].

Figure 1.8. Parallels can be drawn between the energetic processes and molecular
deformations in membrane fusion and lipid mesophase transitions. Redrawn from [75-77].
These transitions between mesophases can be induced by varying water content, temperature
or pressure. Using small-angle X-ray scattering (SAXS) the lipid crystalline phases can be
identified from the periodicity of intensity peaks in the scattering pattern. The position of the
peaks can be used to evaluate the associated length scales of the building blocks. For example,
the lamellar phase produces equally spaced peaks in a scattering pattern in ratios of 1:2:3:4…
whereas the hexagonal phase, associated with trans membrane contact, produces peak ratios
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of 1:√3:√4:√7… therefore, shifts in SAXS peak positions can be used to identify phase
transitions.
Beddoes et al. [51] used high-pressure SAXS (HP-SAXS) to study the effect of hydrophobic silica
nanoparticles on mesophase transitions of monoolein at different NP-lipid number ratios, v. In
the absence of NPs monoolein exhibited two lamellar phases and an inverse bicontinuous cubic
gyroid phase, QII2. The addition of a large v of silica NPs altered the pressure and temperature
at which these phases occurred, hindering the transition between phases due to changes in
curvature. Whereas a small v of silica NPs promoted the QII2 phase, indicating the effects of
nanoparticle concentrations on interactions with model membranes. It has previously been
reported that hydrophobic NPs promote the lamellar to inverted hexagonal phase transition
of dioleoyl-phosphatidylethanolamine (DOPE), compared to hydrophilic NPs indicating the
importance of surface chemistry on interactions with membrane models. This effect was also
NP-concentration dependent, with a larger effect due to a higher v of NPs to lipid molecules.
[50]
Cryo-field emission scanning electron microscopy can be used to image ordered mesophases
with nanometre-scale resolution by fracturing and sputter coating with platinum before
imaging under high-vacuum. Tan et al. (2009) observed the different mesophases of an L-αphosphatidylcholine (lecithin), bis(2-ethylhexyl) sodium sulfosuccinate (AOT) and isooctane
mixture were identified by varying water content [77]. The mesophases that were identified
include reverse hexagonal, lamellar and a co-existing phase of the two. The presence of
spherical vesicles indicated the lamellar phase as in Figure 1.9(a-f) and multi-lamellar vesicles
can be seen in Figure 1.9(d). At low water levels, the reverse hexagonal phase was identified
by domains of cylinders.
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Figure 1.9. Lamellar Domains of the AOT-lecithin-isooctane-water mesophase showing giant
vesicles (10 μm in diameter) and small vesicles (200 nm in diameter).
Polarised light microscopy (PLM) can also be used to observe mesophase transitions and has
been used to observe the phase behaviour of a monoolein/oleic acid/water mixture for use as
a drug delivery system for Donepezil (Alzheimer treatment). The reverse inverse micelle to
inverse hexagonal phase transition was identified by the appearance of a fan texture. This
system is of interest as a viscous drug delivery system which becomes more viscous in vivo [78].
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1.4. Model NPs: Polyamidoamine (PAMAM) dendrimers
Dendrimers are branched polymeric NPs, and have been investigated for a range of biomedical
applications [79, 80] such as drug [81] and gene delivery [82], due to the possibility for precise
control over their physicochemical properties. Their size, shape and surface charge can be
tuned for bypassing the cellular membrane [83, 84], forming complexes with DNA [56, 85], and
solubilising hydrophobic drugs [81]. It is this precise control over the physicochemical
properties that make dendrimers unique among other NPs, such as polymer and surfactant
micelles [86, 87], also of interest for biomedical applications.
Dendrimers are made up of layers of dendrons (i.e. concentric branching units) radiating from
a central initiator core, where each layer is termed a generation (G) [88]. Highly monodisperse
dendrimers can be synthesised, and the reactive end groups allow for additional functionality.
The choice of the initiator core can also help to determine the dendrimer structure, such as
the number of dendron branches and the size and number of the cavities within a dendrimer.
There are over 100 families of dendrimer particles with different initiator cores, including
carbon, nitrogen and phosphorus, as well as different branching units and multiplicities [89].
A small number of dendrimer products are available on the consumer market, for example,
VivaGel® which consists of G4 polylysine dendrimers that are used for bacterial vaginosis
treatment and protection against HIV [90].

Structure
First reported by Tomalia et al. in the 1980s, Polyamidoamine (PAMAM) dendrimers were the
first complete family of dendrimers to be synthesised and commercialised and are one of the
most studied. The diameter (D) of PAMAM dendrimers ranges from 1 nm to 14 nm (or
correspondingly from G0 to G10) measured using TEM [91], DLS [92], nanoES-GEMMA
(electrospray gas-phase electrophoretic mobility molecular analyser) [93], SAXS [94] and
molecular dynamics (MD) simulation [95].
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Figure 1.10. Biomedical applications of PAMAM dendrimers. (a) The branched structure of
PAMAM dendrimers with examples of the size of various generations (b) Gadolinium (Gd)
particles encapsulated in PAMAM cavities can be used as dual-contrast agents in MRI imaging.
The MRI image on the right shows darker contrast in the kidneys (red ovals) 30 minutes after
injection of G4.5-Gd conjugates, adapted from [96]. (c) DNA can complex with the positively
charged terminal groups on PAMAM which has shown to increase transfection. Confocal
images, adapted from [97] (d) PAMAM can be used as drug delivery vehicles by encapsulation
of drugs in the interior cavities or covalent/electrostatic attachment of drug molecules to their
periphery. (e) The functionalisation of PAMAM periphery amine groups with carbohydrates
and folates has shown to result in cell-specific targeting (f) PAMAM dendrimers with -OH, COOH and -NH2 terminal groups have demonstrated antimicrobial properties towards E. coli ,
adapted from [98].
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Either ethylenediamine (EDA), ammonia (NH3) or cystamine is used as the initiator core,
providing different numbers of possible branches (multiplicities) as shown in Figure 1.10(a).
The interior generations are made sequentially from N-(2-aminoethyl) acrylamide via a twostep process. The first step is the addition of methyl acrylate to a core amine group and the
second step is amidation of the resulting esters with EDA. Half-generation dendrimers can be
made by terminating this process after step 1, resulting in terminal ester groups [99]. The
geometrically progressive growth results in the linear increase of the particle diameter at an
increment of ~1 nm, an exponential increase in reactive terminal end groups and
approximately a doubling of the molecular weight (MW) with each new dendrimer generation.
The terminal amine groups can be functionalised in a variety of ways, most commonly with
hydroxyl (OH), carboxylic acid (COOH) [98] or conjugation to hydrocarbon chains and PEG
[100].
Dendrimer particles have also been found to be largely deformable, significantly so for low
generation dendrimers [101]. This affects the way they interact with materials such as mica
[102] but also with cell membranes, as softer nanoparticles are more difficult for a membrane
to wrap around during endocytosis. Since many NPs are ‘hard’ such as gold and silica, this also
must be considered as part of their physicochemical properties and may modify their
interactions with model membranes.

Applications
1.4.2.1. Cargo and drug delivery
In 1990, electron micrographs [103] revealed that some PAMAM dendrimers had hollow
cores. Since then, it has been shown that G4-6 PAMAM dendrimers mimic the topology of
micelles and their accessible interiors could be used to encapsulate small guest molecules, such
as hydrophobic drugs [104]. The open, flexible structure of lower generation dendrimers (G03) and the rigid surface of high generation dendrimers due to steric branch crowding (G7-10)
provided less efficient encapsulation [105]. Both the core size and surface ‘congestion’ affected
the size of the cargo space, and the encapsulation and release properties could also be tailored
depending on the bulk solution conditions such as pH, polarity and temperature [106]. For
example, PAMAM has been combined with tris(hydroxymethyl)aminomethane (TRIS) to bind
various antibacterial compounds, which could then be released at low pH [107]. In addition to
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encapsulation in the dendrimer interior, the terminal functional groups at the dendrimer
periphery can be used for complexation and conjugation of larger molecules. For instance, drug
molecules and targeting moieties have been covalently attached to dendrimer surfaces [104].
The reactive amine groups on the PAMAM dendrimer periphery have also been functionalised
with folates [108] and carbohydrates (coined glycodendrimers) [109] for cell-specific targeting.
1.4.2.2. Gene transfection
Haensler and Szoka reported in 1993 [110] that DNA-PAMAM dendrimer complexes showed
high transfection efficiencies for mammalian cells. The most promising complexes were
formed with amino-terminated, low generation dendrimers which were thought to enhance
endocytosis of DNA into the nucleus. These complexes were formed between PAMAM
dendrimers and DNA through electrostatic interactions of the negative phosphate groups of
DNA and the positive dendrimer terminal amino groups, depicted in Figure 1.10(c). Dendrimermediated transfection efficiency was found to depend on the dendrimer/DNA ratio as well as
the dendrimer generation [111, 112]. The structural flexibility of the dendrimer due to the
core-type/multiplicity was also found to play an important role in complexation and
transfection [97]. Modifications to the dendrimer surface, such as attaching sugar molecules
(cyclodextrins) [113] and hydrophobic dye molecules (Oregon green 488) [114], have been
found to improve transfection efficiency; however, the underlying transfection mechanisms
are still unclear. However, the molecular mechanisms underlying complexation between short
doubled stranded RNA (siRNA) and PAMAM dendrimers have been described by Pavan et al.
[115] using molecular simulation, NMR and electrophoresis assays. Electrostatic complexation
of anionic DNA with cationic dendrimers has also been shown to result in the formation of
DNA-linked PAMAM nanoclusters as described by MD simulations by Madal et al [116]. Conti
et al. [117] used similar siRNA-G4 PAMAM complexes to develop an oral inhalation formulation
to silence genes in lung alveolar epithelial cells, towards the treatment of pulmonary disorders
including lung cancer and cystic fibrosis.
1.4.2.3. Imaging Agents
PAMAM dendrimers have also been conjectured as scaffolds for magnetic resonance imaging
(MRI) contrast agents [118, 119], shown in Figure 1.10(b), to improve contrast and decrease
the required dosage. Paramagnetic chelates are known to increase the relaxation rates of
surrounding protons, and are widely used in MRI; however, they are rapidly cleared from
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vascular space. Large doses of these chelates are required to improve relaxation rates, which
has resulted in concerns about metal ion toxicity. Conjugating these chelates to scaffolds,
such as PAMAM dendrimers, reduces the dosage required for imaging, as well as improving
their efficiency. The improved efficiency of these conjugates as imaging agents is due in part
to changes in their pharmacokinetics. The retention of these conjugates in tissue is dependent
upon the generation, charge and functionality of the dendrimers. Dendrimers with higher
molecular weight were found to diffuse more slowly through the blood, which in turn increased
their retention and effectiveness as imaging agents. Increasing dendrimer generation was also
found to improve relaxivity because more chelates could be bound to dendrimers with larger
numbers of terminal groups. Wiener et al. found that higher generation ammonia-core
dendrimers

(G6)

conjugated

to

the

chelate

2-(4-isothiocyanatobenzyl)-6-

methyldiethylenetriaminepentaacetic acid were more efficient MRI contrast agents than those
conjugated to G2 dendrimers [120]. In 1999 Bryant et al. continued this investigation for higher
generation dendrimers. They found a limit in the improvement of the relaxivity for dendrimers
of generation 7 and above. This relaxivity limit was thought to be due to the slow water
exchange of bound water molecules with the bulk solvent [121]. Mekuria et al. have very
recently demonstrated that trapped Gadolinium oxide NPs in PEGylated G4.5 PAMAM
dendrimers could be used as dual MRI contrast agents which showed greater signal responses
than currently used clinical agents [96]. Dual contrast agents can be used to improve clinical
diagnosis since single modal signals can give a false-positive diagnosis of lesions due to
background signals in neighbouring tissues. However, bioaccumulation of these dendrimerconjugates in organs remains an issue, limiting their clinical applications [122].
1.4.2.4. Antimicrobials
PAMAM dendrimers have also been shown to exhibit antimicrobial properties, or improve the
effectiveness of existing antimicrobials via conjugation, and their efficacy seems to depend on
the dendrimer size/generation, surface chemistry and concentration, as well as the bacteria
type due to the composition and structure variations of gram-negative and gram-positive
bacteria [123].
Calabretta et al. [124] and Lopez et al. [125] demonstrated concentration-dependent
antibacterial properties of amine-terminated PAMAM dendrimers (G3 and G5). With positively
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charged amine groups, they preferentially bound to bacterial membranes which have a higher
charge density than eukaryotic cells. PEGylation was thought to shield the terminal amino
groups, resulting in decreased binding and thus decreased membrane interactions. However,
it was found that PEGylation of PAMAM reduced toxicity to gram-positive bacteria and human
corneal epithelial cells (HCECs) but not to gram-negative bacteria. It was also found that there
was no difference in the antibacterial properties of the G3 and G5 dendrimers, despite the
increase in charge density of G5. Wang et al. [98] studied the effect of surface chemistry of
PAMAM dendrimers (with -OH, -COOH and -NH2 terminal groups) on their antibacterial activity
against E. coli and their toxicity to human cervical epithelial cells. All the dendrimers had high
antibacterial activity against E. coli; however, NH2-terminated dendrimers were also cytotoxic
to the mammalian cells, where OH-terminated dendrimers were cytotoxic at concentrations
of 1 mg/mL.
Despite a large number of studies, the application of dendrimers in biomedicine remains
hindered due to a lack of understanding of the relationship between PAMAM dendrimer
physicochemical properties and the mechanism of their cellular uptake and cytotoxicity. The
variations in cell response found in cytotoxicity studies, due to different physicochemical
properties of dendrimers, and the possible underpinning fundamental interactions are
discussed below.

Cellular uptake
The mechanisms of dendrimer cellular uptake have been shown to vary considerably with their
generation, functionalisation and concentration, although the exact roles of these parameters
– individually and collectively – remain unclear. Cellular uptake and intracellular transport are
known to be dependent on the dendrimer surface charge and the cell type. The intracellular
fate of dendrimers depends on the mechanisms of their cellular uptake, where the size of
vesicles, the type of proteins involved and the cell type in which they are found can vary
considerably.
Albertazzi et al. [126] studied the impact of dendrimer surface chemistry (cationic, neutral and
hydrophobic/lipidated) and size (G2, 4 and 6) on the uptake mechanisms by cervical cancer
(HeLa) cells. The membrane affinity of the dendrimers was found to depend upon their
generation or the number of positive charges on their periphery (G6>G4>G2) which could be
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decreased by acetylation or increased by lipidation. Increased membrane affinity was also
linked to increased cytotoxicity. The uptake of G4 cationic dendrimers was also compared
between different cell types (cervical cancer (HeLa), hepatocellular carcinoma (HepG2),
neuronal-like (PC-12), lung fibroblast (MRC5)). Similarities were observed between the uptake
mechanisms of HeLa and MRC5 cells whereas HepG2 showed stronger, faster uptake and PC12 showed high membrane affinity but the slowest uptake.
Perumal et al. [127] studied the uptake mechanisms of G4 cationic and neutral PAMAM
dendrimers as well as G3.5 anionic dendrimers into lung epithelial cells (A549), known to
possess negative charges. The cell uptake was highest for cationic dendrimers which plateaued
after 1 h, likely due to strong electrostatic interactions. The cationic and neutral dendrimers
were found to be taken up by non-clathrin and non-caveolae mediated endocytosis, whereas
anionic dendrimers were partially taken up by caveolae in the A549 cells. This observation was
in contrast to a study by Kitchens et al. [128] who observed co-localisation of dendrimers with
clathrin markers in Caco-2 cells. El-Sayed et al. [129] found that low-generation dendrimers
crossed Caco-2 cell monolayers faster than high-generation dendrimers and that the uptake
amount varied linearly with the dendrimer concentration and incubation time, consistent with
an endocytosis uptake mechanism.
Whilst endocytosis is reported to be the main cellular uptake mechanism of PAMAM
dendrimers, passive diffusion may still play a part in this process. Recently, the in vitro uptake
mechanisms of PAMAM dendrimers were investigated for non-cancerous human keratinocyte
(HaCaT) cells by Maher and Byrne [130]. Endocytosis [7] was the primary mechanism for the
uptake of G4 and G6 PAMAM dendrimers, identified by ROS production and dendrimer
localisation in the mitochondria after their escape from endosomes, using MTT and Alamar
Blue dye-based assays. This intracellular pathway was consistent with that reported by
Mukherjee et al. [84]. After the HaCaT cells were treated with DL-buthionine- (S, R)-sulfoximine
(BSO) to increase membrane permeability, the dendrimers were taken up passively. The
dendrimers were found to act as antioxidants in the cytosol when taken up passively, rather
than producing ROS. This shows that the cytotoxic response was influenced by the cellular
uptake pathway, which in turn was influenced by dendrimer-membrane interactions.
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Manunta et al. [131] found the removal of cholesterol from the plasma membrane resulted in
a drastically decreased transfection efficient of genes delivered by cationic dendrimers. This
showed that amine-terminated dendrimers interacted with cholesterol in the plasma
membrane during endocytosis. This is one of several proposed endocytosis routes and
highlights the importance of membrane composition on uptake dynamics.

Cytotoxicity
PAMAM dendrimers have been shown to produce different cytotoxic responses from cells
depending upon the dendrimer generation, concentration and surface chemistry. G4 are the
most widely studied PAMAM dendrimers, with a diameter comparable to the thickness of a
cellular membrane (~4.5 nm). These dendrimers have also been shown to encapsulate small
guest molecules, making them suitable for a range of biomedical applications [132]. The
responses of many cell types to PAMAM dendrimers have been evaluated using a variety of
toxicity assays that investigate cell death, metabolism, enzyme leakage and DNA damage [83,
133-136].
In 2010, Mukherjee et al. investigated the interaction between G4-6 PAMAM dendrimers and
dermal (HaCaT) and colon (SW480) cell lines using cell viability assays including Alamar blue,
MTT and Neutral red [83, 84]. It was found that toxicity varied between cell types as well as
with dendrimer generation and concentration. PAMAM dendrimers were discovered to
localise in mitochondria and produce reactive oxygen species (ROS) resulting in DNA damage
and cell death. The cationic PAMAM dendrimers entered the cell through endocytosis and
were transported in endosomes and localised in mitochondria. The dendrimers increased the
internal pH of the mitochondria because of an acid-base equilibrium reaction between
secondary amines and their conjugate base, resulting in the production of ROS. The differences
in the toxic responses by different cell types when exposed to PAMAM dendrimers could be a
result of different cell-membrane compositions or cell antioxidant levels that combat ROS
production. DNA damage, measured using a TUNEL (Terminal deoxynucleotidyl transferase
(TdT) dUTP Nick-End Labelling) assay, was shown to increase with dendrimer generation,
possibly due to the corresponding increase in charge density which promotes dendrimer
binding to negatively charged DNAs. Such strong interactions between DNA and PAMAM
dendrimers [56] have also made them of interest for gene delivery applications [137] as
discussed in 1.4.2.2.
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Particle size and zeta potential measurements by Mukherjee et al. [83, 84] indicated significant
adsorption of protein on PAMAM dendrimers in growth media, with the adsorbed amount
increasing with the dendrimer generation. The formation of such a protein corona has been
shown to significantly alter interactions between dendrimers and cellular membranes. For
example, Halets et al. showed interactions between G4 dendrimers (with 25% of terminal
groups modified with carbon chains) and blood proteins reduced their toxicity towards red
blood cells [138]. Naha et al. found the zeta potential of cationic dendrimers changed from
positive to negative in growth media, indicative of the formation of a protein corona. Similarly,
Naha et al. also found generation-dependent toxicity for cationic PAMAM dendrimers towards
mouse macrophage cells (J774A.1), and that the production of ROS in the toxicity pathway was
followed by an inflammatory response [133].
The surface chemistry of dendrimers has been found to influence their cytotoxicity.
Differences in toxicity have been observed for PAMAM dendrimers functionalised with
hydrophobic [134, 138], PEG [124, 125], -OH [139] and pyrrolidine [140] terminal groups. In
2012, Albertazzi et al. investigated the effect of hydrophobic chain functionalisation on the
cytotoxicity of G4 PAMAM dendrimers interacting with primary neuronal cultures and the
central nervous system (CNS) of animals [134]. They found that nanomolar quantities of G4
PAMAM dendrimers with 25% of terminal groups modified with carbon chains (G4-C12)
resulted in apoptosis (cell death), whereas the same quantity of G4 PAMAM, without additional
functionality, is non-cytotoxic. It was also found that G4 PAMAM could diffuse through the
brain parenchyma whereas G4-C12, due to its lipophilic nature, could not. These diffusion
characteristics make PAMAM dendrimers of interest for neural drug delivery, where they could
be used to help therapeutics pass the blood-brain barrier (BBB) [141].
Hong et al. used Luciferase (Luc) and Lactate dehydrogenase (LDH) enzyme leakage assays to
evaluate the damage to the cellular membranes of human epithelial carcinoma (KB) and rat
fibroblast (Rat2) cell lines when exposed to G5 PAMAM dendrimers with and without
acetamide functionalisation [142]. Enzyme leakage was shown to increase with G5 PAMAM
dendrimer concentration for both cell lines; however, when the terminal groups of the
dendrimers were functionalised with acetamide, no leakage was observed. The charge
neutrality of acetamide terminated dendrimers reduced their toxicity and ability to transfect
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cells. This demonstrated the importance of dendrimer surface charge on interactions with
cellular membranes. The functionalisation of the terminal amine groups with PEG was also
found to reduce toxicity by Calabretta et al. (2007) [124] and Lopez et al. (2009) [125].
In summary, multiple studies have shown that a large number of factors affecting PAMAM
cellular uptake and trafficking and conflicting conclusions exist regarding different pathways
and the subsequent cytotoxic response [143]. It is thus important to understand the
underpinning interactions between the dendrimers and cellular membranes. The complexity
of the membranes, consisting of hundreds of different lipids with different headgroups and
chain lengths alongside various proteins and carbohydrates, makes it difficult to study such
interactions in vivo. Consequently, simplified membrane models have been developed so that
the physical properties of the membrane such as elasticity, thickness and lipid order can be
studied in the presence of dendrimers. These models are also used widely for the study of the
cellular uptake of other NPs such as gold, silver, silica and carbon nanotubes [7].
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1.5. Interactions between PAMAM dendrimers and model
membranes
PAMAM dendrimers have been proposed for a wide range of biomedical applications due to
their tunable physicochemical properties as discussed in 1.4. However, their application has
been hindered by uncertainties in their cytotoxicity, which is influenced by dendrimer generation
(i.e. size and surface group density), surface chemistry, and dosage, as well as cell specificity.
Lipid membranes such as supported lipid bilayers (SLBs), liposomes, and Langmuir monolayers
have been used as cell membrane models to study PAMAM dendrimer-membrane interactions.
Related experimental and theoretical studies are summarized, and the physical insights from
these studies are discussed to shed light on the fundamental understanding of PAMAM
dendrimer-cell membrane interactions.

Supported lipid bilayers (SLBs)
Parimi et al. [144] used optical waveguide light mode spectroscopy (OWLS) and AFM to study
mass and morphological changes of DMPC (1,2-dimyristoyl-sn-glycero-3-phosphocholine)
SLBs in the presence of NH2 terminated G2, G4 and G6 PAMAM dendrimers as shown in Figure
1.11(a-c). It was found that an increase in the dendrimer concentration caused the existing
defects to expand and encouraged the formation of new holes in the bilayers. Lipids removed
from the bilayer in the hole formation wrapped around the G6 dendrimers, forming aggregates
(dendrisomes) in solution, some of which adsorbed to the exposed substrate, also observed by
Mecke et al. [60, 145]. As described by several other AFM studies [60, 142, 145, 146], higher
generation (G4 and G6) dendrimers caused lipid desorption to a larger extent, compared to
lower generation (G2) dendrimers, due to their increased size and charge density. Hong et al.
[142] and Mecke et al. [60, 145] used similar systems to study the effect of dendrimer surface
functional groups on their interactions with DMPC SLBs. They found that low generation
acetylated dendrimers did not initiate pore formation, which was consistent with in vitro
results discussed in Section 3. The smaller defects were found to decrease in size over time,
but larger defects fused together so that they were no longer isolated. Lower generation (G3)
of acetamide- and amine-terminated PAMAM dendrimers absorbed to bilayer edges rather
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than removing lipids. Hong et al. [142] cooled DMPC SLBs to create coexisting regions of a gel
and a fluid phase. The gel phase was unaffected by the presence of dendrimers, whereas the
fluid phase was disrupted. The gel phase has a higher elastic modulus than the fluid phase and
thus would require more energy to deform in the presence of dendrimers. This result
highlights the importance of crystalline structure on PAMAM-membrane interactions, as also
reported by Mecke et al. [91].

Figure 1.11. AFM images of a DMPC SLB 20 minutes after incubation with (a) G2 (b) G4 and (c)
G6 PAMAM dendrimers. Hole formation and growth was found to be generation dependent,
with the extent of bilayer removal following the order G6>G4>G2. G4 and G6 dendrimers were
found to expand existing defects (dotted lines), this was thought to lead to the formation of
dendrimer-lipid aggregates that were removed from the substrate into solution. For G6
dendrimers these aggregates were thought to consist of a lipid bilayer wrapped around a
dendrimer, or a ‘dendrisome’. AFM images adapted from [144]. Note: cartoons in (a) and (b)
denote interactions between the internal hydrophobic cavities of the dendrimers and lipid alkyl
chains.
Using differential scanning calorimetry (DSC) and Raman spectroscopy, Gardikis et al. [64]
showed that DPPC SLBs underwent a phase transition from gel to a liquid-crystalline after a
pre-transition stage. The addition of positively charged amine-terminated G4 and negatively
charged carboxyl-terminated G3.5 PAMAM dendrimers at different concentrations altered
these transitions, attributed to re-organisation of the lipids in the bilayer. Increased acyl chain
fluidity as inferred from the Raman peak shifts indicated the incorporation of the dendrimers
into the bilayer. Despite being of similar size (~4 nm) and having the same number of terminal
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groups, more of the G4 dendrimers were found to incorporate into the bilayers than the G3.5
dendrimers, which points to the influence of the dendrimer surface charge on their
interactions with the zwitterionic lipid DPPC.
Most biological membranes have a net negative charge; therefore, it is important to
understand the influence of bilayer composition and charge on PAMAM-membrane
interactions. Åkesson et al. [57] used QCM-D and neutron reflectivity (NR) to study interactions
between G6 PAMAM and POPC and mixed POPC/POPG SLBs. NR showed very low adsorption
of G6 PAMAM on the POPC SLBs; however, it suggested major structural changes in the mixed
POPC/POPG bilayers attributed to the attractive interaction between oppositely charged G6
and POPG, with the data fitted to a structure comprising alternating layers of bilayers and
dendrimers. The lipid headgroups and dendrimers could not be distinguished using the model,
due to either partial intercalation of the dendrimers or fluctuations in curvature. Yanez Arteta
et al. [61] used the same techniques (QCM-D and NR) alongside ellipsometry to study the
absorption of G4 PAMAM on mixed PS-PC SLBs with different charge densities due to varying
PS/PC composition. G4 dendrimers were found to adsorb to all the membrane compositions,
but the adsorbed amount depended on the dendrimer concentration and decreased with the
increasing salt concentration or pH due to the screening effect. G4 dendrimers were also found
to translocate through the membranes subsequent to adsorption. This result was consistent
with the findings of Ainalem et al. [56], who showed translocation of low generation (G2 and
G4) PAMAM dendrimers through POPC SLBs using ellipsometry and NR. Ainalem et al. also
found that G6 dendrimers penetrated the bilayer, causing partial bilayer destruction. These
results indicate that PAMAM dendrimers can bypass cellular membranes by direct penetration,
contrary to many of the results from toxicity assays.
Insertion of dendrimers into the bilayer could cause structural disorder, affecting membrane
fluidity. Using solid-state NMR, Smith et al. [63] found that G5 and G7 dendrimers decreased
the flexibility of acyl chains of DMPC SLBs. Partial insertion of PAMAM dendrimers was thought
to result in the formation of a void region in the membrane, increasing the motions of acyl
chains, and the bilayer would also become thinner as a result. This effect was also described
by Mecke et al. [146] studying the interactions between the MSI-78 polymer, an analogue of
an antimicrobial found in frog’s skin, and a DMPC SLB using AFM and NMR.

31

Chapter 1. Introduction
Interactions between PAMAM dendrimers and asymmetric bilayers have also been studied.
Keszthelyi et al. [147] created asymmetrical SLBs using Langmuir-Blodgett and LangmuirSchafer deposition. Sum frequency generation spectroscopy (SFGS) was used to monitor
interactions between NH2- and COONa- terminated PAMAM dendrimers with a chainperdeuterated zwitterionic (DPPC-d62) and anionic (DPPG) membrane outer leaflet. Reduction
in -OH and -CH band intensities indicated displacement of lipids and a change in the ordering
of water molecules in the hydration layer at the bilayer interface. Positively charged G5-NH2
was found to cause more disruption than negatively charged G4.5-COONa to both the DPPC
and DPPG outer leaflet evident from a larger reduction in the -OH band, as well as increasing
the ordering of alkyl chains compared to G4.5-COONa. The expansion of existing defects by
positively charged dendrimers was also found by Hong et al. using AFM as discussed previously
[142], who also found that the dendrimers preferentially interacted with the fluid phase and
not with the gel phase; whereas Keszthelyi et al. showed the opposite, i.e. dendrimers
preferentially interacted with the gel phase.
In summary, interactions between PAMAM dendrimers and SLBs have been studied using
various techniques including AFM, NR, QCM-D, DSC and Raman spectroscopy. Most of these
studies have found that higher generation dendrimers cause more disruption to SLBs than
lower generations. AFM has been used the visualise the pore formation in SLBs caused by the
removal of mass by dendrimers. Mass removal from the SLBs was found to increase with
dendrimer concentration and generation and resulted in the formation of dendrimer-lipid
aggregates. The size of these dendrimer-lipid aggregates has been measured using DLS and it
was found that lipid bilayers wrap around higher generation dendrimers (>G5) forming
‘dendrisomes’. Using NR, dendrimers have been found to translocate through SLBs, which
indicates the possibility of passive transfer through cell membranes as suggested by in vitro
studies discussed in section 1.4.4 [130]. The energetics of these interactions has been explored
using DSC and Raman spectroscopy, revealing changes in the fluidity of lipid acyl chains in the
presence of dendrimers dependent upon dendrimer generation and charge. The effect of lipid
and dendrimer charge on SLB-dendrimer interactions has also been explored using sumfrequency spectroscopy and varying the composition of SLBs and terminal groups of
dendrimers. It was found that positively charged dendrimers caused more disruption to neutral
or positively charged membranes than negatively charged dendrimers. Disruption of bilayers
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by dendrimers was shown to be dependent on the fluidity of the lipid membrane, with fluidphase regions being more disrupted by dendrimers than gel phase regions. Membrane fluidity
is linked to membrane composition which can vary within different organelles within a cell
(mitochondria, nucleus etc.), cell type (for example cancer cells have more fluid membranes
compared to non-tumour cells) or during cellular processes such as morphogenesis when some
types of specialized cells form different types of tissues. Therefore, it is important to
understand how fluidity and composition effect interactions with dendrimers for biomedical
applications.

Langmuir Monolayers
There have only been a small number of studies on interactions between PAMAM dendrimers
and Langmuir-monolayer models. However, monolayers have been widely used to explore
interactions with other NPs, including gold [66] and silica [148] as well as pharmaceuticals
[149].
Cancino et al. [150] investigated the interactions between PC monolayers and G2 PAMAM
dendrimers, single-walled carbon nanotubes (SWCNT) and dendrimer-SWCNT conjugates (G2,
G4, G6). The surface pressure of the monolayer was recorded as a function of molecular area
(π-A) alongside BAM observations and dilatational surface elasticity measurements. The
addition of G4-SWCNT and G6-SWCNT to the monolayers produced similar π-A isotherms to
the control DPPC monolayers apart from a change in collapse pressure, which indicated little
to no change to the lipid packing but adsorption of the complexes at the interface. However,
compared to the pure lipid monolayers, a higher compressibility modulus of monolayers was
observed with the addition of G2 PAMAM, as well as a shift in the maximum packing (or
collapse pressure) with the addition of G2 PAMAM, SWCNTs and G2-SWCNT conjugates. These
results suggested their incorporation into the monolayer, causing the lipid molecules to be less
densely packed. Dilatational surface elasticity measurements showed a decrease in the surface
elasticity of all the monolayers due to the incorporation of the dendrimer complexes. BAM
images revealed the formation of new morphologies in the presence of SWCNTs but not G2SWCNT complexes. The differences in interactions between the SWCNT and dendrimerSWCNT complexes and the DPPC monolayer remain to be fully understood.
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Tiriveedhi et al. [151] studied the effect of G1 and G4 PAMAM dendrimers on the surface
pressure of lipid monolayers (PC and PC/PG (3:1)). Addition of the dendrimers to the subphase
caused an increase in the monolayer surface pressure π when the initial pressure π0 it is less
than 30 mN/m (cf. Figure 1.12b) which is comparable to the pressure experienced in a
biological membrane. This suggested the penetration of the dendrimers into the monolayer,
up to a threshold surface pressure or a threshold lipid packing density, above which dense lipid
packing did not allow dendrimer incorporation. The threshold surface pressure was the same
for all the monolayer compositions and dendrimer generations studied. The increase in surface
pressure was found to be greater for the monolayers containing negatively charged PG lipids,
indicating more dendrimers penetrating monolayers containing oppositely charged lipids. Such
lipid layer penetration by dendrimers has also been reported for SLB systems as discussed in
the previous section. A threshold surface pressure for NP insertion has also been observed for
other nanomaterials such as gold [66].

Figure 1.12. (a) The change of surface pressure (π) over time of Langmuir monolayers can be
monitored with the addition of dendrimers to the subphase. (b) Incorporation of PAMAM
dendrimers into a Langmuir monolayer was shown to depend upon the initial surface pressure
before injection of dendrimers into the subphase. The maximum/threshold surface pressure
of 30mN/m was shown to be the same for G1 and G4 dendrimers; however, G4 PAMAM
showed a greater increase in the surface pressure than G2 at lower initial surface pressure.
Isotherm adapted from [151].
More recently, Wilde et al. [152] studied the effect of the concentration of carboxylate- (G4.5)
and amine- (G5) terminated dendrimers on their incorporation into anionic DPPG monolayers.
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Both dendrimers were found to insert themselves into the monolayer at a surface pressure of
21 mN/m, but exhibited differences in surface pressure relaxation, as the anionic G4.5
dendrimers took longer to equilibrate within the monolayer. There was little or no dendrimer
penetration into DPPC monolayers at low dendrimer concentration, but it became more
pronounced at higher dendrimer concentrations. The addition of sodium chloride was found
to decrease the amount of G4.5 dendrimers penetrating DPPG bilayers, possibly due to charge
screening. Fourier-transform infrared spectroscopy (FTIR) confirmed the presence of PAMAM
dendrimers at the lipid-water interface and the adsorption varied considerably with membrane
composition. These findings were consistent with other studies reporting differences in
membrane interactions with anionic or cationic dendrimers [153]. Interactions between PEG
20,000 and the monolayers were used for comparison with the charged dendrimers, and no
insertion of PEG into either PG or PC membranes was observed. PEG has been used previously
to decrease the toxicity of cationic PAMAM [124, 125] due to decreased insertion into the
membrane and the screening of charges, causing less disruption to the cell membrane.
Despite the small number of studies undertaken, surface pressure isotherms of monolayer
models have been able to probe interactions that lead to the insertion of cationic and anionic
dendrimers of varying generation or size. The insertion dynamics has been shown to depend
on the dendrimer charge, size and membrane composition. Lipid monolayer models can also
be investigated with AFM once transferred to a substrate or used to create SLBs and probed
with other techniques such as NR, as was discussed in section 1.5.1.

Liposomes
1.5.3.1. Effect of charge, membrane composition, and dendrimer size and concentration
Zhang and Smith [154] studied the interactions of positively charged G4-7 PAMAM and
poly(lysine) dendrimers with anionic vesicles (3:7 POPE/POPA), using fluorescence assays to
observe mixing of lipids and encapsulated content between vesicles, and leakage of the
content. Lipid mixing was found to increase with increasing dendrimer generation, and with
dendrimer concentration until a maximum before decreasing at higher dendrimer
concentration. This concentration dependence was thought to be related to a maximum
surface coverage of dendrimers on the vesicles that prevented their close approach. G7
PAMAM–DNA conjugates, with varying DNA phosphate group to dendrimer amine group
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ratios, induced different amounts of leakage from the anionic vesicles, with the maximum
leakage/disruption observed at a 3:1 amine to phosphate ratio. These complexes at this ratio
also induced high levels of cell transfection. This was thought to be related to changes in the
charge-charge interactions between the conjugates and liposomes and depend highly on the
membrane composition. In addition, the G7 dendrimers were also found to disrupt PEGylated
vesicles by overcoming the hydration barrier and forcing apposed membranes to mix.
Furthermore, 31P NMR measurements showed that the G7 dendrimers induced the inverse
hexagonal phase in the vesicle membranes, conjectured due to electrostatic interactions
inducing inverse curvature in regions of the membrane, leading to packing stresses and
enhanced lipid mixing.

Fig. 1.13. (a) Small-angle X-ray scattering (SAXS) can monitor the change in position and width
of Bragg peaks, related to the change in the structure of MLVs [153]. (b) Fluorometry, used in
calcein release assays, showed higher generation dendrimers (G4) caused greater leakage of
calcein from SUVs than lower generation dendrimers (G1) [151]. (c) Differential scanning
calorimetry (DSC) showed a concentration-dependent change in the phase transition and pretransition peaks of liposomes in the presence of G5 dendrimers [155]. (d) Cryogenictransmission electron microscopy (cryo-TEM) can image liposomes and provide information
about their size and morphology [156].
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Alongside the Langmuir monolayers model discussed in section 1.5.2, Tiriveedhi et al. [151]
also studied the changes in fluorescence anisotropy of FITC labelled G1 and G4 PAMAM
dendrimers upon binding to SUVs of zwitterionic and anionic lipids (PC/PG) as demonstrated
in Fig. 1.13c. It was found that the dendrimers preferentially bound to membranes containing
negatively charged lipids and released larger amounts of encapsulated Calcein from those
liposomes. It was also found that G4 caused more pronounced leakage from the liposomes
than G1, likely due to its larger charge density causing a greater disruption to the vesicle
membrane.
A recent study by Lombardo et al. [153] used zeta potential measurements to find the effective
charge of DPPC MLVs in the presence of cationic G3 and anionic G2.5 PAMAM dendrimers. The
zeta potential of the liposomes was found to vary linearly for both dendrimer generations, up
to a threshold concentration where liposomes became saturated with dendrimers. Effective
charge calculations suggested that approximately half of the dendrimer’s surface charge
contributed to the zeta potential, and this was rationalised by assuming dendrimers partially
embedded in the bilayer. Bragg peaks from SAXS measurements, shown in Fig. 1.13b, revealed
that there was no change in d-spacing (or bilayer thickness) of the MLVs upon dendrimer
addition. However, broadening of the peaks with increasing dendrimer concentration
indicated a loss in the number of bilayers, and this effect was also observed by Berenyi et al.
with G5 dendrimers interacting with DPPC MLVs [155]. The bilayers in onion-like MLVs
experience van der Waals, hydration and thermal undulation forces. The addition of
dendrimers resulted in the repulsion of charged bilayers leading to decreased correlation, and
eventually the formation of unilamellar vesicles. The negatively charged, G2.5 dendrimers
were found to cause more perturbation than positively charged, G3 dendrimers. Adding the
dendrimers at different stages in the production of liposomes was found to impact the
dendrimer-liposome interactions. When dendrimers were added to extruded liposomes,
aggregation occurred as demonstrated by Akesson et al. [156].
Kelly et al. [157] used a combination of isothermal titration calorimetry (ITC), DLS, AFM, TEM
and molecular dynamics (MD) simulations to explore the interactions between G3-9 PAMAM
dendrimers of different surface chemistry and liposomes made with zwitterionic and anionic
lipids (DMPC and DMPG, respectively). Changes in enthalpy were observed only when
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dendrimers were titrated into liposomes made from anionic lipids. The heat release per
dendrimer increased as these liposomes aggregated, and this continued up to a plateau at
which point there were no more free lipids available to bind to the dendrimers. The binding
stoichiometry of the dendrimers on liposomes was found to be generation dependent. For
instance, larger dendrimers (> G6) could be completely wrapped in a lipid bilayer (c.f. Fig.
1.14b), whereas smaller dendrimers could not. Fig. 1.14c shows the enthalpy change and the
binding stoichiometry (i.e. the number of lipids per dendrimer) for increasing dendrimer
generation (or the number of terminal amine groups). This was compared with MD simulations,
which showed that low generation (< G4) dendrimers deformed and flattened on the bilayers
(c.f. Fig. 1.14a), as proposed previously by Klajnert and Epand [158].

Fig. 1.14. (a) Flattened dendrimer model, and (b) dendrimer-encased vesicle model of
dendrimer-lipid complexes. Larger dendrimers (>G6) were encased by lipids, whereas smaller
dendrimers deformed against the bilayer and promoted membrane curvature. G5 and G7 are
coloured red, the hydrophilic headgroups blue, and the hydrophobic tails grey. (c) ITCdetermined binding stoichiometries for the dendrimer-lipid complexes compared with the
expected stoichiometry of these models [157].
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1.5.3.2. Adsorption, intercalation, bridging, complexation, and ‘Dendrisomes’
In a solid-state NMR study, Smith et al. [63] found cationic G5 and G7 PAMAM localised in the
hydrophobic region of zwitterionic DMPC MLVs, which led to increased acyl chain ordering and
decreased chain flexibility. The lipid tails intercalated into the G5 dendrimers, but the more
closely packed surface groups of the G7 dendrimers suppressed the lipid penetration.
Åkesson et al. [156] found that adsorption of G6 PAMAM dendrimers to the surface of cationic
liposomes (POPC/POPG) caused bridging attraction and aggregation between the liposomes,
demonstrated in Fig. 1.13e. Cryo-TEM revealed that the dendrimers did not penetrate the
liposome inner water core and that the distance between the aggregated liposomes
corresponded to the dendrimer diameter, indicating that the liposomes were bridged by a
single layer of dendrimers. The liposomes became destabilized at high dendrimer
concentrations, likely due to the change in curvature introduced by the dendrimers making the
vesicle architecture unfavourable, an effect modelled by Kelly et al. [157] and discussed above.
Using Calcein leakage assays, Karoonuthaisiri et al. [159] found that vesicle disruption was
caused by vesicle aggregation, which was dependent upon membrane composition. The
presence of DOPE, a lipid that prefers negative membrane curvature, in the membrane
increased the extent of disruption by the dendrimers. It was suggested that membranes
containing such lipids can wrap around large dendrimers to form ‘dendrisomes’. The bending
modulus was decreased in the membranes containing these lipids, which would allow the
vesicles to deform more easily. Larger vesicles were more disrupted than smaller vesicles,
attributed to distortions caused by vesicle aggregation. Unusually, the largest disruption was
found at an intermediate dendrimer concentration, possibly due to the formation of a steric
barrier by the adsorbed dendrimers to prevent vesicle aggregation at high surface coverage of
the dendrimers, consistent with the observation reported by Zhang and Smith [154].
1.5.3.3. Effect of dendrimers on membrane fluidity and phase transition
A DSC study by Klajnert and Epand [158] showed that G3 PAMAM dendrimers with three
differing terminations, amine (NH2), hexylamide (CH3) and 50% N-(2-hydroxydodecyl) (or 50%
C12), affected the phase transitions and particularly the pre-transitional enthalpy in DPPC MLVs
and DMPC SLVs. The pre-transitional enthalpy was lowered with the addition of dendrimers,
indicating the transition between the rippled and lamellar gel phase was modified, this was
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likely due to the insertion of dendrimers into the bilayers effecting the cooperativity. How the
dendrimers were added also influenced the thermotropic behaviour of the liposomes. For
example, mixing dendrimers and lipids before hydration in the Bangham method (Method A;
Figure 1.15a) resulted in a symmetrical DSC transition peak, which indicated a uniform
distribution of the dendrimers in the membranes. On the other hand, the addition of the
dendrimers during the hydration of the pre-formed lipid film (Method B; Figure 1.15b) and
addition to pre-formed vesicles (Method C; Figure 1.15c) resulted in less penetration of the
dendrimer into the multi-layer vesicles, as indicated by asymmetrical transition peaks. C12
hydrophobic tails on 50% of the dendrimer periphery groups resulted in a more rigid, spherical
particle, which caused more disruption to the liposomal membranes, shown in Figure 1.15d.
Hexylamide terminated dendrimers were thought to cluster at a high concentration resulting
in fewer interactions with the membrane, therefore the disruption did not increase with
concentration for this functionalisation as is depicted in Figure 1.15e. At low concentration,
these flattened dendrimers may incorporate in the hydrophobic portion of the bilayer, without
causing much disruption.

Figure 1.15. Proposed model for interactions between MLVs and G3 PAMAM dendrimers with
different functionalisation. Combining G3 dendrimers with lipids at different stages in MLV
production resulted in differences in the thermotropic behaviour of the liposomes, measured
using DSC [158].
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Berenyi et al. [155] found that G5 PAMAM altered the pre-transition DSC peak of DPPC MLVs,
shown in Fig. 1.13d, which indicated an interaction between dendrimers and the lipid polar
headgroups and an increase in membrane fluidity, also confirmed by infrared spectroscopy.
This demonstrated that the dendrimers affected the hydration level of the lipid interface and
introduced a conformational disorder in the alkyl chain region. SAXS showed Bragg peaks due
to the lipid bilayer were broadened when the MLVs were doped with 10-2 ratio of dendrimers
to lipids, indicating a reduction in the number of bilayers in the MLVs, consistent with DSC
measurements. A complex Bragg peak was observed in the SAXS pattern at 25°C,
corresponding to a highly swollen lamellar phase. The increased layer spacing was attributed
to dendrimers embedding in the water shells between bilayers or increased electrostatic
repulsion between the layers caused by embedded dendrimers. At 46°C, a larger bilayer
spacing suggested shape change of dendrimers when interacting with gel/liquid crystalline
phases, as observed in MD simulations from Kelly et al. [101] and discussed further in section
1.5.4.
In summary, liposomes have been used as model membranes in several studies to investigate
their interactions with PAMAM dendrimers. By using a range of techniques from SAXS to DLS
the liposomes’ size, shape, periodicity, charge and contents leakage have been measured in
the presence of varying concentration, size and charge of PAMAM dendrimers. Energetic
changes in the liposome’s liquid-crystalline transitions in the presence of dendrimers was also
studied using DSC. These studies have been able to elude to how the physicochemical
properties of dendrimers, including surface functionality and size, have affected their
interactions with lipid vesicles of varying composition and lamellarity. The charge of the
dendrimers and composition of the liposomal membranes was found to play a major role in
these interactions. The functionalisation of the dendrimer has been found to change its overall
shape and rigidity, which in turn influences its interactions with a flexible membrane. The
amine-terminated dendrimers can deform against a bilayer or substrate as suggested by
computational studies [101] and observed through AFM [102, 160], reducing the structural
disruption of the bilayer.
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Simulations
Computational simulations can contribute to understanding the complex dynamics and
energetics during membrane penetration and endocytosis, with a high spatial and temporal
resolution, although it remains a significant challenge to construct realistic models and
simulate endocytosis on a realistic timescale and with sub-molecular resolution. For example,
molecular dynamics (MD) simulations can calculate precise mechanistic details from several
angstroms to hundreds of nanometres. The model is defined by a force-field that describes
electrostatic, van der Waals and bond interactions for an all-atom or a coarse-grained (CG)
model. However, the former is computationally expensive and time-consuming, whereas CG
simulations cluster atoms and molecules into beads to reduce computational demand. For
example, a lipid molecule can be divided into 3 beads or into membrane ‘units’ to model
interactions with larger particles. The system is virtually reproduced, considering many physical
and chemical parameters. Mechanistic information, such as dendrimer penetration and pore
formation, can be obtained from atomistic models alongside quantitative free energy
calculations. Coarse-grained models can be used to explore the wrapping of the bilayer around
dendrimers or the translocation of dendrimers through the membrane. Lee and Larson
provided a review of several computational models of interactions between dendrimers and
bilayers or polyelectrolytes [161]. Here we will discuss the important results from those studies
and several more recent examples.
1.5.4.1. Atomistic simulations
In 2005, Maiti et al. [162] ran atomistic simulations of G4-6 PAMAM dendrimers in water to
calculate their radius of gyration. They also studied the effect of pH on water diffusion around
the dendrimer and its effect on binding to other molecules. Mecke et al. [102] simulated
interactions between PAMAM dendrimers and mica surfaces, finding the flattening of PAMAM
dendrimers against mica, with the flattening being more profound with highly charged
dendrimers. This flattening effect was described experimentally by Hong et al. [142] and was
discussed in section 1.5.1.
Kelly et al. [101] used atomistic MD simulations, alongside experiments discussed in 1.5.1, to
investigate the molecular structures of PAMAM dendrimers binding to DMPC bilayers with
three different terminations: protonated amine, neutral acetamide, and deprotonated
carboxylic acid (cf. Figure 1.16). They also investigated the effect of the liquid-crystalline phase
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of the lipid bilayer (fluid or gel) on the binding of G3 dendrimers, relevant to endocytosis
mechanisms, lipid removal and the formation of membrane pores. Dendrimers bound to the
fluid phases kept their spherical shape, whereas dendrimers bound to the gel phases flattened
and formed over twice as many dendrimer-lipid contacts. All terminations of dendrimers also
intercalated into the bilayer in the fluid phase, but not in the gel phase. The lipids in the fluid
phases rearranged so that the hydrophobic regions of the dendrimer could be accessed by the
lipid tails and the polar dendrimer regions had polar lipid headgroups nearby. Dendrimer
binding to fluid over gel phases was found to be influenced by the inner dendrimer structure
rather than the termination. This was interesting as several experimental studies found
differences in interactions between dendrimers and SLBs in different crystalline phases [64,
142, 147].

Figure 1.16. Snapshots of atomistic MD simulations between DMPC bilayers and G3 PAMAM
with various terminal groups including protonated amine (G3-NH3+), neutral acetamide (G3Ac), and deprotonated carboxylic acid (G3-COO-). The simulations reveal the differences in the
morphologies of dendrimers interacting with either gel or fluid phase bilayers [101].
Kim et al. [163] used atomistic models to study the interactions between a G3 PAMAM
dendrimer and both zwitterionic (DPPC) and anionic (POPG) bilayer membranes. Van der Waals
interactions were dominant for the DPPC membrane interactions. Electrostatic interactions
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pulled the G3 dendrimer into the headgroup region of the POPG bilayer, causing perturbation
in the membrane and the dendrimer to change shape and flatten against the bilayer. However,
this model did not consider the curvature of the membrane induced by the change in surface
tension of the membrane leaflets by incorporation of the dendrimer.
1.5.4.2. Coarse-grained simulations
A CG model was developed for cationic and neutral G3-7 PAMAM dendrimers by Lee and
Larson in 2006 [164] so that multiple dendrimers could be simulated interacting with lipid
bilayers. Simulations using these models interacting with DMPC bilayers found that cationic G5
and G7 dendrimers caused pore formation whereas neutral dendrimers did not [165]. The
higher charge densities of high generation NH2-terminated dendrimers, initiated pore
formation whereas neutral dendrimers were found to cluster together and did not form pores.
This correlates with pore formation caused by high generation dendrimers in SLBs as discussed
in section 1.5.1.
Tian and Ma [166] used CG simulations to study the effect of pH on the interactions between
G2-4 PAMAM dendrimers and DPPG:DPPC (1:3) bilayers. G4 was found to adsorb to
membranes in physiological conditions and cause pore formation and the formation of an
asymmetric bilayer in acidic conditions. Lin et al. [167] used CG MD simulations to study G3,
G5 and G7 neutral PAMAM dendrimers interacting with a zwitterionic DPPC monolayer. Both
G5 and G7 had structural effects of the monolayer. When compressed, DPPC formed
microdomains of a gel phase, and interfacial molecules went from a coexisting phase liquidexpanded (LE) and liquid-condensed (LC) to a pure LC phase. However, with the addition of
neutral G5 or G7 PAMAM dendrimers, this phase transition was suppressed or reversed. These
results correlate well with the monolayer experimental studies discussed in section 1.5.2,
showing changes in molecular packing in the presence of PAMAM dendrimers.
The interactions between cationic G4 and G5 PAMAM dendrimers and asymmetric
DPPC/DPPE/DPPS membranes have also been studied by He et al. using CG simulations [168].
When the outer leaflet of the membrane contained 10% DPPS and the inner leaflet contained
50% DPPS, it was found that the G4 dendrimer inserted into the outer membrane and the G5
dendrimer caused pore formation. Both generations of dendrimer only adsorbed to the inner
side of the membrane. As the asymmetry of the membrane increased, the G4 dendrimer could
penetrate further into the membrane. At 50% DPPS the G4 dendrimer could translocate from
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the outer to the inner leaflet. This study highlights the impact of membrane asymmetry, which
is found in most cellular membranes, on interactions between bilayers and dendrimers. It also
highlights the ability of dendrimers to translocate passively through cellular membranes, as
observed by several others experimentally [56, 61, 130].

1.6. Summary
The precise control over PAMAM dendrimers physicochemical properties including size and
surface functionality has made them ideal candidates for a range of biomedical applications
from imaging agents to gene transfection vectors. However, uncertainties in the effect of these
properties on the cytotoxicity and endocytosis mechanisms have hindered this progress.
Model membranes such as supported lipid bilayers, Langmuir monolayers and liposomes have
been used to as model membranes to study their interactions with PAMAM dendrimers using
a range of rigorous physical techniques. By varying the composition, and hence charge and
phase behaviour, different cellular membrane systems have been modelled. PAMAM
dendrimers have been found to alter the structural properties of lipid membranes in a size,
charge and concentration-dependent manner. High generation dendrimers (>G4) can cause
pore formation and strip lipids from the membranes, whereas low generation dendrimers
(<G5) have been found to intercalate or adsorb to membrane surfaces. These interactions are
further governed by electrostatic interactions between cationic or anionic terminated
dendrimers and charged membrane lipids, with charge-terminated dendrimers resulting in
greater disruption to the membranes than neutral dendrimers. Disruption in membrane
packing and pore formation has also been shown to vary with concentration. The presence of
large numbers of dendrimers increases the number of dendrimer-lipid interactions, while
decreasing the number of lipid-lipid interactions, leading to instability. The effect of the steric
crowding of surface groups on high generation dendrimers made them rigid and less
deformable than lower generation dendrimers. Low generation dendrimers have been found
to deform against the membrane, flattening and increasing the number of charge-charge
interactions whereas the inflexibility and high charge density of high generation dendrimers
resulted in increased membrane curvature.
Future challenges include the extension of these membrane models to better represent living
systems and become more biologically relevant. These membrane models have also focussed
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on the effect of PAMAM physicochemical properties on the physical structure of, and insertion
into, cellular membranes. For these models to be utilised to their full extent they need to be
robust and their structure and behaviours under varying conditions should be known in detail.
Furthermore, the energetic barriers involved in phase transitions have shown to be influenced
by PAMAM dendrimers, but the dendrimers’ role remains unclear. Many groups have
measured changes to the fluidity of the acyl chain region, but it remains unclear where the
dendrimers are located within the bilayers. Interactions between lipid mesophases and
PAMAM dendrimers, measured using SAXS, may be able to elude to an answer. By studying
the change in transition temperature or pressure as a function of dendrimer concentration,
this energetic change may be better understood. The molecular deformations involved in
membrane fusion are identical to those found in these mesophase transitions and further
study on this may also be able to give physical insight into endocytosis mechanisms. The
fundamental mechanisms involved in membrane disruption by dendrimers of varying
physicochemical properties have yet to be unravelled. An understanding of how dendrimer
physicochemical properties influence interactions with cells could pave the way for intelligent
drug carrier design, improving the effectiveness and specificity of drugs.

1.7. Thesis outline
The main objective of this project is to study the effect of varying physicochemical properties
of PAMAM dendrimers (generation, functionality and dosage) on the structure of membrane
models including lipid multilayers and bilayers and the energetics of mesophase transitions.
Chapter 2 provides an overview of X-ray scattering and reflectivity techniques used to study
the model membranes. Chapter 3 details the effect of PAMAM dendrimers of varying size and
functionality on lipid bilayers of varying composition on mica substrates measured using XRR
at the solid-liquid interface. The XRR bilayer data has been fitted using the Parratt multilayer
model, and the crystal truncation rods of mica to give detailed structural information. Chapter
4 is split into four parts. Chapter 4a details the effects of PAMAM dendrimers on the structure
of DOPC lipid multilayers and the effect of annealing the multilayers measured using XRR and
AFM. Chapter 4b details the interaction of the PAMAM dendrimers with dried lipid multilayers
containing cholesterol measured using XRR. Chapter 4c details the effect of hydration on lipid
multilayer structure, in the absence and presence of PAMAM dendrimers, making using of the
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Parratt multilayer model developed and described in Chapter 3 to study detailed structural
changes as multilayers delaminate to form bilayers. Chapter 4d details the effect of PAMAM
dendrimers on multilayer surface morphology studied with atomic force microscopy after
which a summary of what has been learnt from lipid multilayers is discussed. Chapter 5 reports
the effect of PAMAM dendrimers on the mesophase transitions of POPE measured using highpressure SAXS (HP-SAXS). Finally, Chapter 6 concludes the thesis by summarising the
observations and results presented in the earlier chapters.
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Chapter 2
X-ray scattering techniques

2.1

Scattering principles

2.1.1 X-ray radiation
X-rays are electromagnetic waves with wavelengths between 0.01 and 10 nm and typical
energies between 100 eV and 100 keV. X-rays with short wavelengths and energies >5 keV are
referred to as hard X-rays and those with long wavelengths and energies <5keV are soft X-rays
[1]. Hard X-rays have wavelengths similar to the size of atoms and can penetrate materials
sufficiently for use in crystallography and medical imaging. However, since soft-X-rays cannot
penetrate as far and their energy is comparable to electron bonds, they are useful for surface
sensitive techniques.

2.1.2 Synchrotron radiation
Synchrotron radiation is a term used to describe radiation from charged particles travelling at
relativistic speeds along curved paths within a magnetic field. Synchrotron radiation is
produced either by bending magnets, which keep charged particles in a closed orbit or by
insertion devices. The radiation produced from bending magnets is at a tangent to the electron
storage ring and beamlines are positioned around the synchrotron to deliver this radiation to
a sample after it is passed through optical elements such as a monochromator and focusing
device [2].
Insertion devices (undulators and wigglers) use alternating magnetic fields to force electrons
to follow an oscillating path, the magnitude of oscillations between these devices is what
determines the difference between them. Undulators produce small-amplitude oscillations
whereas wigglers cause large-amplitude oscillations, resulting in differences in the radiation
spectra produced. The bandwidth of wigglers is relatively broad, and the radiation intensity
scales with the number of alternating magnetic dipoles, N. For undulators the radiation
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interferes constructively causing the radiation to have a narrower bandwidth and the intensity
scales with N2 [3].

Figure 2.1. A simplified schematic of a synchrotron facility. Electrons are accelerated in a linear
accelerator (LINAC) into a booster ring under vacuum to be accelerated further, and then into
the storage ring. The electrons are kept on a closed path by bending magnets. The radiation
produced from the bending magnets and insertion devices is used at beamlines. The energy
lost by electrons through radiation is replenished by a radio frequency (RF) supply. Reproduced
from [3].
The quality of an X-ray beam can be described by its brilliance, which considers the number of
photons emitted per second, collimation (or divergence), source area and the relative-fixed
energy bandwidth at 0.1%. The bandwidth distinguishes between sources which produce
smooth spectra and those which produce peaks at specific photon energies. Third-generation
synchrotron sources are typically a factor of 1012 brighter than early lab-based sources.
The main important characteristics of synchrotron radiation are [4]:


High intensity



nm to mm beam size



Collimated emission



Continuous spectrum (except undulator)
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2.1.3 Scattering by an electron and Bragg’s law
An incident X-ray photon interacts with the electron cloud of matter. If the emitted photon has
the same energy (or wavelength 𝜆) then the scattering is elastic (Thomson) if however, some
energy is transferred to the electron, the emitted photon has lower energy, corresponding to
inelastic (Compton) [5] scattering. Momentum may be transferred to an electron, even in an
elastic scattering event, corresponding to a direction change of the wave. This can be defined
by the momentum transfer vector 𝐐 = 𝐤 f − 𝐤 i using the wavevectors of the emitted (𝐤 f ) and
incident (𝐤 i ) waves. The scattering angle between 𝐤 f and 𝐤 i is given by 2𝜃 and the magnitudes
of the scattering vectors are equal |𝐤 f |=|𝐤 i |= 2𝜋/𝜆 then the magnitude of the momentum
transfer vector 𝑄 (Å-1) [1] can be derived as
𝑄 = |𝐐| =

4𝜋
𝜆

sin 𝜃

(2.1)

Figure 2.2. (a) Elastic scattering from an atom and (b) Bragg scattering from an ordered
structure.
For a material with a periodic structure Figure 2.2(b), the scattering of X-rays follows Bragg’s
law
𝑚𝜆 = 2𝑑 sin 𝜃

(2.2)

where 𝑚 is an integer, 𝜃 is the angle of incidence, 𝜆 is X-ray wavelength, and 𝑑 is the
characteristic periodicity of the material. The scattered X-rays exhibit constructive interference
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when the path difference 2𝑑 sin 𝜃, is an integer 𝑚 of their wavelength. This phenomenon is of
particular importance in crystallography, as it can be used to deduce the crystal structure of
materials since the scattering intensity is a function of scattering angle. Combining the
definition of momentum transfer (equation 2.1) and Bragg’s law (equation 2.2) the
characteristic lattice spacing (d-spacing) can be calculated using
𝑑=

2𝜋
𝑄

(2.3)

2.1.4 Miller indices
To understand scattering from a crystal, it is important to define planes of a crystal lattice,
which can be done using Miller indices. A plane is constructed by connecting 3 points on a
crystal lattice, the plane makes intercepts with a unit cell (hkl). Allowed reflections from a
crystal structure can be derived using Bragg’s law. For a cubic structure (dimension a), the dspacings of the lattice planes can be written as
𝑑=

𝑎
√ℎ2 +𝑘 2 +𝑙2

(2.4)

This can be rewritten in terms of momentum transfer as
𝑄=

2.2

2𝜋
𝑎

√ℎ2 + 𝑘 2 + 𝑙 2

(2.5)

Small-angle X-ray scattering (SAXS)

In small-angle X-ray scattering (SAXS), scattering from a sample at small angles (usually
between 0.1° to 5°) is detected to characterise structures between 2-150 nm in size. A
monochromatic X-ray beam is scattered by a sample, the scattered X-rays are then captured
by a detector, whilst the rest of the X-rays are transmitted, as shown in Figure 2.3.
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Figure 2.3. Schematic of SAXS principles: X-rays incident on a sample, are scattered with
scattering vector Q whilst the rest of the beam is transmitted. The spacing between scattering
peaks (rings) can be used to determine the structure of the sample and lattice spacing a. If all
possible crystal orientations are present within a sample, the rings are complete (as pictured
right).
The structure of the sample can then be determined based on the scattering profile due to the
differences in lattice planes, denoted by Miller indices discussed above. Characteristic peak
ratios can be used to identify the miller reflections, crystal structure and therefore d-spacing
or lattice parameter, a. As discussed in 1.3.5, the structure of lipid mesophases can be
identified in this way. Transitions between mesophases can be stimulated by water content,
temperature [6], pressure [7] or additives and identified by their scattering pattern. For
example the lamellar phase (L) is identified by peak ratios of 1:2:3:4:5…, corresponding to
Miller reflections (hkl) of 100, 200, 300, 400…, and the inverse hexagonal phase (HII) is
identified by peak ratios of 1:√3:2:√7…, corresponding to Miller reflections 100, 110, 200, 210…
both of which are used in Chapter 5. For this project, the effect of temperature, pressure and
additives (NPs) will all be utilised. Further technical details for SAXS experiments are described
in detail in Chapter 5.
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2.3

X-ray reflectivity (XRR)

2.3.1 Scattering at an interface
X-ray reflectivity (XRR) is focussed on scattering at an interface (air-water, solid-liquid or solidair). An incident beam on the sample is typically at grazing angles 0–5° and the reflected
intensity is measured. The interaction at this interface is governed by a refractive index given
by,
𝑛 = 1 − 𝛿 + 𝑖𝛽

(2.6)

where 𝛿 and 𝛽 take into account the scattering properties and absorption of the material and
are small so that 𝑛 is slightly less than 1. These coefficients are defined by
𝛿=
𝛽=

𝜆

𝑟𝜌
4𝜋 𝑒 𝑒
𝜆2
2𝜋

(2.7)

𝜇

(2.8)

where 𝑟𝑒 is the classical electron radius (2.818 × 10-5 Å, Thomson scattering length), 𝜌𝑒 is the
electron density of the material, and 𝜇 is the linear absorption coefficient of the material.

2.3.2 Fresnel coefficients and total external reflection
Diffraction at an interface can be described by Snell’s law,
cos 𝜃 = 𝑛 cos 𝜃𝑡 = (1 − 𝛿) cos 𝜃𝑡

(2.9)

Total external reflection occurs for 𝜃𝑡 = 0 which can be used to define the critical (incoming)
angle 𝜃𝑐 (simplified using a small angle approximation),
cos 𝜃 = 1 − 𝛿 ≈ 1 −

𝜃𝑐2
2

(2.10)

After simplification results in,
𝜃𝑐 ≈ √2𝛿 = 𝜆√

𝑟𝑒 𝜌𝑒
𝜋

(2.11)

so that the average electron density of a film can be directly determined from the critical angle.
For angles above the critical angle, 𝜃𝑐 the reflected intensity decays steeply. XRR focuses on
measuring this reflected intensity.
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At an interface, an incident X-ray beam can be transmitted or reflected. To calculate the
amplitude of the reflected and transmitted waves, the condition that the ingoing and outgoing
electromagnetic waves must be continuous is used. The Fresnel coefficients for reflection 𝑟(𝑄)
and transmission 𝑡(𝑄), in terms of the reflected wave vector 𝑄 and refracted wave vector 𝑄𝑡
are given by
𝑄−𝑄

𝑟(𝑄) = 𝑄+ 𝑄𝑡

(2.12)

𝑡

𝑡(𝑄) =

2𝑄

(2.13)

𝑄+𝑄𝑡

To eliminate the transmitted wave vector 𝑄𝑡 , the condition for specular reflection (Eq. 2.1),
and Snell’s law (Eq. 2.9) can be used to give 𝑄𝑡2 = 𝑄 2 − 𝑄𝑐2 , where 𝑄𝑐 =

4𝜋
𝜆

sin 𝜃𝑐 .The

reflected intensity is given by the modulus squared of the reflection coefficient and in the case
when 𝑄 > 𝑄𝑐 can be written as
2
𝑄−√𝑄 2 −𝑄𝑐 2

𝑅 = |𝑟 2 | = |

𝑄−√𝑄 2 +𝑄𝑐 2

| ≈

16𝜋 2 𝜌2 𝑟𝑒 2
𝑄4

(2.14)

This reveals a 𝑄 −4 dependence on the reflected intensity, which is studied during XRR
measurements and is referred to as the Porod regime.

2.3.3 Surface roughness
The above description is for a perfectly smooth interface. In reality, the interface will have a
roughness, . The reflectivity coefficient can then be modified to be
𝑄−𝑄

1

𝑟(𝑄) = 𝑄+ 𝑄𝑡 exp(− 2 𝑄𝑄𝑡 𝜎ℎ 2 )
𝑡

(2.15)

where h is the width of a Gaussian, as described by Figure 2.4. Roughness can cause the
scattering of X-rays away from the specular direction, reducing (damping) the measured
reflectivity.
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Figure 2.4. Schematic of the surface roughness

2.3.4 Reflection at multiple interfaces
The description above is valid for a single interface. However, if there are two or more
interfaces there are an endless number of possible reflections as shown in Figure 2.5. Summing
up over possible refraction and reflection events for two interfaces leads to
𝑟=

𝑟01 +𝑟12 exp(𝑖𝑄1 𝑑)
1+𝑟01 𝑟12 exp(𝑖𝑄1 𝑑)

(2.16)

where the phase difference between the reflections from both interfaces is exp(𝑖𝑄1 𝑑) and
constructive interference occurs with a period of 2𝜋/𝑑. The amplitude of these oscillations
depends upon the electron density of each of the layers, and the thickness of the film, 𝑑, can
be derived from the spacing between two maxima/troughs, ∆𝑄, in a 𝑅 versus 𝑄 plot using 𝑑 =
2𝜋/∆𝑄. These oscillations are referred to as Kiessig fringes.

Figure 2.5. Possible refractions and reflections from a smooth film, at the air-film and filmsubstrate interfaces.
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2.3.5 Parratt’s exact recursive method
The description above for reflection at two interfaces can be extended for any number of slabs
(N = 1,2,3,… j) on top of an infinitely thick substrate, shown in Figure 2.6. Each slab with its own
refractive index, 𝑛𝑗 = 1 − 𝛿𝑗 + 𝑖𝛽𝑗 , thickness, 𝛥𝑗 and roughness, 𝜎𝑗 . The momentum transfer
vector 𝑄𝑗 in the jth layer is given by
𝑄𝑗 = √𝑄 2 − 8𝑘 2 𝛿𝑗 + 𝑖8𝑘 2 𝛽𝑗

(2.17)

Figure 2.6. Reflection of X-rays from N layers on top of an infinite substrate, each layer has a
thickness, 𝛥𝑗 , roughness, 𝜎𝑗 , and refractive index, 𝑛𝑗 .
The Fresnel coefficient for reflection at each interface is then given by
′
𝑟𝑗,𝑗+1
=

𝑄𝑗 −𝑄𝑗+1
𝑄𝑗 +𝑄𝑗+1

1

exp(− 2 𝑄𝑗 𝑄𝑗+1 𝜎ℎ 2 )

(2.18)

The reflectivity of each layer can then be calculated in turn and combined for all interfaces,
formed by the substrate and N layers. The substrate is taken to be infinitely thick so that there
is no contribution from multiple reflections (indicated by the prime symbol ‘). The reflection
coefficient from the Nth layer and substrate is then given by
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′
𝑟𝑁,∞
=

𝑄𝑁 −𝑄∞
𝑄𝑁 +𝑄∞

(2.19)

The reflection coefficient from the N-1, N interface then includes the multiple reflections from
the Nth layer,
𝑟𝑁−1,𝑁 =

′
′
2
𝑟𝑁−1,𝑁
+𝑟𝑁,∞
𝑝𝑁
′
′
2
1+𝑟𝑁−1,𝑁
𝑟𝑁,∞
𝑝𝑁

(2.20)

which includes a phase factor 𝑝𝑁2 = exp(𝑖𝛥𝑁 𝑄𝑁 ) from multiple scattering and transmission
events. This expression can be used for successive layers/interfaces, (N-1, N-2), (N-2, N-3), …
etc. By recursively adding the reflectivity contribution from each of the interfaces, until the
interface between the last layer of the film N = 1 and air N = 0, the overall reflectivity can finally
be calculated by taking the square modulus 𝑅 = |𝑟 2 |. This method for calculating the
reflectivity of a series of slabs is referred to as Parratt’s exact recursive method.
A typical reflectivity curve of multilayers is shown in Figure 2.7 where total external reflection
occurs at the critical angle 𝜃𝑐 , above which there is a rapid decline in intensity. In the Porod
region (2.3.2), there are Kiessig fringes (2.3.4) and Bragg peaks. Kiessig fringes are indicative of
constructive and destructive interference due to reflections from the interfaces. Bragg peaks
are due to the presence of an ordered structure and can be used to find the periodicity of the
structure, as described in 2.1.3.

Figure 2.7. Example reflectivity curve of 10 bilayers consisting of 10 Å silica and 40 Å tungsten
calculated using Parratt’s method. Reproduced from [1].
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2.3.6 Beam footprint correction
The beam footprint can exceed the length of a sample at low angles, as shown in Figure 2.8a.
This extended footprint can reduce the intensity of X-rays hitting the sample, and to account
for this reduction a footprint correction is made.

Figure 2.8. (a) Possible states of the beam footprint, smaller than the sample, at the critical
angle or longer than the sample width (b) an experimental fine z-scan (circles) at = 0° fitted
with a ‘spline’ function (red solid line) (c) after differentiation of the ‘spline’ function a Gaussian
profile of beam intensity (𝑦-axis) is produced as a function of beam width (𝑥-axis).
The profile of the X-ray beam can be approximated by a Gaussian function. The Gaussian profile
can be built up by taking a fine z-scan, fitted with a ‘spline’ fit, Figure 2.8b, which is then
differentiated to produce a Gaussian beam profile, Figure 2.8c, with the function
𝑓𝑔𝑎𝑢𝑠𝑠 (𝑥) = 𝑎 exp(−

(𝑥−𝑏)2
2𝑐 2

)

(2.21)

where the 𝑥-axis is the beam width, the 𝑦-axis is the beam intensity and 𝑎, 𝑏, and 𝑐 are
constants to be fitted. The zero-point on the 𝑥 -axis is chosen to be the maximum of the beam
intensity and the Gaussian has a total integrated value of 2.
The corrected reflected intensity can then be calculated using
𝐼=

𝐼0
𝑥𝑙𝑖𝑚
∫𝑥=0 𝑓𝑔𝑎𝑢𝑠𝑠 (𝑥) 𝑑𝑥

(2.22)

where I0, is the total uncorrected intensity of the X-ray beam, and the integration limit 𝑥𝑙𝑖𝑚 is
given by
𝑥𝑙𝑖𝑚 =

Sample Width ∙ sin 𝜃
2
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2.3.7 Scattering length density (SLD)
The scattering of X-rays arises due to momentum transfer between the incident wave and the
electron clouds of the atoms in the material. 𝜌 is a measurement of the scattering power of a
material that scales with the physical density as well as the intrinsic scattering power due to
the electron cloud. To calculate the reflectivity of lipid bilayers using the slab model described
above, the SLD of the materials must be known. The real component of 𝜌 of a material is given
by a sum of the scattering length contributions from N atoms within a ‘unit cell’ divided by the
volume, 𝑉𝑚 of the cell
𝜌=

∑𝑁
𝑖=1 𝑏𝑖
𝑉𝑚

(2.24)

where 𝑏𝑖 is the scattering length which defines to what extent incident X-rays are scattered
and varies according to a materials atomic number. The real component of the scattering
length is given by
𝑏𝑖 =

𝑒2
4𝜋𝜀0 𝑚𝑒 𝑐 2

𝑓1 = 𝑟𝑒 𝑓1

(2.25)

where e is the fundamental electronic charge, 𝜀0 is the permittivity of free space, 𝑚𝑒 is the
mass of an electron, 𝑐 is the speed of light in a vacuum, 𝑟𝑒 is the classical electron radius
(2.8179403 x 10-15 m) and 𝑓1 is the real component of the atomic scattering factor.
Usually, the molecular volume, 𝑉𝑚 is not known but it can be calculated using computer
simulations or simply from the bulk density 𝜌𝑚 , and molecular weight, 𝑀, of the material, using
𝑉𝑚 = 𝜌

𝑀

𝑚 𝑁𝑎

(2.26)

where 𝑁𝑎 is Avogadro’s constant. Substituting 2.26 and 2.25 into 2.24 gives the real
component of 𝜌 as
𝜌(𝑅𝑒) =

𝑁𝑎 𝑟𝑒 ∑𝑁
𝑖=1 𝑁𝑖 𝜌𝑖 𝑓1 (𝑖)
∑𝑁
𝑖=1 𝑀𝑖

(2.27)

which is a sum of the scattering length contributions of number density, 𝑁, of an element, 𝑖,
in the within a material’s ‘unit cell’ of volume, 𝑉𝑚 . The corresponding imaginary component is
given by
𝜌(𝐼𝑚) =

𝑁𝑎 𝑟𝑒 ∑𝑁
𝑖=1 𝑁𝑖 𝜌𝑖 𝑓2 (𝑖)
∑𝑁
𝑖=1 𝑀𝑖

70

(2.28)
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where 𝑓2 is the imaginary component of the atomic scattering factor. 𝑓1 and 𝑓2 are obtained
from tabulated literature values [8]. The SLD can be converted to an X-ray refractive index using
𝜆2

𝛿 = 2𝜋 ⋅ 𝜌(𝑅𝑒)
𝜆2

𝛽 = 2𝜋 ⋅ 𝜌(𝐼𝑚)

(2.29)
(2.30)

where 𝜆 is the X-ray wavelength and the complete refractive index is given by 𝑛 = 1 − 𝛿 + 𝑖𝛽
as described previously (section 2.3.1).

2.3.8 Mica crystal truncation rods
Parratt’s exact recursive method above (2.3.5) does not include multiple reflections from the
substrate, however, in reality, the contribution from the substrate needs to be considered to
obtain the total reflection from a sample. In XRR measurements, a substrate needs to be flat
over a relatively large area, mm2–cm2, therefore silica is often used.
Mica, although atomically smooth is not often used, due to large undulations over such an
area. However, by using a “bending-mica method” developed by Briscoe et al. [9-12] it is
possible to enhance the mica rigidity, produce sufficient flatness and reduce random diffuse
scattering.
Mica has a layered crystal lattice structure as shown in Figure 2.9, and due to the finite size of
crystals, the Bragg peaks from scattering are broadened in reciprocal space, called crystal
truncation rods (CTR) [10]. Each lattice layer is 9.94 Å in thickness. This can be modelled using
a dual-layer approximation, where each lattice layer is treated as a bilayer and the thickness,
and scattering length density (SLD) of two layers can vary (overall SLD remains constant) to
capture the features of the mica CTR. The combined thickness, roughness and SLD must match
that of the real lattice layer of the substrate.
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Figure 2.9. Left: Experimental XRR profile (circles) of mica with a bilayer fitting model (red, solid
line). Right: Muscovite mica crystal structure, each layer contains an Al octahedral (O) sheet
covered by two (Si, Al) tetrahedral (T) sheets and is about 1 nm thick [10].
To vary the thickness and SLD of each layer interdependently, a structure factor 𝑓𝑠𝑡𝑟 is
introduced. The thickness of layer A, 𝑡𝐴 , is given by
𝑡𝐴 = 𝑡𝑡𝑜𝑡 𝑓𝑠𝑡𝑟

(2.31)

where 𝑡𝑡𝑜𝑡 is the total thickness of the bilayer. Therefore, the thickness of layer B, 𝑡𝐵 , is given
by
𝑡𝐵 = 𝑡𝑡𝑜𝑡 − (𝑡𝑡𝑜𝑡 𝑓𝑠𝑡𝑟 ) = 𝑡𝑡𝑜𝑡 − 𝑡𝐴

(2.32)

For the overall SLD of the bilayer (𝜌𝑚𝑖𝑐𝑎 ) to remain constant, an SLD contribution 𝑋𝐴 is assigned
to layer A.
𝑡

𝑋𝐴 = 𝜌𝑚𝑖𝑐𝑎 𝑡 𝐴 = 𝜌𝑚𝑖𝑐𝑎 𝑓𝑠𝑡𝑟

(2.33)

𝜌𝐵 = 𝜌𝑚𝑖𝑐𝑎 − 𝑋𝐴

(2.34)

𝜌𝐴 = 𝜌𝑚𝑖𝑐𝑎 − 𝜌𝐵 = 𝑋𝐴

(2.35)

𝑡𝑜𝑡

The SLD of layer B, 𝜌𝐵 , is then

and the SLD of layer A, 𝜌𝐴 , is
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Therefore after 𝑓𝑠𝑡𝑟 is chosen the thickness and the SLD of the bilayer is fixed.
The roughness of the mica is adjusted as a factor of the bilayer thickness. Only 3 parameters
are varied during the fitting, roughness σ, the structure factor 𝑓𝑠𝑡𝑟 and the number of
(bi-)layers. Modelling the mica substrates in this way allows for small differences in the
substrates such as surface steps, defects and roughness.

2.3.9 Scherrer analysis
Many factors may contribute to the profile of Bragg peaks observed in X-ray scattering of
ordered structures however, the most important are the instrumental peak profile
(instrumental broadening), crystallite size and microstrain. The instrumental peak profile
depends upon the X-ray source, beam size, and optics. The peak profile is a convolution of
these contributions.
Broadening of Bragg peaks due to crystallite size is described by the Scherrer equation which
was published in 1918 [13],
𝐵𝑠 =

𝐾𝜆
𝐿 cos 𝜃

(2.36)

where the peak width, 𝐵𝑠 , varies inversely with crystallite size 𝐿𝑠 . 𝐾 is the Scherrer constant,
which depends upon the shape of the crystal and size distribution and can vary between 0.62
and 2.08 (A common value used for 𝐾 is 0.94 for cubic symmetry). Crystallite size and shape is
assumed to be the same. Peak broadening is most pronounced at large angles where peak
intensity is usually lowest. The peak width is determined by the Full Width at Half Maximum
(FWHM), halfway between the background and peak maximum. To determine the FWHM,
Bragg peaks are fitted with Gaussian and/or Lorentzian functions, are the peaks are usually a
convolution of the two. A pseudo-Voigt function is often used as it is a linear combination of
Gaussian and Lorentzian components. The geometry of XRR means that only the dimensions
through the thickness of the film are probed. The Scherrer equation can be rearranged to give
the crystallite size (or coherence length) in terms of momentum transfer 𝑄 as,
𝐿𝑠 =

2𝜋𝐾
𝐹𝑊𝐻𝑀

73

(2.37)

Chapter 2. X-ray scattering techniques
2.3.10 Paracrystalline disorder
In addition to broadening due to the finite crystal size (or coherence length 𝐿𝑠 ) described
above, fluctuations in the lattice spacing (or d-spacing) can also contribute. These fluctuations
are referred to as paracrystalline disorder, Figure 2.10c.

Figure 2.10. If the d-spacing of every crystallite change by the same amount (b), this would
result in a shift in the reflected peaks. If they are varied inhomogeneously (c), this results in
peak broadening.
Peak broadening due to paracrystalline disorder, 𝑔, is given by
𝐵𝑝 =

2𝜋(𝜋 𝑔 𝑛)2

(2.38)

𝑑

where 𝑛 is the reflection order along the crystallographic axis (i.e. for (ℎ,0,0) 𝑛 = ℎ = 1,2,3…).
The total broadening, 𝐵𝑡𝑜𝑡 , due to the finite crystal size and paracrystalline disorder is given by
𝐵𝑡𝑜𝑡 2 = 𝐹𝑊𝐻𝑀2 = 𝐵𝑝 2 + 𝐵𝑠 2

(2.39)

Therefore, the FWHM of a Bragg peak can be expressed as
𝐹𝑊𝐻𝑀2
2𝜋 2

𝐾 2

= (𝐿 ) +

( 𝜋 𝑔 𝑛)4

𝑏

𝑑2

(2.40)

Plotting a linear regression of the form 𝑦 = 𝑚𝑥 + 𝑐 where
𝑦=

𝐹𝑊𝐻𝑀2
2𝜋 2

𝑥 = 𝑛4
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(2.41)
(2.42)
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𝑚=

( 𝜋 𝑔)4
𝑑2
𝐾 2

𝑐 = (𝐿 )
𝑏

(2.43)
(2.44)

It is possible to obtain the paracrystalline disorder parameter, 𝑔, from the gradient and this
provides another way to calculate the coherence length, here labelled 𝐿𝑏 (broadening
coherence length) from the intercept.
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Chapter 3
Effect of PAMAM dendrimers on
the formation and structure of
supported lipid bilayers

The effect of varying physicochemical properties of PAMAM dendrimers and membrane
composition on the formation and structure of SLBs was studied using XRR. The PAMAM
dendrimers were either amine (NH2) or hydrophobe (C12) terminated and varied in size (G2, 2.1–
3.3 nm; G4, 3.8–7.1 nm), added at varying number ratios (ν) to both DOPC and
DOPC/cholesterol during vesicle formation. The SLBs were then formed in situ at a synchrotron
facility using the vesicle rupture method on mica. The structure, including thickness, coverage,
roughness and location of the dendrimers, was derived from fitting the reflectivity data using a
slab model and Parratt’s exact recursive method. Pure DOPC bilayers were not found to be
stable on mica substrates whilst the addition of dendrimers increased stability and caused
changes in bilayer thickness and the position of ‘dendrimer layers’ dependent upon dendrimer
functionalisation and ν.

3.1 Introduction
3.1.1 SLB formation via vesicle rupture
The formation of supported lipid bilayers (SLBs) via liposome/vesicle rupture was first used by
Brian and McConnell [1] to create PC/cholesterol (7:2 mole ratio) SLBs containing
transmembrane proteins, to study the immune response of spleen cells, and is now a
standardised technique.
Bilayer formation via vesicle rupture occurs after vesicle adsorption to a substrate, where
vesicle fusion may occur, resulting in the destabilisation of the vesicle. The rupture of unstable
vesicles leads to the presence of bilayer patches on the substrate which eventually merge, and
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after additional adsorption-rupture events, a single SLB forms (cf. Figure 3.1). Johnson et al. [2]
observed this vesicle fusion and rupture events during the formation of PC/PS SLBs on quartz
surfaces using fluorescently labelled lipids and encapsulated dyes in 30, 50 and 100 nm
liposomes. The critical radius of vesicles, required for them to rupture on mica, was calculated
by Reviakine and Brisson [3] to be 50–100 nm (using AFM) below which intact liposomes would
remain absorbed to the substrate. It was also demonstrated by Keller et al. [4], using quartz
crystal microbalance (QCM) and surface plasmon resonance (SPR), that a threshold density of
vesicles was adsorbed on substrates (up to 15% of the total lipid mass) before rupturing.
Apart from vesicle size, there are other factors that affect the formation of a SLB on substrates
such as surface hydrophobicity/hydrophilicity, roughness and charge density; lipid composition
and concentration; pH; temperature; and the concentration of ions [5]. Therefore, the
mechanism described above may not represent all SLB formation from vesicles.

Figure 3.1. The formation of a SLB via vesicle fusion.

To understand the effect of the physicochemical properties of PAMAM dendrimers on the
formation and structure of SLBs, the vesicle composition will be kept simple. The formation of
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single component SLBs will now be discussed, as a basis for the understanding SLB formation
and properties followed by the effect of additives such as cholesterol and finally, dendrimers.

Phosphatidylcholine SLBs
Phosphatidylcholine (PC) is present in the greatest % in mammalian cell membranes compared
to other phospholipids, therefore it has been extensively used in cell membrane models,
including SLBs.
AFM measurements of DOPC SLBs by Attwood et al. [6] show SLB formation over 20 minutes
of liposome incubation with mica (cf. Figure 3.2), with a measured bilayer depth of ~ 5 nm. No
vesicle absorption was observed prior to SLB formation, indicating the fast dynamics of DOPC
SLB formation.

Figure 3.2. Time series of DOPC bilayer formation on mica imaged using AFM, reproduced from
[6].

MD simulations of stacked DOPC bilayers (multilayers) by Benz et al. [7] yielded a bilayer
thickness of ~ 35 Å and a d-spacing of ~49-50 Å (66% RH). Here the d-spacing includes the
hydration layer between stacked bilayers of ~ 14 Å. Tristram-Nagle et al. [8] measured the
DOPC head-to-head thickness using XRD to be 35.3 Å, this is a peak-to-peak value from the
centre of the headgroups, with a (near full-hydration) d-spacing (30 °C, 1 atm) of 63.1 Å and a
water layer of 27.0 Å, corresponding to a bilayer thickness of 36.1 Å. The area per lipid
molecule, A, was also obtained as 72.26 Å2. Parkkila et al. [9] used SPR and QCM-D to calculate
the DOPC bilayer thickness of a SLB as 38.3 ± 0.8 Å (20 °C) and the area per molecule as A =
64.9 ± 1.3 Å2 and a water layer thickness of 3.36 ± 1.67Å, corresponding to approximately ~7
water molecule layers.
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Bilayer thickness 𝑡𝑡𝐵𝐵 can also be estimated using,
𝑡𝑡𝐵𝐵 =

2∙𝑉𝑉𝐿𝐿
𝐴𝐴

(3.1)

where 𝑉𝑉𝐿𝐿 is the volume of the lipid molecule and 𝐴𝐴 is the interfacial area per lipid [10]. 𝑉𝑉𝐿𝐿 has
been accurately calculated using MD simulations, however, 𝐴𝐴, measured using neutron and X-

ray diffraction as well as MD simulations, is found to vary greatly for fluid bilayers as described
above. Using this as an estimate for the bilayer thickness with 𝑉𝑉𝐿𝐿 = 1322 Å3 [11] and 𝐴𝐴 = 59–74
Å2 [7, 8, 12] the expected DOPC bilayer thickness is 35.7–44.8 Å.

3.1.2 Membrane composition
As discussed in detail in Chapter 1, cell membranes consist of a multitude of lipid species,
sterols, carbohydrates and proteins making them a complex system to study in detail.
Cholesterol accounts for 30–50% of mammalian plasma membranes, but its weight percentage
varies between membrane leaflets, cell types, and has a smaller contribution to the
composition of organelle membranes [13, 14]. Cholesterol is known to affect the thickness,
fluidity and intrinsic curvature of lipid bilayers [15], and therefore understanding its effect on
interactions between membranes and nanoparticles is of great importance for biomedical
applications.
Since cholesterol increases ordering of hydrocarbon chains, it also causes an increase in
membrane thickness by 0.3–0.6 nm for DOPC and DPPC (measured using SANS [16] and MD
simulations [17, 18]).

3.1.3 Dendrimer interactions with SLBs
Previous studies on the interactions between dendrimers and SLBs have been discussed in
detail in Chapter 1 (1.5.1), these findings are summarised here in brief.
Amine (NH2) terminated dendrimers have been found to cause nanoscale pores/holes in SLBs,
caused by the removal of lipids from the substrate by dendrimers in solution [19]. It was found
that an increase in G4-NH2 dendrimer concentration caused existing defects to expand and
encouraged the formation of new holes in DMPC SLBs (Parimi et al. [20]). Lipids removed from
the bilayer during hole formation wrapped around large G6 dendrimers, forming aggregates
(dendrisomes) in solution, some of which adsorbed to the exposed substrate, also observed by
Mecke et al. [19, 21]. Large G6-NH2 dendrimers were also found to preferentially interact with
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SLBs containing charged lipids (POPG) and did not disrupt those containing neutral lipids
(POPC) [22]. As described by several AFM studies [19, 21, 23, 24], higher generation (G4 and
G6) dendrimers caused lipid desorption to a larger extent, compared to lower generation (G2)
dendrimers, due to their increased size and charge density.
Yanez Arteta et al. [25] observed the absorption and translocation of G4-NH2 dendrimers onto
PS/PC SLBs, where the absorbed amount increased with dendrimer concentration and
decreased with increasing salt concentration and pH due to charge screening (QCM-D, NR, and
ellipsometry). This result was consistent with the findings of Ainalem et al. [26], who also
showed translocation of low generation (G2 and G4) PAMAM dendrimers through POPC SLBs
using ellipsometry and NR.
Using solid-state NMR, Smith et al. [27] found that G5-NH2 and G7-NH2 dendrimers decreased
the flexibility of acyl chains of DMPC SLBs, thought to result in the formation of a void region
in the membrane, causing bilayer thinning, also described by Mecke et al. [24]. Åkesson et al.
[22] observed very low adsorption of G6 PAMAM on POPC SLBs using neutron reflectivity (NR);
however, there were major structural changes in the mixed POPC/POPG bilayers attributed to
the attractive interaction between oppositely charged G6 and POPG. The fitting model was
comprised of alternating layers of bilayers and dendrimers, however, the lipid headgroups and
dendrimers could not be distinguished using the model, due to either partial intercalation of
the dendrimers or fluctuations in curvature.
In summary, most studies have found that higher generation NH2 dendrimers cause more
disruption to SLBs than lower generations. Disruption is usually in the form of pore formation,
by removal of lipid mass by dendrimers, which increases with increasing dendrimer
concentration, leading to the formation of lipid-dendrimer aggregates. Dendrimers have also
been found to translocate through SLBs [26], as well as sandwiched between lipid bilayers [26],
indicating the possibility of passive transfer through cell membranes, as suggested by in vitro
studies [28].
Despite the number of studies on interactions between dendrimers and SLBs, there is minimal
analysis of the structure of the membranes in the presence of dendrimers, in particular, the
effect of dendrimer size, concentration and functionality on the structure. The present study
focuses on the structure of DOPC and mixed DOPC:cholesterol SLBs in the absence and
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presence of G2 and G4, positively charged (NH2) and hydrophobic (C12) dendrimers at varying
concentration (or number ratio). XRR is used to elucidate the effect on the structure by
dendrimers with varying physicochemical properties, fitted with a slab model using Parratt’s
recursive method detailed in full in chapter 2, and below in 3.3.

3.2 Materials and methods
3.2.1 Materials
1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) (>99% purity, Mw = 786.113 g.mol-1) in
Chloroform (25 mg.ml-1) was purchased from Avanti® Polar Lipids, Alabaster, Alabama. NH2
terminated G2 (20 w%) and G4 (24 w%) and 50% C12 chain terminated G2 (40.29 w%) and G4
(26.85 w%) PAMAM dendrimers dispersed in methanol were purchased from Dendritech, Inc.,
Midland, Michigan. Further dendrimer specifications can be found in Table 3.4.

3.2.2 Preparation of liposome-dendrimer dispersions
DOPC in CHCL3 (25 mg.ml-1) was measured into a 7 ml glass vial and combined with appropriate
amounts of NH2 or C12 dendrimers in CH3OH to obtain dendrimer-lipid number ratios of 0.02
and 0.2. For DOPC:Cholesterol mixtures, powdered cholesterol was first dissolved in CHCL3 (25
mg.ml-1) and combined with DOPC in CHCL3 (25 mg.ml-1) at a 5:1 DOPC to cholesterol number
ratio. The dispersion was then agitated using a plate shaker incubator (Stuart SI505 Microplate
Shaking Incubator) at 500 rpm at RT for 1 hr. The mixed CHCL3/CH3OH solvent was evaporated
at room temperature using gentle nitrogen flow, followed by drying for ~1 hour in a vacuum
oven (Heraeus Vacutherm VT 6025) at ~1 mbar to form a uniform lipid-dendrimer film. The
film was then hydrated to a concentration of 2 mg.ml-1 using Milli-Q water and sonicated
(Ultrawave QS5) for 1 hour to form multi-lamellar vesicles (MLVs). The MLV suspension was
then extruded through a using a LIPEXTM 10 mL Thermobarrel Extruder (Northern Lipids Inc.,
Burnaby, Canada) 5 times with a 200 nm pore sized polycarbonate membrane (Whatman®
Nuclepore™ Track-Etched Membranes) and 10 times with a 100 nm membrane using ~20 bar
pressure of N2 to create small unilamellar vesicles (SUVs). For clarity, we denote the mixed
DOPC-dendrimer liposome dispersions as DOPC-Gi-f(ν), where i = 2, 4 for the two dendrimer
generations, f = C12, NH2 for the dendrimer functionalisation and ν is the dendrimer-lipid
number ratio (i.e. DOPC-G2-NH2(0.2) denotes a 0.2 number ratio of amine (NH2) terminated
G2 dendrimers to DOPC lipids.
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3.2.3 X-ray reflectivity measurements
XRR measurements were taken at the XMaS beamline (BM28) at ESRF in Grenoble at an X-ray
energy of 14keV (λ = 0.886 Å). For the measurements, a monochromatic incident X-ray beam
irradiated the sample at a grazing angle θi (from 0.06° to 2.6°, corresponding to a Q range of
~0.015 to 0.64 Å-1). The specularly reflected intensity was detected at each angle θr = θi by an
avalanche photodiode detector (APD). The resulting reflectivity curves were plotted as
reflectivity (a.u.) versus Q (Å-1). Freshly hand-cleaved mica (1 cm x 3 cm x ~300μm) was secured
onto a curved stage (with the bending axis along the direction of the incident X-ray beam)
within the liquid cell (Chapter 2). The cell was then positioned in the beamline on a Huber
diffractometer so that it could be aligned with respect to all translational and rotational axis (x,
y, z for the three orthogonal translational axes and θ, φ, and χ for rotations around these axes)
and so that the beam could be finely focused on the centre of the sample. XRR measurements
were made at room temperature for all the samples in air, then water was injected ~2 mL of
dendrimer-liposome dispersions was injected in-situ into the liquid cell and the measurement
repeated, with an integration time of ~1–5 seconds at each angle. Water heating jackets,
attached to the outside of the cell, allowed heating from room temperature (RT) to 35, 45 and
55 °C. A profile of the X-ray beam was constructed by fitting a Gaussian function to the
derivative of a cubic spline curve fitted to a z-scan collected normal to the z-axis, this was then
used to correct the reflected intensity as described in Section 2.3.6.

3.3 Data analysis
3.3.1 Mica reflectivity model
The reflectivity profile of mica was fitted using Parratt’s exact recursive method and a duallayer model, detailed in Chapter 2, whereby two layers (A and B) are combined to recreate the
crystal lattice, both with different scattering length densities (SLD) ρ, thickness 𝑡𝑡, and

roughness σ. The model accounts for differences between substrates such as roughness and
defects and is fitted by varying 3 different parameters: the structure factor fstr, roughness σ,

and the number of bilayers.

3.3.2 Bilayer reflectivity model
The reflectivity of thin films adsorbed onto mica can be fitted by dividing the film into layers
normal to the surface with varying SLD ρ, thickness 𝑡𝑡, and roughness σ, in the same way,
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described for Mica using Parratt’s recursive method, detailed in Chapter 2. Here, two leaflets
of lipid molecules make up a lipid bilayer, which can be subdivided into electron-dense
headgroups and alkyl chains. The SLD of the solvent (water) is taken as the ‘zero’ point and
subtracted from the SLD of the layers. Figure 3.3 shows a schematic of the bilayer slab model
used for fitting the reflectivity of lipid bilayers, here the headgroups and tailgroups are all
divided to allow for an asymmetric bilayer allowing differences between the inner and outer
leaflets. The division of the lipid molecule will be discussed in detail in 3.3.3.1. The n = 0 water
layer is considered infinitely thick and the mica substrate is treated as a stack of dual layers
(representing the mica unit cell) as described above. The coverage c, of the bilayer, is also
varied from 0–100%.

Figure 3.3 Asymmetric bilayer model. The model is divided into the superphase (water) n = 0 ,
outer headgroups (oHg) n = 1, outer tails (oT) n = 2, inner tails (iT) n = 3, inner headgroups (iHg)
n = 4, inner water (iW) n = 5 and finally the substrate (Mica) n = 6,… ,n = N. The thickness of
each layer t, n = 1 to n = 5, is varied alongside the roughness σ, and the coverage of n = 1 to n
= 4 to fit X-ray reflectivity data. The superphase (water) n = 0 is taken to be infinitely thick and
the substrate (mica) is fitted with a dual-layer approximation using n = N double-layers.

An additional dendrimer layer(s) added either side of the lipid bilayer was sometimes required
to provide the best fit to the data (cf. Figure 3.4). These layers used the SLD of the specific size
and functionality of the dendrimer (𝜌𝜌𝑑𝑑𝑑𝑑𝑑𝑑 ) mixed with the DOPC liposomes (G2-NH2, G2-C12 or
G4-NH2) and varying the thickness (𝑡𝑡𝑖𝑖𝑖𝑖 /𝑡𝑡𝑜𝑜𝑜𝑜 ), and coverage (𝑐𝑐𝑑𝑑𝑑𝑑𝑑𝑑 ) of the dendrimer layer(s). The
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calculations for the SLDs of DOPC headgroups and tailgroups, cholesterol, dendrimers and
water will now be described.

Figure 3.4 Asymmetric bilayer model with adsorbed dendrimers. The model is divided into the
superphase (water) n = 0 , outer dendrimers (oD) n = 1, outer headgroups (oHg) n = 2, outer
tails (oT) n = 3, inner tails (iT) n = 4, inner headgroups (iHg) n = 5, inner dendrimers (iD) n = 6
and finally the substrate (Mica) n = 6,… ,n = N. The thickness of each layer t, n = 1–6, is varied
alongside the roughness σ for the lipid bilayer n = 2–5. The coverage of the lipid bilayer n = 2–
5 is also varied. The superphase (water) n = 0 is taken to be infinitely thick and the substrate
(mica) is fitted with a dual-layer approximation using n = N double-layers.

3.3.3 Scattering length density
DOPC SLD
To fit a lipid bilayer model, 𝜌𝜌 for the lipid headgroups and tailgroups need to be calculated

separately. As described previously, the phospholipid used to create the bilayers is DOPC and
the molecular structure is shown in Figure 3.5. This structure can be split into two components,
an electron-dense, charged headgroup (C10H18O8PN), containing a phosphate group connected
to a glycerol molecule, and two hydrophobic carbon chains (2 x C17H33) with unsaturated
double bonds. The difference in the electron density of these components gives rise to
differences in 𝜌𝜌 and this contrast can be observed in x-ray reflectivity when ordered bilayers
are present.
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Figure 3.5. DOPC molecule can be split into two hydrophobic tails (2 x C17H33) and a hydrophilic
headgroup (C10H18O8PN) to calculate molecular volumes and SLDs.

To determine 𝜌𝜌 of the headgroup and tails, the volume V, of these components must be known.
Volumes were determined from MD simulations by Armen et al, separating the first carbon of
the tail, bound to the oxygens, as part of the headgroup and represented in Figure 3.5 to be
337 Å3 and 985 Å3 respectively [11, 29]. The atomic scattering factors (𝑓𝑓1 and 𝑓𝑓2 ) of the

constituent atoms for an X-ray energy of 14keV were found using data tables from

henke.lbl.gov/optical_constants and found in Table 3.1. The SLDs were then calculated by
summing over the constituent atoms as described in Chapter 2.
Table 3.1. Real and imaginary atomic scattering factors for the constituent atoms of a DOPC
headgroup and a single tail.
No. of atoms in No. of atoms
Element
𝑓𝑓1
𝑓𝑓2
headgroup
in tail
C
N
P
O
H

6.006
7.011
15.15
8.019
1.000

0.002705
0.005348
0.1498
0.01003
0.2898 x 10-6

10
1
1
8
18

17
33

Table 3.2. Real and imaginary components of actual 𝜌𝜌 for a DOPC headgroup and single
hydrocarbon tail
𝜌𝜌 (Re) x 10-6 (Å-2)

𝜌𝜌 (Im) x 10-9 (Å-2)

DOPC Headgroup

13.74

21.94

DOPC Tail

7.73

2.63

The model used for fitting the reflectivity curve of a lipid bilayer is described below. This
procedure was developed by previous members of the group (Tim Snow and Beatrice Sironi)
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and ensures the right stoichiometry of two tail-groups per lipid headgroup to avoid nonphysical fittings. The SLD of a headgroup layer can be calculated as
𝜌𝜌𝐻𝐻𝐻𝐻 ′ = (𝜌𝜌𝐻𝐻𝐻𝐻 − 𝜌𝜌𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ) ∙ 𝛷𝛷𝐻𝐻𝐻𝐻

(3.2)

where 𝜌𝜌𝐻𝐻𝐻𝐻 and 𝜌𝜌𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 are the theoretical SLD of the headgroups and solvent respectively and
𝛷𝛷𝐻𝐻𝐻𝐻 is the headgroup volume ratio which is defined as
𝑉𝑉𝐻𝐻𝐻𝐻

𝛷𝛷𝐻𝐻𝐻𝐻 =

(3.3)

𝑡𝑡𝐻𝐻𝐻𝐻 ∙𝐴𝐴

where 𝑉𝑉𝐻𝐻𝐻𝐻 is the headgroup volume (see 3.3.3.1), 𝑡𝑡𝐻𝐻𝐻𝐻 is the headgroup layer thickness and 𝐴𝐴
is the cross sectional area of the tails which is given by
𝐴𝐴 =

2∙𝑉𝑉𝑇𝑇
𝑡𝑡𝑐𝑐

1

(3.4)

∙ 𝑐𝑐

where 𝑉𝑉𝑇𝑇 is the volume of both tails, 𝑡𝑡𝑇𝑇 is the tailgroup layer thickness, and 𝑐𝑐 is the fraction of

coverage (0 to 1) where the maximum coverage (1) results in the minimum of the crosssectional area of the tails corresponding to optimal tail packing. Combining 3.2−3.4 gives
𝜌𝜌𝐻𝐻𝐻𝐻 ′ = (𝜌𝜌𝐻𝐻𝐻𝐻 − 𝜌𝜌𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ) ∙

The SLD of a tailgroup layer is then simply

𝑉𝑉𝐻𝐻𝐻𝐻 ∙𝑡𝑡𝑇𝑇

2∙𝑉𝑉𝑇𝑇 ∙𝑡𝑡𝐻𝐻𝐻𝐻

𝜌𝜌𝑇𝑇 ′ = (𝜌𝜌𝑇𝑇 − 𝜌𝜌𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ) ∙ 𝑐𝑐

∙ 𝑐𝑐

(3.5)

(3.6)

where 𝜌𝜌𝑇𝑇 is the theoretical SLD of the tail. The SLD of the superphase (air or solvent) is taken
as the reference and set to zero. The thickness of each layer and coverage are then variables

in the fitting process. Furthermore, an asymmetrical bilayer is formed by varying the
thicknesses of the inner and outer leaflets, so that the headgroup layers and tail layers have
different thicknesses.

Cholesterol and Water SLDs
𝜌𝜌 of cholesterol was calculated over the entire molecule (C27H46O), using a mass density of 1.07
g/mL and MW of 386.65 g/mol to give a molecular volume of 601.73 Å3 and summing over the

scattering factors found in Table 3.3 to give real and imaginary 𝜌𝜌 values of 10.12 x 10-6 Å-2 and
3.89 x 10-9 Å-2 respectively.
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Table 3.3. Real and imaginary atomic scattering factors for the constituent atoms of
cholesterol.
Element

𝑓𝑓1

𝑓𝑓2

# of atoms

C

6.006

0.002705

27

O
H

8.019
1.000

0.01003
0.2898 x 10-6

1
46

𝜌𝜌 of water was calculated in the same way, using a molecular volume of 29.89 Å3 and summing

over the atomic scattering factors of two hydrogens and one oxygen atom to give real and
imaginary components of the SLD of 9.446 x 10-6 Å-2 and 9.457 x 10-9 Å-2 respectively.
NR and MD [30] has been used to locate cholesterol in the tail region of PC bilayers and is found
to be located further towards the centre of the hydrophobic region in the thinnest bilayers
formed by bilayers with unsaturated, less ordered chains. Therefore, the addition of
cholesterol to a DOPC bilayer would effect 𝜌𝜌 of the tail region, calculated by taking into account

the volume ratio of cholesterol to lipid tails. Therefore, a 6:1 mixture of DOPC to Cholesterol
results in an increase in 𝜌𝜌 (Re) of the chain region to 7.95 x 10-6 Å-2.

Dendrimer SLDs

For the PAMAM dendrimers the SLD, 𝜌𝜌𝑑𝑑𝑑𝑑𝑑𝑑 is calculated for the entire molecule. The structures

of a G2 NH2 PAMAM dendrimer is drawn in Figure 3.6. The molecular volume required for the

𝜌𝜌 calculation can be calculated using several methods. Lind et al. (2015) used molecular
dynamics simulations to find the molecular volume of BALY peptide dendrimers to find 𝜌𝜌 for
neutron reflectivity [31]. Li et al. (2008) used small-angle neutron scattering (SANS), [32] and
Wang et al. (2012) used small-angle X-ray scattering (SAXS) [33] to find the molecular volume
of PAMAM dendrimers by calculating the amplitude factors of different molar fractions of the
dendrimers. However, the volumes of the dendrimers used in these studies have not previously
been calculated using MD or measured using SAXS.
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Figure 3.6. Chemical structure of a G2-NH2 PAMAM dendrimer.

The diameter 𝐷𝐷𝐻𝐻 , measured using dynamic light scattering (DLS) measurements could be used

to find the molecular volume. However, using 𝐷𝐷𝐻𝐻 would not give a very accurate 𝜌𝜌 as it
depends upon the solvent viscosity 𝜂𝜂, and temperature 𝑇𝑇, as determined by the StokesEinstein equation,

𝐷𝐷𝐻𝐻 =

𝑘𝑘𝐵𝐵 𝑇𝑇

3𝜋𝜋𝜋𝜋𝜋𝜋

(3.7)

where 𝐷𝐷 is the diffusion coefficient and 𝑘𝑘𝐵𝐵 is the Boltzmann constant. Therefore, the molecular
weights 𝑀𝑀, and mass densities 𝜌𝜌𝑚𝑚 , of the four dendrimers were used to determine their

molecular volumes and are listed in Table 3.4. The atomic scattering factors were found for the
constituent atoms at X-ray energies of 14 keV, discussed above, and are listed in Table 3.5.
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Table 3.4. Specifications of G2 and G4 PAMAM dendrimers
G2-NH2
G2-C12

G4-NH2

Dendrimer

# Terminal Groups

16

16 (8 C12 chains)

64

MW (g/mol)
Formula
𝝆𝝆𝒎𝒎 (g/mL)
V (Å3)*
Dden (Å)*
DDLS (Å)

3256.18

6205

14214.17

C142H288N58028

C334H672N58044

C622H1248N250O124

0.86

0.8

0.813

6287

12880

29034

22.9

29.1

38.1

21–23

28–33

38/~3400 (aggregates)

Table 3.5. Real and imaginary atomic scattering factors for the constituent atoms of G2-C12 and
G4-C12 PAMAM dendrimers at 14 keV.
Element
C
N
O
H

𝑓𝑓1

𝑓𝑓2

6.006
7.011
8.019
1.000

0.002705
0.005348
0.01003
0.2898 x 10-6

G2-C12
334
58
44
672

# of atoms
G4-C12
G2-NH2
1390
142
250
58
188
28
2784
288

G4-NH2
622
250
124
1248

The SLDs were then calculated by summing over the constituent atoms of the dendrimers using
as described in Chapter 2 and are listed in Table 3.6.
Table 3.6. Real and imaginary components of actual 𝜌𝜌 for PAMAM dendrimers at 14 keV.
G2-C12
G2-NH2

𝜌𝜌𝑑𝑑𝑑𝑑𝑑𝑑 (Re) x 10-6 (Å-2)

𝜌𝜌𝑑𝑑𝑑𝑑𝑑𝑑 (Im) x 10-9 (Å-2)

G4-NH2

7.50

4.14

7.52

7.94

3.62

4.37

These 𝜌𝜌𝑑𝑑𝑑𝑑𝑑𝑑 values were used in fitting models that include a dendrimer layer, by varying the

thickness and coverage of these layers the dendrimer addition to the reflectivity profiles can
be varied. The dendrimers were assumed to be fully contained within the dendrimer layer.
Since dendrimers are known to deform against bilayers and mica substrates [20, 34-36], the
SLD of the dendrimer layer 𝜌𝜌𝑖𝑖𝑖𝑖 , will vary with the thickness of the layer. Therefore, 𝜌𝜌𝑖𝑖𝑖𝑖 of a
dendrimer layer of thickness 𝑡𝑡𝑖𝑖𝑖𝑖 can be calculated by,

𝜌𝜌𝑖𝑖𝑖𝑖 = (𝜌𝜌𝑑𝑑𝑑𝑑𝑑𝑑 − 𝜌𝜌𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ) ∙
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𝐷𝐷𝑑𝑑𝑑𝑑𝑑𝑑
𝑡𝑡𝑖𝑖𝑖𝑖

∙ 𝑐𝑐𝑑𝑑𝑑𝑑𝑑𝑑

(3.8)
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where 𝜌𝜌𝑑𝑑𝑑𝑑𝑑𝑑 is the calculated SLD of the dendrimer (Table 3.6), 𝜌𝜌𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 is the SLD of the solvent

(see 3.3.3.2), 𝐷𝐷𝑑𝑑𝑑𝑑𝑑𝑑 is the dendrimer diameter, calculated from the molecular volume, 𝑉𝑉,

assuming a spherical shape (Table 3.4), 𝑐𝑐𝑑𝑑𝑑𝑑𝑑𝑑 is the dendrimer coverage which varies from 0 (no

dendrimer film) to 1 (complete coverage).

XRR curves of SLBs in the absence and presence of dendrimers will now be presented, using
the model discussed above and SLD calculated here to fit the thickness, coverage and
roughness of the constituent layers.

3.4 Results and Discussion
3.4.1 Formation of a DOPC SLB
DOPC-SUV liposomes were injected into the liquid cell onto mica as a control. The effect of
incubation time and temperature on the formation and structure of a SLB was then studied
using XRR. The reflectivity of bare mica in air was first recorded before the injection of
liposomes and was fitted using the dual-layer approximation described previously (3.3.1). The
structure parameter fstr, Layer B SLD ρB, Layer A roughness σA, and the number of layers used
to fit the reflectivity of mica (Red line, Figure 3.7i) are listed in Table 3.7. The fitting was altered
upon addition of aqueous dispersions, due to the change in SLD of water compared to air,
changing the contrast. Where possible the mica fitting was kept constant, except in instances
where a clear change in reflectivity of the substrate occurred (i.e. high temperature), this
allowed for a constant background profile.
The XRR curves (reflectivity vs Q) of bare mica and the absorbed layer after incubation with
DOPC-SUV liposomes at varied time and temperature are shown in Figure 3.7. The fitting
parameters of the absorbed layer after 12 minute DOPC-SUV incubation (Figure 3.7ii) and after
heating to 55 °C (Figure 3.7iii-iv) are recorded in Table 3.7. The total bilayer thickness ttot
excluding the inner water layer is also included.
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Table 3.7. Fitting parameters for bare mica and DOPC SLBs
Bilayer Fitting
c
(%)

σ
(%)

Figure 3.7i

-

Figure 3.7ii
Figure 3.7iii–iv

Mica Fitting

Layer Thickness, t (Å)

fstr

ρB

σA
(%)

No. of
Layers

oHg

oT

iT

iHg

ttot

iW

-

-

-

-

-

-

-

0.5

20.18

0

712

100

0

3.7

10.3

8.0

3.0

25.9

0

0.22

13.20

0

712

68

35

7.4

10.3

8.3

5.2

31.2

15.7

0.22

15.60

0

712

Figure 3.7. Experimental (open circles) and fitted (red lines) XRR curves of the formation of a
DOPC SLB on mica at varying incubation times and different temperatures. SLDs are relative to
water.

The thickness of the adsorbed layer, after 12-minute incubation, was found to be 25.9 Å, much
smaller than that previously observed in the literature for a DOPC bilayer (~33-36 Å) [7, 8, 37].
This could be due to tilting or interdigitating of the hydrocarbon chains due to the high fluidity
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of DOPC lipids. At 12 min, the layer was fitted with complete coverage (100%) and with no
interfacial roughness, indicating a defect-free bilayer. The bilayer model used did not include
an additional inner water layer, as this decreased the accuracy of the fit. Furthermore, the dip
in intensity at Q ~ 0.13 Å could not be captured by the fitting due to an underestimation of the
SLD contrast. This could be related to surface relaxation of the top layer of mica. After
prolonged incubation the bilayer could not be fitted due to low coverage, indicating the
desorption of lipids from the surface. Beneš et al. found that DOPC vesicles adsorbed slowly
and reversibly onto mica substrates (measured using ellipsometry), retaining their vesicle
structure [38]. This reversible adsorption is confirmed by the XRR study here.
Upon heating to 55 °C (Figure 3.7iii-iv) the bilayer returned and was thicker than the initially
absorbed bilayer (31.2 Å) and remained constant after an additional 19 min incubation time at
this temperature. The absorbed bilayer was also found to be asymmetric: with a thicker outer
leaflet (17.7 Å) compared to the inner leaflet (13.5 Å). This could be due to interactions
between the inner leaflet and mica substrate which make it less fluid compared to the outer
leaflet. Wang et al. [37] measured the head-to-head distance of a DOPC bilayer on Si, using
XRR, to be 35.6 Å at ~25 °C, using a 3-slab model with matching thicknesses for the headgroups.
The thickness of a DOPC bilayer obtained here is 4.4 Å thinner at 30 °C above the temperature
of Wang et al.’s measurements. Heating lipids increases the fluidity of the lipid tails, leading to
a thinner bilayer, which would correspond well with these measurements.
At high temperatures, the thickness of the headgroup layers increased (toHg = 3.7 Å to 7.4 Å and
tiHg = 3.0 Å to 5.2 Å), these values are much closer to that expected for a DOPC headgroup (>8
Å; assuming spherical shape and volume 337 Å3 [29]). The bilayer at 55 °C also included a large
iW layer (15.2 Å), the size of this interfacial inner water layer has been shown to vary from 1
to 20 Å [29, 39] for PC SLBs supported on silicon/silicon oxide but can vary with the substrate.
Thin water layers could represent small features on mica that cannot accommodate lipid
headgroups but can accommodate solvent [29], due to the atomically flat surface of mica this
layer would be significantly smaller.
The effect of G2-NH2, G4-NH2 and G2-C12 dendrimers at ν = 0.2 and 0.02 on the formation and
structure of DOPC SLBs will now be discussed in detail.
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3.4.2 Effect of G2 NH2 PAMAM dendrimers on DOPC SLB structure
DOPC-G2-NH2 (0.2)
SLBs were formed upon incubation of DOPC liposomes mixed with v = 0.2 G2-NH2 dendrimers
(DOPC-G2-NH2 (0.2)) with bare mica. Experimental XRR curves (open circles) at varying
incubation times and temperatures, with associated fits (red solid lines), are shown in Figure
3.8 with fitting parameters listed in Table 3.8. Here, the fitting model used included an inner
dendrimer layer, iD depicted in Figure 3.8.
Table 3.8. Fitting parameters for SLBs formed by incubating DOPC-G2-NH2 (0.2) dispersions.
Bilayer Fitting
c
(%)

σ
(%)

Mica Fitting

Layer Thickness, t (Å)
oHg

oT

iT

iHg

ttot

iD

fstr

ρB

σA

(%)

#
Layers

Figure 3.8i

-

-

-

-

-

-

-

-

0.71

20.27

12

644

Figure 3.8ii

74

25

15.4

13.8

9.2

11.9

50.3

28.3

0.21

13.33

0

644

Figure 3.8iii

63

17

15.4

13.8

9.2

10.1

48.5

28.3

0.21

13.33

0

644

Figure 3.8iv

55

23

11.7

13.8

9.2

10.1

44.8

28.3

0.21

13.33

0

644

Figure 3.8v

56

19

11.7

13.8

9.2

8.7

43.4

28.3

0.21

13.33

0

644

Figure 3.8vi

52

16

8.9

13.8

9.7

10.1

42.5

26.7

0.21

13.33

0

644

Figure 3.8vii

54

29

8.9

13.5

9.7

10.1

42.2

26.9

0.27

15.33

0

644

Figure 3.8viii

64

29

8.9

12.1

9.7

12.8

43.5

26.0

0.23

15.33

0

644
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Figure 3.8 Experimental (open circles) and fitted (solid red lines) XRR curves of films formed by
DOPC-G2-NH2 (0.2) on mica at varying incubation times and different temperatures. SLDs are
relative to water.

Upon initial incubation (28 min, Figure 3.8ii) a thick lipid bilayer formed (50.3 Å) with an
additional 28.3 Å inner dendrimer layer. The bilayer was significantly thicker than that observed
for pure DOPC (25.9 Å, 3.4.1) and of that reported in the literature (~33-36 Å) at ~25°C [7, 8,
37]. This is probably due to the penetration of dendrimers into the headgroup region, due to
favourable interactions between the negatively charged phosphate group within the lipid
headgroup and the positively charged amine terminal groups of the G2-NH2 dendrimer. SLB
adsorption was found to occur at room temperature, did not require long incubation times and
was not reversible like DOPC SLBs (3.4.1). Since mica is also negatively charged, interactions
between dendrimers and bilayers may help promote surface adsorption of the bilayers to the
mica surface.
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As was described above for a pure DOPC-SLB, the bilayer was found to be asymmetric with a
thicker outer leaflet (29.2/21.1 Å). The bilayer coverage was lower compared to the pure
DOPC-SLB (74%) and there was a high degree of roughness (25%, ~12.5 Å). The high degree of
roughness was likely due to undulations due to packing defects from the dendrimer layer
underneath. It has been observed previously, using AFM, that charged NH2 terminated
dendrimers cause pore formation in SLBs [19, 21], which could explain the decreased surface
coverage. The coverage of dendrimers cden was significantly low (<10 %) so that the SLD became
comparable to that of water. The iD layer thickness (28 Å) is larger than that of the diameter
of dendrimers measured using DLS and provided by the manufacturer (~23 Å: Table 3.4)
therefore this could also include an additional solvent layer of ~5 Å, and penetration of solvent
into the dendrimer structure, which could explain the similarity of the SLD to water.
At longer incubation times (Figure 3.8iii–iv) the bilayer thickness was found to decrease and
decreased further upon heating up to 45 °C (Figure 3.8v–vi). Upon heating the bilayer is
expected to decrease in thickness due to the increasing fluidity of the alkyl chains, DOPC is
already in a fluid phase at room temperature, therefore, it does not undergo a phase transition
once heated further but the thickness may change slightly. Bilayer thinning with increased
temperature for fluid bilayers was also observed in Chapter 4 for DOPC multilayers and in
Chapter 5 for POPE mesophases [40]. DOPC multilayers were found to decrease in thickness
by 7.1 Å after heating to 40 °C from RT (4a.3.7.1).
The coverage of the bilayer was also found to fluctuate, indicating lipid desorption and
absorption. The outer leaflet thickness (oT + oHg) is found to decrease, the outer headgroups,
with prolonged incubation and increased temperature. At 45 °C and 55 °C the mica fitting was
adjusted to improve fitting, indicating a change in the mica surface at increased temperatures.
The inner dendrimer layer was also found to decrease slightly over time and with increased
temperature which could indicate increased penetration into the lipid bilayer at increased
fluidity, or a change in the structure of the dendrimer with increased temperature.
Yanez Arteta et al. [25] observed absorption and translocation of G4-NH2 dendrimers on SLBs.
Since dendrimers are added during the formation of lipid vesicles here, the inner dendrimer
layer could be a result of dendrimers-adsorption to the outside of vesicles surfaces before
rupture, or translocation after rupture.
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DOPC-G2-NH2 (0.02)
The effect of incubation time, for a lower ν of G2-NH2 dendrimers on the formation of DOPC
SLBs, was also studied. Here, the liposomes were incubated with mica for up to 16 hrs
(overnight) before being heated to 40 °C. Experimental XRR curves (open circles) at varying
incubation times are shown in Figure 3.9, with associated fits (red solid lines) for which fitting
parameters are listed in Table 3.9. Here, the fitting model used also included an inner
dendrimer layer, as used for the higher G2-NH2 number ratio. The fitting model is depicted in
Figure 3.9.
Table 3.9. Fitting parameters for SLBs formed by incubating DOPC-G2-NH2 (0.02) dispersions.
Bilayer Fitting
c
(%)

σ
(%)

Mica Fitting

Layer Thickness, t (Å)
oHg

oT

iT

iHg

ttot

iD

fstr

ρB

σA

(%)

#
Layers

Figure 3.9i

-

-

-

-

-

-

-

-

0.41

18.93

3

548

Figure 3.9ii

54

13

8.6

11.8

10.1

12.2

42.7

24.6

0.25

6.93

20

548

Figure 3.9iii

58

11

8.6

11.8

10.1

12.2

42.7

22.8

0.24

6.80

16

548

Figure 3.9iv

100

2

11.1

9.0

11.2

11.4

42.7

26.9

0.22

6.93

0

548

Figure 3.9v

100

0

7.7

9.0

11.2

11.6

39.5

26.9

0.22

6.93

0

548
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Figure 3.9. Experimental (open circles) and fitted (solid red lines) XRR curves of films formed
by DOPC-G2-NH2(0.02) on mica at varying incubation times and after heating to 40 °C after
prolonged incubation. SLDs are relative to water.

After the initial injection of DOPC-G2-NH2(0.02), there was no significant surface adsorption
that could be fitted with the models described above. After 30 mins of incubation, fits of the
XRR curves indicated the presence of a 42.7 Å lipid bilayer above a 24.6 Å dendrimer layer. The
bilayer was thinner than the bilayer observed for ν = 0.2 indicating an effect of increasing ν of
G2-NH2 dendrimers on bilayer thickness. However, with only two number-ratios studied it is
not possible to ascertain the trend.
At lower dendrimer concentrations (ν = 0.02) there was no change in the total bilayer thickness
for incubation times beyond 30 minutes, indicating no significant dynamical behaviour of the
leaflets of the SLB once adsorbed. However, the coverage was found to increase over time,
with 100% coverage reached at 16 hrs incubation. The roughness of the bilayer was also found
to decrease after long incubation times, indicating a defect-free bilayer. This corresponds to
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vesicle rupture events that happened between 37 mins and 16 hrs that lead to the merging of
patchy bilayers on the mica surface.
Although the bilayer thicknesses did not change over time, the dendrimer layer was found to
fluctuate in thickness over time. This could indicate the translocation of dendrimers through
the SLB to the mica substrate, or more likely, the adsorption of additional dendrimer laden
vesicles with small differences in the dendrimer diameters. The dendrimer layer thickness is
comparable to that observed for ν = 0.2 described above, which confirms the validity of this
model. However, after multiple XRR scans, the fluctuation in thickness could also be due to
radiation damage.
Upon heating the defect-free bilayer to 40 °C, the bilayer was found to decrease in thickness
by 3.2 Å. Temperature-induced bilayer thinning was also observed for the higher ν (0.2) of G2NH2 described above (3.4.2.1). Despite membrane thinning, the inner dendrimer layer
thickness remained constant, indicating no change in the dendrimer structure at 40 °C.

3.4.3 Effect of G4 NH2 PAMAM dendrimers on DOPC SLB structure
DOPC-G4-NH2 (0.2)
To compare the effect of dendrimer size/charge on bilayer adsorption and structure, larger G4NH2 were also combined with DOPC and incubated with mica. After initial injection, and
incubation the sample was then heated in 10 °C intervals and then cooled. Experimental XRR
curves (open circles) at varying incubation times and temperatures are shown in Figure 3.10,
with associated fits (red solid lines) for which fitting parameters are listed in Table 3.10. Here,
the fitting model used also included an inner dendrimer layer, as used for G2-NH2, however
the dendrimer SLD, volume and diameter were changed. The fitting model is depicted in Figure
3.10.
Table 3.10. Fitting parameters for SLBs formed by incubating DOPC-G4-NH2 (0.2) dispersions.
Bilayer Fitting

Mica Fitting

Layer Thickness, t (Å)
fstr

ρB

σA
(%)

No. of
Layers

-

0.16

5.39

25

584

57.0

0.26

5.94

29

584

c
(%)

σ
(%)

oHg

oT

iT

iHg

ttot

iD

Figure 3.10i

-

-

-

-

-

-

-

Figure 3.10ii-iii

54

30

6.9

10.1

7.8

7.1

31.9
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Figure 3.10. Experimental (open circles) and fitted (solid red lines) XRR curves of films formed
by DOPC-G4-NH2(0.2) on mica at varying incubation times and temperatures. SLDs are relative
to water.
After 10 and 20 min incubation (Figure 3.10ii-iii), a SLB had formed on mica with a fitted bilayer
thickness of 31.9 Å and a dendrimer layer thickness of 57 Å. The bilayer thickness was similar
to that observed for the pure DOPC bilayer at 55 °C (31.2 Å). The DOPC-G4-NH2(0.2) film had
patchy surface coverage (54 %) which decreased after further incubation, synonymous with
desorption of the lipid bilayers/dendrimers, and high roughness (30 %). Upon heating to 35 °C,
45 °C and 55 °C and further cooling to 25 °C the film coverage did was not high enough for
fitting to the model. This indicated reversible adsorption of the bilayer/dendrimer film to the
mica previously observed for the pure DOPC bilayer (3.4.1).

DOPC-G4-NH2 (0.02)
The effect of incubation time, for a lower ν of G4-NH2 dendrimers on the formation of DOPC
SLBs, was also studied. Here, the liposomes were incubated with mica for up to 30 hrs.

100
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Experimental XRR curves (open circles) at varying incubation times are shown in Figure 3.11,
with associated fits (red solid lines) for which fitting parameters are listed in Table 3.11. Here,
the fitting model used also included an inner dendrimer layer, as used for the higher ν of G4NH2. The fitting model is depicted in Figure 3.11.
Table 3.11. Fitting parameters for SLBs formed by incubating DOPC-G4-NH2 (0.02) dispersions.
Bilayer Fitting

Mica Fitting

Layer Thickness, t (Å)

c
(%)

σ
(%)

fstr

ρB

σA
(%)

No. of
Layers

oHg

oT

iT

iHg

ttot

iD

Figure 3.11i

-

-

-

-

-

-

-

-

0.74

19.47

0

540

Figure 3.11ii

47

17

9.3

5.6

10.7

11.7

37.3

48.1

0.21

8.53

6

540

Figure 3.11iii

51

17

9.8

10.1

8.4

9.9

38.2

44

0.21

8.53

6

540

Figure 3.11iv

82

20

8.9

7.8

18.0

7.9

42.6

41.7

0.21

6.40

0

540

Figure 3.11v

67

23

8.9

7.8

18.0

7.9

42.6

40.5

0.21

6.40

0

540

Figure 3.11. Experimental (open circles) and fitted (solid red lines) XRR curves of films formed
by DOPC-G4-NH2(0.02) on mica at varying incubation times. SLDs are relative to water.
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After the initial injection of DOPC-G4-NH2(0.02) (Figure 3.11ii) a SLB formed on mica, with a
fitted bilayer thickness of 37.3 Å and inner dendrimer layer of 48.1 Å. The total bilayer thickness
was 5.4 Å thicker than the bilayer formed with a higher ν of G4-NH2 described above (3.4.3.1).
Bilayer thinning in the presence of small nanoparticles has been observed in the literature [31,
41, 42] and for DOPC lipid multilayers described in Chapter 4. The film coverage on mica was
patchy (47 %) initially with high surface roughness (17 %). The dendrimer layer was initially ~ 9
Å thinner for ν = 0.02 compared to that formed at ν = 0.2, and the layer decreased in thickness
with increasing incubation time (-7.6 Å after 30 hrs incubation).
After 42 min incubation (Figure 3.11iii) the bilayer thickness increased slightly whilst the
dendrimer layer decreased, the coverage of the layer also increased slightly, indicating further
vesicle rupturing.
After 15.5 hr incubation (Figure 3.11iv) the coverage increased to 82 % and the dendrimer layer
decreased further, indicating penetration of the dendrimer layer into the bilayer.
At 30 hr incubation (Figure 3.11v) the coverage had decreased, indicating the fluctuation of
the bilayer over time, absorption and desorption of the dendrimer layer and bilayer.
The bilayer thickness at long incubation times (15.5/30 hr: Figure 3.11iv-v) matches that of
DOPC-G2-NH2 (0.02) SLBs (Figure 3.9ii-iv). Indicating that at lower ν, both dendrimer
generations have the same effect on the structure of the bilayer formed.

3.4.4 Effect of C12 PAMAM dendrimers on DOPC SLB structure
DOPC-G2-C12(0.2)
The effect of the addition of hydrophobic chains on the periphery of G2 dendrimers (G2-C12)
on the formation of SLBs was also studied. Here DOPC-G2-C12(0.2) dispersions incubated with
mica were found to form SLBs after initial injection with high surface coverage. Experimental
XRR curves (open circles) at varying incubation times are shown in Figure 3.12, with associated
fits (red solid lines) for which fitting parameters are listed in Table 3.12. Here, the fitting model
used at short incubation times does not include an inner dendrimer layer, only for 15 hr
incubation was a good fit obtained with an inner dendrimer layer. The fitting models for each
XRR curve are depicted in Figure 3.12.
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Table 3.12. Fitting parameters for SLBs formed by incubating DOPC-G2-C12 (0.2) dispersions.
Bilayer Fitting

Mica Fitting

Layer Thickness, t (Å)
ttot

iW/
iD

fstr

ρB

σA
(%)

No. of
Layers

-

-

-

0.61

19.87

0

540

7.3

8.8

33.5

5.1

0.17

5.33

0

540

11.8

7.3

8.7

35.1

5.1

0.17

5.33

0

540

8.4

11.2

8.5

35.4

11.0

0.17

5.33

0

540

c
(%)

σ
(%)

oHg

oT

iT

iHg

Figure 3.12i

-

-

-

-

-

Figure 3.12ii

100

13

6.7

10.7

Figure 3.12iii

100

21

7.3

Figure 3.12iv

100

10

7.3

Figure 3.12. Experimental (open circles) and fitted (solid red lines) XRR curves of films formed
by DOPC-G2-C12 (0.2) on mica at varying incubation times. SLDs are relative to water.
The DOPC SLBs formed with G2-C12 dendrimers had fitted bilayer thicknesses of 33.5−35.4 Å,
which increased slightly with incubation time, with DOPC bilayer thickness from the literature
(~33-36 Å at ~25°C) [7, 8, 37].The coverage of the bilayer was high (100 %); however, so was
the roughness, indicating undulations/defects in the bilayer. The bilayers also had an inner
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water layer of 5 Å, consistent with that observed in the literature for bilayers formed on mica
[37, 43].

At the longest incubation time (15 hr) the film was fitted with an inner dendrimer layer, instead
of the water layer, possibly indicating the translocation of G2-C12 dendrimers through the
bilayer to the mica substrate. However, this layer was only 11 Å thick, indicating either
dendrimer deformation or intercalation into the bilayer. Since G2-NH2 dendrimers had a much
thicker layer, despite G2-C12 dendrimers having a larger diameter, it is possible that the G2-C12
dendrimers were partially intercalated in the bilayer headgroups and tailgroups, accounting
for the thinner dendrimer layer. There was no significant change to the lipid bilayer structure
after 15 hr incubation despite the presence of the dendrimer layer. There is also a mismatch
between the experimental and fitted contrast at Q~0.5 Å-1 indicating that the slab model does
not exactly match the structure of the film.
Guo et al. demonstrated both theoretically and experimentally that small (≤ 50 Å) hydrophobic
nanoparticles can penetrate and accumulate in the hydrophobic tail region of a bilayer.
However, larger NPs and NP clusters can translocate through a bilayer, and do not become
trapped [44]. G2-C12 dendrimers (28–33 Å) could be located in the tail region of the membrane
(having a similar SLD, accounting for no significant changes in contrast) with no significant
change in membrane structure. This would explain the large difference between the dendrimer
layer observed for G2-NH2 and G2-C12 dendrimers at ν = 0.2.

3.4.5 Effect of cholesterol on SLB formation
Cholesterol is known to affect the thickness, fluidity and intrinsic curvature of lipid bilayers
[15], and therefore understanding its effect on interactions between membranes and
nanoparticles is of great importance for biomedical applications. In order to improve the
similarity of the membranes model to match that of a mammalian cell membrane, and
understand the effect of membrane composition, a mixed DOPC and cholesterol SLB was
created. The % of cholesterol in cell membranes is known to vary between 30–50%, however,
it has previously been observed that cholesterol causes polymorphism in DOPC membranes at
mol ratios as low as 0.4 [45, 46], therefore a lower ratio of 5:1 DOPC:Cholesterol was chosen.
A higher ratio (3:1) of cholesterol to DOPC was also used to make liposomes, however, this did
not result in the formation of a SLB after incubation (data not shown here).
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The cholesterol was assumed to be located in the tail region of the bilayer [30], therefore the
SLD of the tail region was expected to change with the volume ratio of cholesterol to lipid tails.
For a 5:1 number ratio of DOPC to cholesterol (~49:6 volume ratio of tails to cholesterol), there
is a small increase in the real part of the tail layer SLD from 7.73 x 10-6 to 7.99 x 10-6 Å-2.
The XRR curves of bare mica and the absorbed layer after incubation with DOPC:Chol liposomes
at varied temperature are shown in Figure 3.13. The fitting parameters of the absorbed layer
after 87-minute DOPC:Chol liposome incubation (Figure 3.13ii), heating in 10 °C increments to
55 °C (Figure 3.13iii-v), and cooling/rinsing (Figure 3.13vi) are recorded in Table 3.13.
Table 3.13. Fitting parameters for SLBs formed by incubating DOPC:Chol(5:1).
Bilayer Fitting
c
(%)

σ
(%)

Figure 3.13i

-

Figure 3.13ii

Mica Fitting

Layer Thickness, t (Å)

fstr

ρB

σA
(%)

#
Layers

oHg

oT

iT

iHg

ttot

iW

-

-

-

-

-

-

-

0.55

19.73

0

562

67

23

8.2

10.9

7.7

7.4

34.2

6.4

0.32

11.2

13

562

Figure 3.13iii

58

23

7.3

10.6

7.7

7.2

32.8

6.4

0.32

11.2

13

562

Figure 3.13iv

48

26

4.5

10.3

8.3

6.2

29.3

8.1

0.32

11.2

13

562

Figure 3.13v

61

35

6.5

18.8

8.0

3.6

36.9

2.4

0.20

15.73

12

562

Figure 3.13vi

32

16

6.1

16.8

7.7

1.8

32.4

0

0.29

14.27

0

562
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Figure 3.13. Experimental (open circles) and fitted (solid red lines) XRR curves of films formed
by DOPC:Chol(5:1) on mica at varying temperatures. SLDs are relative to water.

After 87 minute incubation of DOPC:Chol 5:1 liposomes (Figure 3.13ii), the fitted bilayer
thickness was 34.2 Å with patchy-coverage (67 %) and a high roughness (23 %). The bilayer
formed was thicker than that for pure DOPC at RT by 8 Å, however the DOPC bilayer thickness
at RT does not agree with the literature (~33-36 Å ) [7, 8, 37] therefore, it is not possible to
ascertain if this difference is due to the cholesterol content as the thickness obtained lies within
the range observed for a pure DOPC bilayer. Drolle et al. showed that cholesterol (~30%)
increased the ordering of hydrocarbon chains and therefore the thickness of a PC bilayer by 36 Å [16-18]. Therefore, the expected bilayer thickness for DOPC bilayers containing large
quantities (~30%) of cholesterol is ~36-42 Å [16]. However, the thickness was also found to
vary with cholesterol content, since this bilayer contains ~17% cholesterol the increase in
thickness would be smaller than that observed by Drolle et al. at 30%. At 9% cholesterol, the
increase in thickness was <1 Å, therefore the increase should fall between these values.
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After heating to 35 °C (Figure 3.13iii) and 45 °C (Figure 3.13iv) the bilayer thickness decreased,
as observed for other DOPC SLBs discussed above. The coverage was found to decrease, and
roughness increased during heating, indicating surface desorption. However, at 55 °C (Figure
3.13v) the constant mica parameters were no longer a good fit for the substrate, and the
bilayer was fitted with a greater thickness. The slab model used did not provide a good fit for
the SLB at 55 °C, indicated by a difference in contrast at Q~0.4 Å-1, therefore, the values
obtained for this fit are less reliable. High Q reflects short-range detail, such as interlayer
roughness, which may be underestimated in these fittings. However, this does not invalidate
the determination of thickness from the model, since the periodicity of the Kiessig fringes of
the data and model match closely at low Q.
After returning the bilayer back to 25 °C and rinsing with water, to remove the liposome
solution, some of the SLB remained intact on the surface but there was decreased coverage
(32 %). The thickness increased back to that observed at 35 °C however, the addition of an
inner water decreased the goodness of fit, and the inner headgroup thickness was not
realistically feasible (1.8 Å).
Unlike the pure DOPC SLB, the SLB containing cholesterol remained, at least in part, adsorbed
to the surface throughout the experiment. From this, we propose that the addition of
cholesterol improves the adsorption of lipid bilayers formed via rupturing of vesicles possibly
due to the decrease in fluidity.
Using the structure of DOPC:Chol SLBs described above the effect of G2-NH2, G4-NH2 and G2C12 dendrimers at ν = 0.2 and 0.02 on the formation and structure of mixed SLBs will now be
discussed in detail.

3.4.6 Effect of G2-NH2 dendrimers on DOPC:Chol SLBs
DOPC:Chol-G2-NH2(0.2)
With the addition of ν = 0.2 G2-NH2 dendrimers to DOPC:Chol (5:1) liposomes (DOPC:Chol-G2NH2 (0.2)) lipid bilayers were formed upon incubation with bare mica. Experimental XRR curves
(open circles) at varying incubation times are shown in Figure 3.14ii-vi, with associated fits (red
solid lines) for which fitting parameters are listed in Table 3.14. Here, the fitting model used
includes an inner dendrimer layer, iD depicted in Figure 3.14a.
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After heating to 35 °C, the liquid cell at the beamline leaked, and liposomes deposited on the
mica surface ruptured forming lipid multilayers (Figure 3.14vii). This data has been included as
the formation of lipid multilayers, from drying aqueous solutions in-situ, has not previously
been shown. An adapted technique, in a controlled environment, to form lipid multilayers is
described in detail in Chapter 4a.
Table 3.14. Fitting parameters for SLBs formed by incubating DOPC:Chol-G2-NH2(0.2).
Bilayer Fitting

Mica Fitting

Layer Thickness, t (Å)

Figure

c
σ
(%) (%) oH
g

fstr

ρB

σA
(%)

#
Layers

oT

iT

iHg

ttot

iD

Figure 3.14i

-

-

-

-

-

-

-

-

0.80

20.53

0

592

Figure 3.14ii

83

27

13.1

12.4

10.7

8.2

44.4

29.9

0.18

10.13

0

592

Figure 3.14iii

92

27

13.4

12.4

10.7

9.4

45.9

26.9

0.20

11.60

0

592

Figure 3.14iv

92

21

13.4

12.4

10.7

9.4

45.9

25.7

0.20

11.60

0

592

Figure 3.14v

100

16

12.4

12.4

9.5

9.4

43.7

25.7

0.20

11.60

0

592

Figure 3.14vi

100

18

10

12.4

9.5

9.4

41.3

26.9

0.20

11.60

0

592
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Figure 3.14. Experimental (open circles) and fitted (solid red lines) XRR curves of films formed
by DOPC:Chol-G2-NH2(0.2) on mica at various incubation times (ii-vi). After heating to 35 °C
(vii) the liquid-cell leaked and the deposited liposomes formed a multilayer, indicated by the
presence of Bragg peaks. SLDs are relative to water.
After 9 min incubation of DOPC:Chol-G2-NH2 (0.2) a SLB formed on the mica surface, with a
fitted bilayer thickness of 44.4 Å, an inner dendrimer layer of 29.9 Å, high surface coverage (83
%) and roughness (27 %). Compared to the SLB without cholesterol (DOPC-G2-NH2 (0.2),
Section 3.4.2.1) the bilayer is initially thinner, however after prolonged incubation of the SLB
without cholesterol (Figure 3.8iv) the thicknesses are comparable (44-45 Å). There is also only
a small difference between the dendrimer layers with and without cholesterol (29.9 Å and 28.3
Å respectively) indicating no significant changes to the structure of the films formed with and
without cholesterol.
After prolonged incubation of 20-51 min, the bilayer thickness is found to decrease slightly,
possibly an artefact of radiation damage after repeated X-ray exposure [47], however, the
coverage increases to 100%, presumably after additional membrane rupture events. The
dendrimer layer is also found to fluctuate between 29.9 Å and 25.9 Å, the latter being
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approximately the manufacturer derived diameter of the G2-NH2 dendrimer (25 Å). As
observed with the other SLBs described previously, the membrane is asymmetrical with a
thicker outer leaflet (25.5/18.9 Å at 9 min). For the bilayer formed without cholesterol (3.4.2.1),
the asymmetry at a similar total bilayer thickness (25.5/19.2 at 50 min) is almost identical.
Despite the similarities discussed, between SLBs formed from DOPC:Chol-G2-NH2 (0.2) and
DOPC-G2-NH2 (0.2), the SLB containing cholesterol is initially thinner than the one without.
During heating of the liquid cell, the liposome dispersion leaked. Although additional data could
not be obtained for this bilayer at elevated temperature, the deposition of the liposomes on
the mica due to leaking led to the formation of lipid multilayers. This was apparent from the
presence of four equally spaced Bragg peaks. The structure of lipid multilayers in the presence
of dendrimers will be discussed in detail in Chapter 4, however, it was possible to obtain the
characteristic d-spacing (ttot + hydration layer thickness) from the position of the Bragg peaks
(2πn/Qn). For the first-order Bragg peak (n = 1) the d-spacing was calculated to be 54.1 Å,
which includes internal hydration layers. Using the approximate bilayer thickness of the last
SLB before multilayer formation (41.3 Å) this gives an approximate hydration layer (dH)
between bilayers of 12.8 Å corresponding to 4-5 water layers. Since the multilayers were not
completely dried after the cell leaked, this corresponds to the d-spacing of partially hydrated
multilayers. The peaks do not have enough data points for analysis of the coherence length
and paracrystalline disorder which can be obtained from the FWHM.

DOPC:Chol-G2-NH2(0.02)
The effect of the lower ν of G2-NH2 on the formation and structure of SLBs containing
cholesterol was also studied. Experimental XRR curves (open circles) at varying incubation
times and temperatures are shown in Figure 3.15, with associated fits (red solid lines) for which
fitting parameters are listed in Table 3.15. Here, the fitting model used includes an inner
dendrimer layer, iD depicted in Figure 3.15.
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Table 3.15. Fitting parameters for SLBs formed by incubating DOPC:Chol-G2-NH2(0.02).
Bilayer Fitting

Mica Fitting

Layer Thickness, t (Å)

Figure

c
(%)

σ
(%)

fstr

ρB

σA
(%)

#
Layers

Figure 3.15i

-

-

-

-

-

-

-

-

0.19

14.93

13

592

Figure 3.15ii

-

-

-

-

-

-

-

-

0.22

12.00

0

292

Figure 3.15iii

43

15

11.6

11.8

10.7

8.2

42.3

25.2

0.22

12.00

0

292

Figure 3.15iv

100

26

11.6

11.8

10.7

8.4

42.5

25.2

0.22

12.00

0

292

Figure 3.15v

100

0

9.3

12.4

12.9

9.7

44.3

24.6

0.37

0

40

592

Figure 3.15vi

100

18

8.6

11.2

10.1

9.4

39.3

24.0

0.32

29.33

16

540

Figure 3.15vii

100

15

13.6

14.0

5.0

6.2

38.8

19.9

0.28

29.87

0

540

oHg

oT

iT

iHg

ttot

iD

Figure 3.15. Experimental (open circles) and fitted (solid red lines) XRR curves of films formed
by DOPC:Chol- G2-NH2(0.02) on mica at various temperatures and incubation times. SLDs are
relative to water.
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After initial incubation (4 min) with DOPC:Chol-G2-NH2(0.02) a SLB did not form on mica. The
sample was then heated to 35 °C and a SLB formed, with a fitted bilayer thickness of 42.3 Å
and an inner dendrimer layer of 25.2 Å. These values are comparable to the thicknesses of the
same system without cholesterol at 25 °C (42.7 Å/24.6 Å, 3.4.2.2).
After heating further to 35 °C the coverage increased from 43% to 100%, indicating further
vesicle rupture events. However, upon heating further (45 °C and 55 °C) the bilayer thickness
increased, rather than decreased as observed previously for the DOPC:Chol SLB discussed
above (3.4.5). At 55 °C the fitting model deviates from the experimental curve, with a
difference in contrast observed at Q~ 0.1–0.2 Å-1, the mica surface also experiences some
structural change as observed previously at elevated temperatures, resulting in a change to
the mica fitting parameters. Interestingly, after cooling back to 25 °C the bilayer and dendrimer
layer became thinner than when first formed.

3.4.7 Effect of G2-C12 dendrimers on DOPC:Chol SLBs
DOPC:Chol-G2-C12(0.2)
The effect of G2-C12 dendrimers on the formation and structure of SLBs containing cholesterol
will now be discussed. Experimental XRR curves (open circles) at varying incubation times and
temperatures are shown in Figure 3.16, with associated fits (red solid lines) for which fitting
parameters are listed in Table 3.16. Here, the fitting model used includes an inner and outer
dendrimer layer, iD/oD depicted in Figure 3.16. A single iD layer did not provide an accurate fit
to the experimental data, therefore an additional layer was included above the bilayer to
account for the differences in contrast.
Table 3.16. Fitting parameters for SLBs formed by incubating DOPC:Chol-G2-C12(0.2).
Bilayer Fitting
c
(%)

σ
(%)

Figure 3.16i

-

Figure 3.16ii-iii

Mica Fitting

Layer Thickness, t (Å)
fstr

ρB

σA
(%)

#
Layers

oHg

oT

iT

iHg

ttot

iD

oD

-

-

-

-

-

-

-

-

0.12

4.27

28

584

100

0

11.3

12.4

8.4

5.6

37.7

12.2

10.4

0.23

8.67

1

584

Figure 3.16iv

100

0

9.9

12.4

8.4

6.0

36.7

12.2

10.4

0.23

8.67

1

584

Figure 3.16v

100

15

9.0

11.8

7.8

13.4

42

13.4

6.9

0.23

8.67

1

584

Figure 3.16vi

100

14

11.3

12.4

8.4

5.6

37.7

12.2

10.4

0.23

8.67

1

584
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Figure 3.16. Experimental (open circles) and fitted (solid red lines) XRR curves of films formed
by DOPC:Chol- G2-C12(0.2) on mica at various temperatures and incubation times. SLDs are
relative to water.
A defect-free (c = 100 %, σ = 0 %) SLB formed after 5 min incubation of DOPC:Chol-G2-C12(0.2)
with mica, with a fitted bilayer thickness of 37.7 Å and inner and outer dendrimer layer
thicknesses of 12.2 and 10.4 Å respectively (Figure 3.16ii). The structure of the bilayer did not
change after an additional 10 min incubation (Figure 3.16iii).
Upon heating the SLB to 35 °C (Figure 3.16iv) the bilayer thickness was found to decrease
however, upon further heating to 45 °C (Figure 3.16v) the bilayer thickness and roughness
increased. This was also observed above for DOPC:Chol-G2-NH2(0.02) (3.4.6.2). This is
surprising, as upon heating PC multilayers the tail fluidity should increase, causing a reduction
in bilayer thickness as was observed for DOPC:Chol SLBs (3.4.5). This is likely due to the change
in mica fitting required at elevated temperatures, effecting the SLB model fitting.
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The goodness of fit at 45 °C is low due to differences in contrast at Q~ 0.1–0.2 Å-1 also observed
for DOPC:Chol-G2-NH2(0.02) at 55 °C, indicating a departure from the fitting model at elevated
temperatures which has not been taken into account. Here the contrast between the SLDs
could be underestimated, explaining the departure from the fit or could be a result of beam
damage.
The DOPC SLBs formed with G2-C12 dendrimers had fitted bilayer thicknesses of 33.5−35.4 Å,
which increased slightly with incubation time, with DOPC bilayer thickness from the literature
(~33-36 Å at ~25°C) [7, 8, 37].The coverage of the bilayer was high (100 %), however so was
the roughness, indicating undulations/defects in the bilayer
The same system without cholesterol (DOPC-G2-C12(0.2), 3.4.4.1) had a slightly thinner bilayer
(33.5 Å) after the initial injection and did not have an inner dendrimer layer in contrast to the
two dendrimer layers fitted here. This could indicate that G2-C12 have more difficulty
penetrating bilayers containing cholesterol due to the packed structure of the chains. Kelly et
al. [64] found that the morphologies of NH2 dendrimers interacting with bilayers were affected
by the phase of the bilayer (gel/fluid) using MD simulations. Dendrimers were found to deform
to a greater extent against bilayers in the fluid phase and retained more of a spherical shape
when interacting with bilayers in the gel phase. Since bilayers containing cholesterol are less
fluid [15], they could retain a more spherical shape.

3.5 Summary
Figure 3.17 compares the initial structure of SLB/dendrimer films adsorbed on mica, these are
all taken at RT (~20 °C) for comparison, apart from DOPC:Chol-G2-NH2(0.02) which is taken at
35 °C. Plotting the data in this way reveals a trend of increasing dendrimer layer thickness with
increasing ν. Furthermore, there is a significant difference between the thickness of the
dendrimer layers between films containing G2-NH2 and G4-NH2 dendrimers, which is greater
than the difference in their diameters of ~1.5 Å.
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Figure 3.17. The layer thickness of the bilayer plus dendrimer slab model used to fit XRR data,
including the inner water (iW), inner dendrimer (iD), total bilayer (ttot) and outer dendrimer
(oD) layer thicknesses, with varying liposome compositions and dendrimer sizes, number ratios
and functionalities.

Effect of incubation time
DOPC SLBs were not found to be stable on mica surfaces at low temperatures and vesicle fusion
only occurred at 55 °C resulting in a SLB thickness of 31.2 Å. On average, additional incubation
time increased the surface coverage of SLBs with dendrimers formed via vesicle fusion.

Effect of dendrimer size
Addition of the G4-NH2 dendrimer resulted in a thicker dendrimer layer compared to G2-NH2,
with a difference in thickness greater than the difference in the dendrimer diameters.

Effect of dendrimer concentration
At low ν of G2-NH2 and G4-NH2, the lipid bilayer thickness obtained from fits corresponds well
with DOPC bilayers from the literature. At high ν of G4-NH2, SLBs were no longer stable and
after initial formation, they desorbed from the mica surface. This could be due to pore
formation, and the removal of lipids from the mica surface by dendrimers in solution previously
observed in the literature [19, 20, 23]. At high ν of G2-NH2, the DOPC lipid bilayer and
dendrimer layer were significantly thicker than at lower ν.
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Effect of dendrimer functionality
The addition of G2-NH2 dendrimers resulted in a thick layer of dendrimers between the mica
and DOPC and DOPC:Chol lipid bilayers. The addition of G2-C12 dendrimers resulted in either a
significantly thinner dendrimer layer beneath the DOPC bilayer (after long incubation times) or
thin dendrimer layers above and below the DOPC:Chol bilayer.

Effect of cholesterol
The addition of cholesterol to the DOPC bilayer (5:1) resulted in the formation of a thicker
bilayer that did not desorb from the mica compared to pure DOPC. The cholesterol appeared
to stabilise the SLB on the mica surface, possibly due to the decrease in fluidity. The thickness
of the bilayers with the addition of dendrimers was not significantly affected by the presence
of cholesterol. G2-C12 formed two dendrimer layers above and below the DOPC:Chol bilayer
but only appeared below the DOPC bilayer.
Overall, the NH2 dendrimers were found to adsorb to both DOPC and DOPC:Chol bilayers, with
fittings indicating their presence between the SLB and mica. C12 dendrimers were found to
adsorb to either side of DOPC:Chol bilayers but not DOPC bilayers. The thickness of the
dendrimer layer, and therefore the absorbed amount was dependent upon the dendrimer
concentration. The presence of NH2 dendrimers between the SLB and mica may indicate
dendrimer translocation through the bilayer, within a cell this would correspond to passive cell
entry. These results indicate the importance of NP size, charge, functionality, concentration
and bilayer fluidity (cholesterol content) on interactions between NPs and cell membranes.
These parameters are important when considering NPs for biomedical applications or in
nanocomposite materials, giving vital insight into the fundamental processes involved in NP
cellular uptake and NP-membrane interactions.
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Chapter 4

Interactions between PAMAM
dendrimers and lipid
multilayers
A study is presented on the incorporation of generation 2 and generation 4 (G2 and G4)
polyamidoamine (PAMAM) dendrimers with amine (NH2) and hydrophobic C12 chain
terminations into 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and mixed DOPCcholesterol multilayers, created by the vesicle-rupture method via drop-casting dendrimervesicle dispersions, supported on mica. The structure of the assembled multilayers was
investigated using X-ray reflectivity (XRR) at the ESRF, Grenoble using a ‘bending mica’ method
as well as using atomic force microscopy (AFM). By analysing the bilayer d-spacing, coherence
length and paracrystalline disorder parameter g, acquired from Scherrer (Ls) and peak
broadening analysis (Lb) of the Bragg peaks, the effect of temperature, cholesterol content,
dendrimer mixing method, dendrimer generation, dendrimer surface chemistry, and dendrimer
concentration on the multilayer structure was examined. The effect of dendrimers on DOPC
multilayer hydration was also studied, and the reflectivity data from the supported lipid bilayers
(SLBs) formed after hydration of DOPC multilayers, due to delamination, were fitted using a slab
model using the Parratt exact recursive method.

4.1

Chapter outline

Studies involving lipid multilayers as membrane models have been split into 4 parts (a, b, c and
d) dealing with different compositions or environments, but all studied using X-ray reflectivity
(XRR) and atomic force microscopy (AFM) as the main analysis techniques. The chapter has
been subdivided as follows for clarity and ease of reading: Chapter 4a details the effect of
PAMAM dendrimers on dried DOPC multilayer structure studied using XRR. Chapter 4b reports
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the effect of cholesterol content in DOPC lipid multilayers on interactions with PAMAM
dendrimers. Chapter 4c accounts the effect of hydration on PAMAM dendrimer-lipid multilayer
structure including fitting X-ray reflectivity data (Kiessig fringes) using a slab model described
in Chapter 2. Finally, Chapter 4d examines the multilayer topology using AFM in the absence
and presence of dendrimers.
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Interactions between PAMAM
dendrimers and DOPC lipid
multilayers: Membrane thinning
and structural disorder
Understanding how the physicochemical properties of dendritic nanoparticles (NPs) influence
the lipid membrane structure is important to elucidating their endocytosis and cytotoxicity
mechanisms, as well as the development of related nanocomposite materials. In this study, the
effect of Generation 2 and 4 (G2 and G4, of size 2.9 nm and 4.5 nm, respectively)
polyamidoamine (PAMAM) dendrimers with either a hydrophilic amine (NH2) or a hydrophobic
C12 chain surface terminations on the structure of 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC) multilayers on mica has been investigated using synchrotron X-ray reflectivity (XRR).
The multilayers were created by the vesicle-rupture method via drop-casting dendrimer-vesicle
dispersions with the dendrimers added at three different stages (i.e. three different mixing
methods). The structure of the assembled multilayers was evaluated via the analysis of the XRR
curves, obtaining the bilayer d-spacing, the coherence length from the Scherrer (Ls) and peak
broadening analyses (Lb) of the Bragg peaks, and the paracrystalline disorder parameter (g).
The effects of the dendrimer size, surface chemistry, and number ratio (ν), on the multilayer
structure were examined. The interactions between dendrimers and lipid molecules were found
to result in the thinning of the lipid bilayers and the multilayer structure became more
disordered with increasing dendrimer amount added. Larger G4-C12 hydrophobic dendrimers
caused greater disruption to the multilayer structure compared to the smaller G2-C12
dendrimers, evident from the loss of higher order Bragg peaks and the decrease in Scherrer
coherence length. The smallest, positively charged dendrimers, G2-NH2, at its highest
concentration (ν = 0.02) caused the most pronounced bilayer thinning. We also discuss the
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disruption of DOPC multilayer structural order by the different methods of add the dendrimer
to the DOPC vesicles, which led to different extent of dendrimer aggregation.

4a.1.

Introduction

4a.1.1. Polyamidoamine (PAMAM) dendrimers toxicity
Poly(amidoamine) (PAMAM) dendrimers are branched polymeric nanoparticles (NPs) with a
range of potential biomedical applications due to tunability of their physicochemical properties
[1]. They are comprised of layers (or generations, G) of branching units called dendrons
radiating from a central core [2]. This branched structure results in interior cavities and an
exponential increase in the number of terminal amine groups with increasing generation or
dendrimer size [3]. In particular, dendrimers are being developed as drug [4] and gene delivery
vectors [5] due to several favourable characteristics including their ability to bypass the cellular
membrane into the cytosol or lysosomes [6, 7], to complex with DNA via their terminal amine
groups [8], and to solubilise hydrophobic drugs in their cavities [9]. PAMAM dendrimers can be
functionalised in a variety of ways, most commonly with hydroxyl-termination, acetylation, or
conjugation to hydrophobic chains. However, due to the current gap in our knowledge of the
relationship between the physicochemical properties of dendrimers and the cytotoxic
response of the cell, the application of dendrimers in biomedicine remains to be fully exploited.
It has been previously reported that PAMAM dendritic NPs could cause disruption to plasma
and lysosomal membranes during cell entry (endocytosis), which would then instigate
programmed cell death (apoptosis). This cytotoxic effect has been shown to be related to
dendrimer generation, charge surface functionality, dosage, incubation time, and cell type [7,
10-15]. The large number of factors affecting dendrimer cellular uptake and trafficking, and
different cell-specific endocytosis routes, have led to conflicting conclusions regarding the
mechanism of dendrimer toxicity from multiple studies [16].
The in vitro uptake mechanisms of amine terminated G4 (~ 4.5 nm in size) and G6 (~ 6.7 nm)
PAMAM dendrimers by HaCaT cells, treated with DL-buthionine-(S,R)-sulfoximine (BSO) to
increase membrane permeability, have recently been investigated by Maher and Byrne [15].
Before BSO treatment, dendrimers were taken up through endocytosis, resulting in the
production high levels of reactive oxygen species (ROS) and a reduction in cell viability. When
treated with BSO, the dendrimers were taken up passively because of the increased
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permeability in the membrane and then acted as antioxidants in the cytosol rather than
generating ROS. Therefore, the cytotoxic response was influenced by the cellular entrance
route, which in turn was influenced by particle-membrane interactions. Antibacterial studies
by Calabretta et al. [11] and Lopez et al. [12] found that PAMAM dendrimer toxicity to bacteria
was dependent on the size, dose, and PEGylation of the dendrimers as well as the bacteria
membrane composition (i.e. gram positive or negative).

4a.1.2. PAMAM dendrimer interactions with model membranes
Model membrane systems, such as small and large unilamellar (SUVs/LUVs) or multilamellar
vesicles (MLVs) [17-19], Langmuir-Blodgett monolayers [20, 21], supported lipid bilayers (SLBs)
[22-25], mesophases [26-28], purple membrane multilayers [29, 30], and computational
models [31-33] have also been used to study membrane interactions. The interactions
between dendrimers and the model membranes have been proved using different methods,
such as AFM [34], cryo-TEM [35], differential scanning calorimetry (DSC) [36], LB-trough [37],
QCM-D [38], neutron reflectivity (NR) [38], dye release assays [17] and molecular dynamics
(MD) simulations [31, 33] as reviewed elsewhere [39, 40].
Amine terminated dendrimers have been found to form nanoscale holes in SLBs, which could
result in cell lysis. This is a result of the interaction between the dendrimers and lipid molecules
which causes the removal of lipids from the bilayer, as explored using AFM [34]. Removal of
lipids from the membrane could impair its functionality, disrupting cellular signalling and
trafficking and allowing the un-regulated transport of ions through newly formed pores. NR
experiments [38] revealed that G6 PAMAM dendrimers disrupted the ordering of negatively
charged POPG/POPC SLBs but not neutral POPC SLBs, highlighting the importance of the
membrane composition.
Karoonuthaisiri et al. [41] found that G2-8 (2.9 – 9.7 nm) dendrimers induced vesicle
aggregation, leading to vesicle disruption, an effect that was also dependent on the
membranephosphatidylethanolamine (PE) composition. In addition, disruptions to LUVs were
more pronounced than SUVs, attributed to larger deformations upon aggregation.
The dendrimer concentration/dosage also plays a role, and it has been reported that
membrane disruptions occurs at an intermediate dendrimer concentration. This is proposed
to be due to the formation of a steric barrier to vesicle aggregation at high surface coverage at
125

Chapter 4. Lipid Multilayers
high dendrimer concentrations. Such dosage-dependant disruption, for instance, was found
with negatively charged POPE-PA vesicles interacting with G4-7 (4.5–8.1 nm) dendrimers [17].
Stacked membranes are also found in nature, such as myelin sheaths in nerves [42], and they
also have applications in macroscale drug delivery [43], gene delivery [44], biocatalysis [45] and
as artificial cell substrates [46]. Therefore, understanding their interactions with NPs are
important for their future application in nanocomposite materials. Lipid multilayers have been
conventionally prepared via spin casting lipids dissolved in organic solvents. It has been
recently shown that stacked lipid bilayers (or multilayers) could be prepared by drop casting
aqueous liposome dispersions on mica followed by drying [47], as characterised using X-ray
reflectivity (XRR) with a ‘bending mica’ method [47-50]. Such a simple method makes it
possible to incorporate water soluble or dispersible additives and nanofluids [51, 52] into the
multilayers.

4a.1.3. Experimental overview
Here, we have studied the interactions between PAMAM dendrimers with lipid multilayers
prepared using the drop-casting method. The change in structural characteristics of the
multilayers with the inclusion of different size (or generation), surface chemistry, and dosage
of PAMAM dendrimers gives insight into how the physicochemical properties of dendrimers
influence their interactions with lipid bilayers. This study focuses on the interactions between
hydrophilic amine and hydrophobic C12 chain terminated G2 and G4 PAMAM dendrimers with
DOPC multilayers, prepared using three different methods. Our findings are of relevance to the
fundamentals of cellular uptake and cytotoxicity of PAMAM dendrimers and demonstrate a
method for the incorporation of functional NP additives in composite multilayer materials.
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4a.2.1. Materials
1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) (>99% purity, Mw = 786.113 g.mol-1) in
Chloroform (25 mg.ml-1) was purchased from Avanti® Polar Lipids, Alabaster, Alabama. NH2
terminated G2 (20 w%) and G4 (24 w%) and 50% C12 chain terminated G2 (40.29 %w) and G4
(26.85 %w) PAMAM dendrimers dispersed in methanol were purchased from Dendritech, Inc.,
Midland, Michigan. Dendrimer diameters in methanol were measured using DLS (cf. Figure
4a.1) and listed in Table 4a.1. In the literature, dendrimer diameters have been found to
change depending on solvent quality and pH [53, 54]. PAMAM dendrimers at neutral pH (7.4)
have fully protonated primary amines. Ultrapure Milli-Q (Merck Millipore) water (with a
resistivity of 18.2 MΩ.cm-1 and total organic content (ToC) of 3-4 ppb and nitrogen (Air Liquide,
oxygen free) were used in sample preparation. Mica surfaces were prepared by hand-cleaving
and cutting to 3 x 1 cm in size and ~300 μm in thickness, as required for the ‘bending mica’
method [47, 48].
Table 4a.1. Specifications of G2 and G4 PAMAM dendrimers as described by manufacturer
Dendritech, Inc. DLS diameter was measured in methanol. The literature nano electrospray
gas-phase electrophoretic mobility molecular analysis (nES-GEMMA) measurements [55] were
taken of electrosprayed dendrimers after dilution in 20 mM ammonium acetate buffer.
G2 NH2

G2 50% C12

G4 NH2

G4 50% C12

64

64 (32 C12 chains)

Dendrimer

# Terminal Groups
MW (Da)
Diameter
(nm)

16

16 (8 C12
chains)

3256.18

6205

14214.17

26010

Manufacturer

2.9

-

4.5

-

nES-GEMMA [55]

3.3

DLS (Figure 4a.1)

2.1-2.3

4.3
2.8-3.3
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Figure 4a.1. DLS of dendrimer dispersions in methanol. Average diameter (nm) from the
number intensity peaks are recorded in Table 4a.1.

4a.2.2. Preparation of DOPC multilayers
DOPC multilayers were prepared by drop-casting liposomes, as reported by Sironi et al. [47].
Briefly, DOPC in CHCl3 (25 mg.ml-1) was measured into a 7 ml glass vial and the CHCL3 was
evaporated at room temperature using gentle nitrogen flow, followed by drying for ~1 hour in
a vacuum oven (Heraeus Vacutherm VT 6025) at ~1 mbar to form a uniform lipid film. The film
was then hydrated to a concentration of 2 mg.ml-1 using Milli-Q water and sonicated
(Ultrawave QS5) for 1 hour to form multi-lamellar vesicles (MLVs). The MLV suspension was
then extruded through a using a LIPEXTM 10 mL Thermobarrel Extruder (Northern Lipids Inc.,
Burnaby, Canada) 5 times with a 200 nm pore sized polycarbonate membrane (Whatman®
Nuclepore™ Track-Etched Membranes) and 10 times with a 100 nm membrane using ~20 bar
pressure of N2 to create small unilamellar vesicles (SUVs). The size of DOPC-liposome
dispersions was then measured with dynamic light scattering (DLS) using a Malvern Nano
Zetasizer ZS, SUVs were ~75-100 nm in diameter (PDI 0.2) (cf. A1, Appendix A)
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4a.2.3. Dendrimer addition to liposome dispersions
Two different generations (G2 & G4) of PAMAM dendrimers with 50% hydrophobic C12
functionalisation (hereby referred to as G2-C12 and G4-C12) in Milli-Q were added to SUVs
(Method A) or to MLVs before extrusion (Method B). Alternatively, they were dispersed in
methanol and added to the DOPC-chloroform suspension (Method C). A schematic of these
methods is presented in Figure 4a.2. The concentrations of G2-C12 and G4-C12 dendrimers
added using Methods A, B and C were 0.01, 0.1 and 2 mg·mL-1 which corresponded to
dendrimer lipid number ratios ν of 0.00015, 0.0015 and 0.03 for G4-C12 dendrimers and
0.00063, 0.0063 and 0.127 for G2-C12 dendrimers. G2 and G4 NH2 terminated dendrimers
(hereby referred to as G2-NH2 and G4-NH2) were mixed with DOPC-chloroform dispersions to
create liposomes using Method C only, in dendrimer-lipid number ratios ν of 0.02 and 0.2.

4a.2.4. DOPC multilayers with incorporated dendrimers
100 μl of the dendrimer-liposome dispersions and pure G4-C12 dispersion in Milli-Q (4 mg·mL-1)
were drop-cast on freshly cleaved mica (1 cm x 3 cm x ~300 μm; width x length x thickness)
and left to dry in a vacuum oven at ~1 mbar and at room temperature overnight. The
multilayers were kept in sealed vials at 4°C for up to 7 days until XRR measurements. For clarity,
we denote the mixed DOPC-dendrimer multilayers samples as DOPC-Gi-f(ν), where i = 2, 4 for
the two dendrimer generations, f = C12 or NH2 for the dendrimer functionalisation, and ν is the
dendrimer-lipid number ratio. For example, DOPC-G2-NH2(0.2) denotes a 0.2 number ratio of
amine (NH2) terminated G2 dendrimers to DOPC lipids used to make a multilayer, where the
mixing method will be explicitly stated.
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Figure 4a.2. Schematic of DOPC multilayer preparation and mixing methods for PAMAM
dendrimers, with the dendrimer added at the different stages of liposome preparation. G2-C12
and G2-C12 were added using the three methods, whilst G2-NH2 and G4-NH2 Method C only.

4a.2.5. X-ray reflectivity measurements and data analysis
XRR measurements were taken at the XMaS beamline (BM28) at ESRF in Grenoble. The mica
was positioned and secured on a curved stage and the stage was mounted inside of a liquid
cell as shown in Figure 4a.3. The cell was positioned in the beamline so that it could be moved
in all translational and rotational axes and heating plates were mounted for heating to 40 °C as
shown in Figure 4a.3a. The beam energy used was 14 keV. To correct for the beam footprint,
a ‘spline’ fit of a fine scan taken along the z-axis (θ = 0) was used to generate a Gaussian model
of the beam.
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(b)

(a)

Figure 4a.3. (a) Mica Liquid Cell mounted at ESRF BM28. (b) Schematic of the liquid cell used
for XRR measurements. Four stainless steel plates (A – D) compose the shell of the cell
enclosing the core (d – f). A cleaved mica sheet (d) is clamped through two small plates (f) onto
the mica cylindrical support (e), which is inserted between plate A and C. Two Mylar or mica
sheets (a, c) are inserted respectively between plates A – B and C – D. Plates A and B and plates
C and D are clamped together, Viton® O-rings placed in grooves (b) facilitate the sealing and
prevent leaking. A system of inlet/outlet (g, h) allows gas exchange. An inlet nozzle (i) on top
of plate A allows in situ injection of liquid samples and solvents. Heating plates were also
attached to the outer plates for measurements at 40ºC. Reproduced with permission from
Briscoe et al. [48]
Specular reflection (θr = θi) was collected as a function of the incident angle θi and the obtained
reflectivity was plotted against momentum transfer Q [Å-1] normal to the interface, where 𝑄𝑄 =
4𝜋𝜋
𝜆𝜆

𝜃𝜃𝑖𝑖 +𝜃𝜃𝑟𝑟

𝑠𝑠𝑠𝑠𝑠𝑠 �

2

� with 𝜆𝜆 the wavelength of the incident X-ray beam. In the case of multilayers on

the surface, Bragg peaks were observed and the lattice or d-spacing (or bilayer thickness) in
the multilayer, can be calculated using Bragg’s law,
𝑑𝑑 =

2𝜋𝜋ℎ
𝑄𝑄ℎ

(4.1)

where Qh is the position of the Bragg peak of order h. The ratio of the peak positions is
characteristic of the crystalline phase of the structure. For multilayers, the Bragg peaks were
equally spaced indicating that the phase was lamellar.
In some cases, multiple peaks in the same order (n) were resolved to fully describe the
structural order due to bilayer thickness fluctuations, which revealed the complex structure of
the sample (h corresponds to the peak order (1,2,3…) and n labels which periodicity or
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structure has generated the peak (0,1,2…)). The full width at half maximum (FWHM), ΔQhn, of
these resolved peaks was used to obtain further structural information such as the
paracrystalline disorder, g, which is a measure of the lattice or d-spacing fluctuations. Peak
width or broadening is determined by the natural linewidth of the X-rays, instrumental effects
and sample effects including the crystallite size and strain. Coherence length L , the lower limit
of the crystalline domain size perpendicular to the mica surface (along the direction of the Q
vector), was obtained using the Scherrer equation [56, 57],
2𝜋𝜋𝜋𝜋

𝐿𝐿𝑠𝑠 = ∆𝑄𝑄

(4.2)

ℎ𝑛𝑛

where K is the Scherrer or shape constant and depends upon the crystal shape and was
approximately of order unity. Ls can be used as an indicator of the structural order of the
multilayers. We took the instrumental effects on peak broadening to be constant as the same
set-up was used throughout.
Another contribution to the peak broadening was due to bilayer thickness fluctuations within
crystallites and was described by a parameter called paracrystalline disorder, g. This was
derived from a plot of the broadening of complementary peaks,

∆𝑄𝑄ℎ𝑛𝑛 2
2𝜋𝜋 2

, versus the fourth power

of the diffraction order, h4 for a plane of Miller index (h00) where h = 1,2,3,4 and n is constant.
Paracrystalline disorder g, defined in Chapter 2 (2.2.10), was derived from the gradient m of a
linear fit (y = y0 +mh4) to this plot and coherence length L was derived from the intercept y0
using,
1

(4.3)

1

(4.4)

𝐿𝐿𝑏𝑏 = 𝑦𝑦0 −2

𝑔𝑔 =

(𝑚𝑚𝑑𝑑2 )4
𝜋𝜋

Calculation of g and Lb using this method requires each reflection is properly resolved and
background scatter is subtracted. The number of bilayers m in the domain can then be
estimated as =

𝐿𝐿𝑏𝑏
𝑑𝑑

.

This analysis was performed using peaking fitting software within IGOR Pro (cf. Figure 4a.4a,
DOPC-G2-C12(0.127) Method A). The final Bragg peak observed at ~ Q = 0.63 Å was the Bragg
peak of the mica substrate, and mica’s forbidden half-Bragg was present in some of the curves
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marked with an asterisk (*) and is due to mica’s unit cell encompassing two lattice layers. Bragg
peaks labelled h = 1 to 4 were present for DOPC-G2-C12(0.127) multilayers (mixed using method
A) due to the multilayer structure on the surface of the mica (Figure 4a.4a). The equal spacing
of these peaks is indicative of a lamellar phase, as expected by the DOPC lipids at RT [47]. The
Bragg peaks consisted of three Gaussian peaks, indicating sample polymorphism (h = 1, Figure
4a.4b), the peak positions Qhn were used to calculate the lamellar d-spacing (cf. Figure 4a.4d).
The FWHM of the gaussian peaks ΔQhn were used to calculate the coherence length (cf. Figure
4a.4d) alongside peak broadening parameters which were plotted against h4 for
complementary peaks i.e. constant n (Figure 4a.4c). From the slope and gradient of a linear fit
to this peak broadening plot, the coherence length and paracrystalline disorder parameter
were calculated.
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Figure 4a.4. (a) Experimental XRR curve for DOPC-G2-C12(0.127) mixed using Method A and
deposited on bare mica at room temperature. The peak observed at Q = 0.63 Å is the Bragg
peak of the mica substrate. The forbidden half-Bragg of mica is marked with an asterisk (*) and
the Bragg peaks associated with the multilayer structure are labelled with their reflection order
(h = 1, 2, 3, and 4). (b) An enlarged view of the reflectivity on a log linear scale around the first
order (h = 1) Bragg peak with the background fitted to Q-4 (triangles) and the fit (dashed line)
calculated with IGOR Pro ‘Multi-Peak’ Fit operations. The fitted peak could be decomposed
into three Gaussian peaks indicating polymorphism (n = 0,1,2). (c) A plot of peak broadening
ΔQ2/2π2 vs. the fourth power of the diffraction order h4 with linear fit for h = 2, 3 and 4
(complementary peak, n, for h = 1 could not be resolved). (d) Diagram showing the origin of
multilayers on mica, the coherence length, L and the lamellar repeat distance or d-spacing.
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4a.2.5.1.

Analysis limitations

When multiple peaks can be resolved from a Bragg peak due to polymorphism, as described in
Figure 4a.4b, there is some ambiguity in their order assignment when the same number of
structural peaks n cannot be resolved from all peak orders h. This ambiguity results in
uncertainties in the comparisons of coherence length values derived from Scherrer analysis, Ls.
Where possible the Ls values derived from peak (h,n) = (1,0) are compared, and to complement
this comparison the spread in Ls and d-spacing values will also be discussed. Where there is
some ambiguity in peak order assignment (h) it may not have been possible to calculate
paracrystalline disorder g and coherence length Lb using a peak broadening plot. This is often
the case when peak intensity decreases and individual peak resolution is no longer possible,
resulting in too few points for a linear fit of the peak broadening plot. Where it has been
possible to calculate g and Lb there are often large associated errors due to the small data set.
Full data sets for Scherrer and peak broadening analysis can be found in Appendix A.

4a.2.5.2.

Experimental Limitations

No humidity measurements were taken during XRR or AFM measurements, it is known
humidity levels will affect the d-spacing and paracrystalline disorder as bilayers at the surface
may be more hydrated than those in the bulk [58]. There is also a limited number of number
ratios v studied for DOPC-G2/G4 NH2 multilayers due to limited synchrotron beamtime.

4a.3.

Results and discussion

4a.3.1. DLS of liposomes
Dynamic light scattering was used to study the size distribution and polydispersity of liposomedendrimer dispersions before drop-casting, the results can be found in Table A1, Appendix A.
The polydispersity index (PDI) is used to describe the non-uniformity of a size distribution giving
an indication of its width, i.e. for a Gaussian distribution PDI = (width/mean)2. The index is
dimensionless and normalised between 0 and 1: values <0.05 indicate a monodisperse sample,
and values >0.7 indicate a very broad size distribution.
As expected, the unextruded MLVs were the most polydisperse, as the vesicles form onion like
structures of varying sizes before being extruded through a polycarbonate membrane[59].
After extrusion to SUVs the polydispersity index (PDI) decreased. A PDI of <0.3 for liposomes is
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generally accepted as indicating a homogenous population [60]. The PDI and average liposome
diameter increased, on average, with increasing number ratio of dendrimers to lipids, ν.
The addition method of combining the dendrimers with lipids also affected the size and PDI of
the liposomes. Mixing C12 terminated dendrimers with DOPC-SUV liposomes (Method A)
resulted in the formation of smaller structures ~ 55 nm in size, which could be either
dendrimer-lipid aggregates formed by dendrimers stripping lipids from liposomal bilayers or
free dendrimers in solution. G2-NH2 terminated dendrimers at the lowest number ratio mixed
with DOPC lipids (Method C) were found to cause larger aggregates (marked with *), which
could be clusters of vesicles which agrees with results from Åkesson et al. [35] who observed
POPC:POPG liposomes aggregated in the presence of G6-NH2 dendrimers due to dendrimer
bridging between the liposomes.
Tiriveedhi et al. [37] and Zhang and Smith[17] also observed the aggregation of vesicles due to
bridging by NH2-terminated dendrimers which was dendrimer concentration dependent. A
larger concentration of dendrimers was postulated to result in the stabilisation of liposomes
as the surface of the liposomes was saturated with dendrimers causing repulsion between
liposomes, due to the dendrimers net positive charge. A low concentration of dendrimers
could result in dendrimers bridging liposomes as they interacted with adjacent membranes,
causing liposome aggregation.
Dendrimers mixed with DOPC using Method C mostly showed an increase in average diameter
with the dendrimer concentration (exception DOPC-G2-NH2), which supports the hypothesis
that the dendrimers could have been attached to the outer leaflet of the liposomal bilayer.
Method C was postulated to produce the most homogenous mixing of dendrimers with DOPC
lipids, due to solubility of dendrimers and lipids in the chloroform:methanol mixture. This
homogenous distribution may cause the increased aggregation of liposomes compared to the
other mixing methods. Despite large aggregates present within some dendrimer-DOPC
mixtures, all dispersions led to the formation of lipid multilayers (with varying structural
properties) upon drop-casting the dispersions onto mica substrates. Therefore, there must be
intact bilayers present within the dendrimer-lipid dispersions upon vesicle rupturing during the
deposition and drying of the dispersions on to mica. The structure of the resultant multilayer
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structure from drop-casting of these dispersions was measured using XRR and will be discussed
below.

4a.3.2. Comparisons of the DOPC multilayer structures (without dendrimers) from SUVs

and MLVs
4a.3.2.1.

d-spacing and the Scherrer coherence length Ls

Pure DOPC multilayers at RT, prepared using SUVs, were studied using XRR as a control (Figure
4a.5i). Four equally spaced Bragg peaks were observed before the mica Bragg peak at 0.63 Å1,

corresponding to the reflection orders h = 1,2,3 and 4 of a lamellar phase (h = 6–8 can be

observed after the mica peak) . DOPC is known to have a gel to fluid transition temperature of
-17 °C therefore at RT DOPC was in the fluid lamellar phase. The lamellar d-spacing was
calculated using the Bragg peak positions Qhn and equation (4.1) as described in section 4a.2.5,
the discrete values can be found in Table A3 in Appendix A. Each Bragg peak reflection was
found to be made up of up to 2 structural peaks (n), related to different d-spacings which
indicated polymorphism. The d-spacing of the DOPC SUV multilayers (Figure 4a.5i) ranged from
47.6 to 50.1 Å, this likely due to the presence of lattice defects from dehydration. The average
d-spacing was found to be 48.5±0.2Å, which is in agreement with the literature for a pure DOPC
bilayer at ~45% relative humidity [58] and DOPC multilayers in similar conditions [47]. The
large associated errors are due to the limited number of points in the peak broadening plot.
The coherence length derived from Scherrer analysis Ls of peak (h,n) = (1,0) was 2800±100 Å,
which corresponds to m ~ 58 stacked bilayers (Table A3-4, Appendix A).
Multilayers were also prepared using MLVs for comparison which were formed before
extrusion (Figure 4a.5ii). The d-spacing was calculated from the Bragg peak positions ranging
between 47.3 to 50.1 Å with an average of 48.3±0.2 Å. These values are very similar to those
obtained for DOPC-SUV multilayers described above. The coherence length and paracrystalline
disorder parameter could not be derived from a peak broadening plot because not all
corresponding structural peaks could be resolved, however from Scherrer analysis of peak (1,0)
the coherence length Ls was calculated as 2100±20 Å, which corresponds to m ~ 43 stacked
bilayers (Table A9, Appendix A).
Both reflectivity profiles (SUV and MLV) also have negative peaks (Figure 4a.5, marked with
arrows) associated with surface relaxation of the top lipid bilayer the air-film interface.
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Figure 4a.5. DOPC multilayers created by drop-casting (i) small unilamellar vesicles (SUVs) and
(ii) and multi-lamellar vesicles (MLVs) on mica. The mica Bragg and half-Bragg are indicated by
an asterisk (*). Negative peaks indicated by arrows are due to surface relaxation of the top
bilayer (i.e. thinner top layer) at the air-film interface [47].
The smaller Ls values for multilayers created by drying MLVs compared to SUVs implies
increased disorder of the multilayer structure. However, the difference in polymorphism
between the samples was not as pronounced as multilayers analysed by Sironi et al. [47] who
observed a greater spread in d-spacing for multilayers formed using MLVs (d = 46.6-50.9 Å)
compared to SUVs (d = 49.1-49.3 Å). The coherence length values calculated here for SUV and
MLV multilayers are of the same order of magnitude as those found by Sironi et al. (Ls ~2000 Å
and Ls ~1400 Å, respectively) and the MLV multilayers show a similar decrease in Ls compared
to the SUV multilayers. SUVs are expected to form a more uniform structural template on mica
upon rupture leading to a more organised structure in the dried multilayers compared to MLVs
which are more polydisperse and frustrate packing upon rupture.

138

4a.3 Results and discussion

4a.3.2.2.

Paracrystalline disorder in the multilayers

Two peak broadening plots were created for DOPC-SUV multilayers due to the presence of two
sets of equally spaced peaks because of sample polymorphism. These two distinct sets (h,0))
and (h,1) (cf. Appendix A: Figure A1) make the DOPC-SUV peaks appear broader than DOPCMLV peaks in Figure 4a.5. Since up to h = 7 was recorded for DOPC-SUV multilayers it was
possible to produce plots for both sets, despite being unable to resolve both structural peaks
for h = 6 and h = 2.
The paracrystalline disorder parameter g, coherence length Lb and number of layers m for
DOPC-SUV multilayers were calculated to be 0.026±0.007, 700±200 Å and 15±5 respectively
from peak broadening analysis of set (h,0) (cf. Appendix A: Figure A1, Table A2). For set (h,1)
these parameters were calculated to be 0.0074±0.0008, 1500±100 Å and 32±2 respectively.
The difference between the values from each set of equally spaced peaks indicates different
regions with differences in ordering. A difference in 1 Å could relate to differences in hydration
which would also affect the long-range ordering of the multilayers. The multilayers with the
smaller average d-spacing had the highest structural ordering; bilayers at the surface have a
reduced d-spacing due to surface relaxation at the air-film interface and differences in
hydration.
There is a significant difference between the coherence length parameters calculated using
Scherrer and peak broadening analysis and due to the analysis methods, they cannot be
directly compared. Surprisingly, the DOPC-SUV multilayers have a smaller coherence length
(Lb), calculated from peak broadening (700±200 Å and 1500±100 Å) , than DOPC-MLV
multilayers (2100±900 Å, cf. Appendix A: Figure A1) which is inconsistent with drop-casted
DOPC multilayers in the literature described above [47]. However, due to large uncertainties
in the calculation of the broadening coherence length Lb due to systematic errors from
separating overlapping peaks from polymorphs, as described in 4a.2.5.1, usage is limited in the
subsequent discussion.

4a.3.3. G4-C12 film structure: Dendrimer control sample
A dispersion of G4-C12 dendrimers was dried onto mica as an additional control (Figure 4a.6ii).
Two small Bragg peaks were observed and indicated the presence of an ordered arrangement
of dendrimers on the surface of mica. The structural spacings calculated from the position of
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these Bragg peaks were d1 = 44.4±0.1 Å and d2 = 21.8±0.1 Å (if h=2, d2 = 43.6±0.1 Å). This is
similar in size to the diameter obtained from the manufacturer (45 Å) of the G4-NH2 dendrimer
without hydrophobe functionalisation. It has been observed using AFM that dendrimers
deform against mica substrates, and with additional changes in diameter upon drying, and
arrangement of the hydrophobic chains, the reduced diameter on a substrate compared to the
hydrodynamic diameter measured with DLS is not surprising (7.1 nm) [61]. The coherence
length, paracrystalline disorder and number of layers cannot be calculated using a peak
broadening plot because no higher order peaks were observable. However, Scherrer analysis
of the h = 1 and possible h = 2 Bragg peaks gives values of coherence length Ls 370±30 Å and
340±60 Å respectively and therefore corresponding number of layers to be 8±1. Additional
Kiessig fringes, observed at Q ~ 0.18 Å-1 and 0.44 Å-1, also indicate the formation of a thin film
of the dendrimers within the X-ray footprint. By calculating the average distance between
peaks or troughs (Qt1-Qt2) these fringes were found to correspond to a film thickness of ~7275 Å (2π/(Qt1-Qt2)). It is possible there is both a highly ordered multilayer structure and a thin
film on the surface of mica within the X-ray footprint. Because of the hydrophobic chain
termination of the dendrimers, these chains could intercalate forming a multi-layered
structure on the mica surface with a repeating spacing of 44 Å, in a similar way to multi-layered
lipid bilayer stacks.

4a.3.4. Effect of different dendrimer mixing methods and dendrimer size on the multilayer

structure
4a.3.4.1.

DOPC-G4-C12 multilayers

The reflectivity profiles of DOPC-G4-C12(0.03) multilayers created using all three mixing
methods (Section 4a.2.2 and Figure 4a.2; Lipid film, MLVs and SUVs) were compared to
elucidate the effect of mixing method on the resultant multilayer structure (Figure 4a.6iii-iv).
Overall, dendrimer addition altered the position, and full width at half maximum (FWHM) of
the Bragg peaks acquired from specular reflectivity. This indicated a change in the structural
ordering of the multilayers caused by the presence of the hydrophobic dendrimers, which can
be quantitatively evaluated as a change in the average d-spacing, Ls, Lb and g (Table A4-6,
Appendix A). Polymorphism was observed for all samples, and all corresponding structural
peaks were resolved where possible (cf. Table A4, Appendix A).
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Figure 4a.6. Reflectivity profiles for SUV DOPC multilayers (i) (reproduced from Fig. 4a.4i) For
comparison, G4 PAMAM dendrimers (ii) and DOPC-G4-C12(0.03) multilayers made by
incorporating dendrimers into DOPC lipid films (v, Method C) and MLV (iv, Method B) and SUV
(iii, Method A) dispersions. Each addition method has differences in structure indicated by the
position of the Bragg peaks (d-spacing) and broadening of Bragg peaks (paracrystalline disorder
g and coherence length Ls/Lb) providing evidence of structural disorder caused by the
incorporation of PAMAM dendrimers. Dotted lines indicate Bragg peak positions and are a
guide for the eye.
Multilayers created from dispersions using all mixing methods show a shift in Bragg peak
positions to lower Q values, which is indicative of bilayer thinning (Table A4, Appendix A) [dspacing Method A 41.0 - 51.6 Å, Method B 46.3 - 49.7 Å and Method C 47.0 - 48.1 Å]. Compared
to pure DOPC multilayers the average d-spacing is reduced, but the range of d-spacing
increases. The coherence length for DOPC-G4-C12(0.03) Methods A (Ls = 190±70 Å) is
significantly reduced compared to that for DOPC SUVs (2100±20 Å). The smallest average dspacing was observed for Method A (45.8 Å) compared to DOPC-SUV multilayers (48.3 Å).
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The greatest loss in peak intensity and the greatest broadening of Bragg peaks, and thus the
least ordered structure, occurred for multilayers created using dispersions mixed using
Method A (SUVs), Figure 4a.6iii. Due to the hydrophobic termination of these dendrimers
method A and B would have resulted in some dendrimer aggregation, since these methods
involved aqueous dispersions of the dendrimers being added to MLVs or SUVs. Hydrophobic
dendrimers added to SUVs did not undertake further extrusion and so large aggregates could
have remained in solution, however this is not apparent from the DLS data. Due to the
differences in mixing methods the increased disorder in multilayers mixed using Method A has
been attributed to the largest amount of dendrimer aggregation. Method C (Figure 4a.6v) is
expected to have resulted in a more homogeneous distribution of C12 dendrimers, due to
solubility of the dendrimers in methanol, and thus smaller changes to the resultant multilayer
structure. This is apparent from the smaller reduction in Ls (1800±100 Å) compared to Method
A (190±70 Å) for DOPC-G4-C12(0.03) multilayers. Method B (Figure 4a.6iv) has a much higher
Ls value (2537 Å) compared to the other mixing methods, greater still than multilayers formed
with DOPC SUVs (2800±100 Å) indicating that the multilayer packing was not significantly
affected by the presence of dendrimers mixed using this method, this could be due to a
reduction in dendrimer aggregates from the extrusion process and improved dendrimer-lipid
mixing.

4a.3.5. DOPC-G2-C12 multilayers
G2-C12 dendrimers caused less disruption to DOPC multilayer structure than the larger G4-C12
dendrimers described above. This was qualitatively determined from studying the Bragg peak
intensity, which was retained for all mixing methods of DOPC-G2-C12(0.127) multilayers (Figure
4a.7i-iii) compared to DOPC-SUV multilayers (Figure 4a.5i). This revealed that large coherent
multilayer domains existed even in the presence of a high ν of G2-C12 dendrimers. However,
from the Bragg peak positions, the average d-spacing decreased for multilayers containing a
high ν of G2-C12 dendrimers (0.127) compared to pure DOPC-SUV multilayers (Method A 43.146.4 Å, Method B 46.3-48.2 Å, Method C 42.6-43.6 Å). The decrease in average d-spacing was
also greater for multilayers containing G2-C12(0.127) compared to those containing G4C12(0.03) (Table A4, Appendix A). For example, DOPC-G4-C12(0.03) multilayers mixed using
Method C had an average d-spacing of 47.4 ± 0.1 Å compared to 43.3 ± 0.1 Å for DOPC-G2C12(0.127) multilayers.
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Figure 4a.7. Reflectivity profiles of DOPC-G2-C12(0.127) multilayers made by incorporating
dendrimers into (i) SUVs (Purple, Method A), (ii) MLVs (Blue, Method B) and (iii) DOPC lipid
films (Red, Method C) before drop-casting.
The coherence length calculated from Scherrer analysis, Ls (cf. Table A4, Appendix A) was
smaller for DOPC-G2-C12(0.127) multilayers (Method A; 1100±100 Å, Method B; 900±100 Å,
and Method C; 970±80 Å] compared to control DOPC-SUV multilayers (2800±100 Å) for all
mixing methods. However, unlike DOPC-G4-C12(0.03) multilayers the lowest Ls and d-spacing
values observed for DOPC-G2-C12(0.127) multilayers were from the sample mixed using
Method C (d = 43.3 Å, Ls = 970±80 Å). Here the mixing method thought to provide the most
homogeneous mixing caused the greatest disorder. Overall reduction in Ls compared to pure
DOPC for all mixing methods indicates an increase in disorder due to the presence of G2-C12
dendrimers. A reduction in the coherence length also corresponds to a reduction in the
number of layers within the smallest coherent region, m (cf. Table A8, Appendix A).

4a.3.5.1.

NP ‘snorkelling’ and bilayer thinning

The reduction in d-spacing for G2-C12 compared to G4-C12 could have been the result of the
greater number ratio of G2-C12 dendrimers being present in the multilayers (G2; ν = 0.127, G4;

ν = 0.03), which are smaller in diameter than the G4-C12 dendrimers resulting in an overall
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reduction in the average d-spacing. The d-spacing reduction could have also be related to the
bilayer thinning effect observed previously in the literature for Au NPs coated in ligands of
differing

length

[octanethiol

(OT),

heptadecanethiol

(HDT),

and

11-mercapto-1-

undecanesulfonate (MUS)] which were found to ‘snorkle’ into a lipid bilayer resulting in thinner
regions of the bilayer or pinch points [62, 63]. This occurred due to favourable interactions
between the hydrophobic ligands and hydrophobic lipid tail-groups, however this was
modulated by the unfavourable interactions between the charged Au core and the
hydrophobic regions. This resulted in a cut-off size of Au NPs that would insert into the
membrane (diameter < 4.5 nm) and have a negative free energy change upon insertion.
Bilayer thinning results in decreased order of the tail-groups due to the formation of chain
packing defects and an increase in the surface area per lipid. The burial of a charge into lipid
bilayers is also associated with an energy penalty as translocation requires the formation of
water defects as the ions remains solvated. However, charged particles coated in flexible
hydrophobic ligands have been shown to insert into bilayers in MD simulations by several
groups [62-64].
Interactions between the internal hydrophobic groups of dendrimers and the hydrophobic lipid
tails have been identified as the driving force of NH2-dendrimer intercalation into fluid phase
bilayers [31]. These interactions can only occur if the dendrimer deforms from a spherical
shape to make these hydrophobic moieties available. It follows for a dendrimer with a greater
number of hydrophobic groups (such as C12 or acetamide (Ac) terminated dendrimers)
internalisation would be more favourable, in order to shield these groups from charges. This
was determined by Kelly et al. [31] who observed a greater change in the radius of gyration (or
flattening) of dendrimers with Ac functionalisation in contact with fluid phase bilayers
compared to NH2 terminated dendrimers in MD simulations. Fluid bilayers were found to form
a concave depression that accommodated a greater area for dendrimer-bilayer interactions,
resulting in twice as many interactions between dendrimers and bilayers in the fluid phase
compared to the gel phase.
Low generation dendrimers have also been shown to deform greatly against substrates,
including mica as well as lipid bilayers, [37, 65] whereas larger dendrimers undergo smaller
deformations because of steric hindrance of the branched amine groups. Both low generation
dendrimers studied here (G2-C12 and G4-C12) were likely deformed against mica and the lipid
144

4a.3 Results and discussion
bilayers, however there are currently no studies in the literature on the deformations of
dendrimers with hydrophobic C12 terminations against mica or lipid bilayers.

4a.3.6. Effect of dendrimer/lipid number ratio, ν, on the multilayer structure
4a.3.6.1.

DOPC-G2-C12 (ν)

The change in lamellar d-spacing compared to pure DOPC was found to depend upon the G2C12 dendrimer concentration / number ratio ν. The reflectivity profiles for multilayers
containing G2-C12 dendrimers at three ν values, (0.00063, 0.0063 and 0.127) using three mixing
methods can be found in Figure A7, Appendix A. From the d-spacing calculated for each
reflectivity profile (Table 4a.2), the effect of increasing the ν of G2-C12 is an average decrease
in the multilayer d-spacing.
Table 4a.2. Average d-spacing calculated from Bragg peak positions for DOPC-G2-C12
multilayers at three number ratios and using three mixing methods. Error quoted is the
standard error on the mean.
Average d-spacing (Å)
Mixing Method / ν

0.00063

0.0063

0.127

A

48.5 ± 0.2

48.4 ± 0.1

45.1 ± 0.3

B

48.5 ± 0.2

48.7 ± 0.3

47.1 ± 0.2

C

47.7 ± 0.2

47.0 ± 0.2

43.3 ± 0.1

Overall, there was not a significant decrease in d-spacing Δd between the lowest dendrimerlipid number ratios (ν = 0.00063 and ν = 0.0063) and Δd was within the standard error for all
mixing methods (A,B & C) as stated in Table 4a.2. However, for ν = 0.127 the average d-spacing
was found to decrease compared to ν = 0.0063 (Δd = 1.6-3.7 Å) but varied between mixing
methods. Δd was significantly smaller than the dendrimer diameter (28-33 Å) and indicated a
minor thinning of the bilayers for only a high ν of G2-C12 dendrimers. Mixing Method C resulted
in the largest change in d-spacing of Δd = 3.7 Å between ν = 0.0063 and ν = 0.127, this could
have been a result of more homogenous dendrimer-lipid mixing after adding hydrophobic
dendrimers to lipid molecules in a chloroform/methanol mixture (Method C). A more
homogenous mixture would have resulted in a greater number of ‘pinch points’ or areas
affected by ‘snorkelling’ dendrimers as described in 4a.3.5.1.
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Figure 4a.8b shows the range in d-spacing values calculated for DOPC-G2-C12 multilayers,
demonstrating that with increasing ν the spread of d-spacing increases as the average dspacing decreases (Table 4a.2). The increased range of d-spacing was indicative of increased
paracrystalline disorder, g which was quantitatively described by a peak broadening plot as
discussed in 4a.2.5 (cf. Figure A2-5, Appendix A).
Coherence length Ls was found to decrease with increasing ν of G2-C12 dendrimers, indicating
increased structural disorder (Figure 4a.8a, Table A5, Appendix A). For example, between
Method C mixed multilayers DOPC-G2-C12(0.00063) and DOPC-G2-C12(0.0063) there was a
decrease in Ls (ΔLs) of ~260 Å and a further decrease in Ls of ~610 Å for DOPC-G2-C12(0.127).
This demonstrated a significant decrease in coherence length with increasing ν. For all mixing
methods and ν, Ls was below that of pure DOPC-SUV multilayers (dotted line; Figure 4a.8a).
This indicated a loss in DOPC multilayer order after the addition of G2-C12 dendrimers at all
concentrations studied. Considering corresponding changes in d-spacing discussed in 4a.3.6.1,
this represents a decrease in the number of stacked bilayers within the smallest coherent
region (calculated using Scherrer analysis) from m = 33 for DOPC-G2-C12(0.00063) to m = 22
for DOPC-G2-C12(0.127) compared to m = 56 for DOPC-SUV multilayers (Table A4, Appendix A).
Since both d-spacing and coherence length are used to calculate m, the change in m with
concentration mirrors that of the coherence length (cf. Figure 4a.8a).
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Figure 4a.8. (a) Coherence length Ls calculated using Scherrer analysis from the first peak
resolved from the h = 1 Bragg peak (1,0) (lines between points are a guide for the eye) and (b)
d-spacing upper and lower bounds of DOPC-G2-C12(ν) multilayers with increasing number ratio
ν. Dotted lines indicate the coherence length Ls and d-spacing range for pure DOPC multilayers.
Dendrimers were added to DOPC lipid films (Red, Method C), MLVs (Blue, Method B) and SUVs
(Purple, Method A) dispersions before drop-casting for comparison. Error ΔL varies with fitting
of FWHM and but in all cases is < 10%. Error Δd = ± 0.01Å. Full tabulated data for all resolved
peaks can be found in Table A3-9 in Appendix A.

4a.3.6.2.

DOPC-G4-C12 (ν) multilayers (with larger dendrimers)

The effect of increased average bilayer thinning with number ratio is less significant for DOPCG4-C12 multilayers (cf. Appendix A: Figure A8, Table 4a.3) with a difference in d-spacing of Δd ~
0 - 1.6 Å between ν = 0.0015 to 0.03.
Table 4a.3. Average d-spacing calculated from Bragg peak positions for DOPC-G4-C12
multilayers at three number ratios and using three mixing methods. Error is standard error on
the mean.
Average d-spacing (Å)
Mixing Method / ν

0.00015

0.0015

0.03

A

47.8 ± 0.2

47.4 ± 0.2

45.8 ± 0.9

B

48.9 ± 0.2

47.6 ± 0.2

47.6 ± 0.3

C

48.0 ± 0.4

47.8 ± 0.1

47.4 ± 0.1

However, from the reflectivity profile of DOPC-G4-C12(0.03) (Appendix A, Figure A8a) the
decrease in peak intensity and increase in peak broadening indicated loss of order, which was
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apparent from the Ls values discussed in 4a.3.4 for ν = 0.03. The loss of order resulted in a
larger error on the average d-spacing (45.8 ± 0.9) due to the increased range of d-spacing
values from significantly broader Bragg peaks (Figure 4a.9b). This could indicate that
dendrimers were not well mixed with DOPC multilayers, but instead dendrimer aggregation on
the mica surface prevented ordered templating of lipid multilayers. This would result in a large
change in coherence length, but with no bilayer intercalation a smaller effect on the average
d-spacing as described here. Bilayers close to the dendrimer aggregates may have had different
hydration levels to those further away, as a result of interactions with hydrophobic chains or
exposed charged groups of the dendrimers, resulting in differences in d-spacing of which
manifested as increased paracrystalline disorder. A pure film of G4-C12 dendrimers on mica was
found to have some structural order, as discussed in 4a.3.4, with a d-spacing of d1 = 44.4±0.1
Å calculated from the first Bragg peak and coherence length that corresponded to ~8 layers.
This value corresponds with the lowest G4-C12 have more hydrophobic C12 chains than G2-C12
dendrimers (G2; ~8, G4; ~32), this increased hydrophobicity may result in greater aggregation
of dendrimers in water that dry into ordered films as observed for G4-C12 films on mica.
Increased hydrophobicity has also been shown to increase intercalation of NPs into model
membranes investigated using MD simulations[31], however extensive dendrimer aggregation
in water may reduce this effect as singular dendrimers would not be available for intercalation.
The d-spacing range, shown in Figure 4a.9b, increases with ν , also observed for DOPC-G2-C12
multilayers, for mixing methods A and B. Mixing method C was the exception, as these G4-C12
mixed multilayers had a narrower d-spacing range at high ν. There is also a decrease in the
lower bound of d-spacing for methods A and B compared to DOPC-SUV (lower dotted line;
Figure 4a.9b), this corresponds to the decrease in average d-spacing.
For DOPC-G4-C12 multilayers at high ν, Ls was below that of pure DOPC-SUV multilayers (cf.
Figure 4a.9a). However, at low ν the mixing method affected whether the Scherrer coherence
length (1,0) Ls was above, below or comparable to that of DOPC-SUV multilayers (~ 2800 Å).
Addition of G4-C12 dendrimers to MLVs before extrusion (Method B) resulted in an increase in
the coherence length to ~5000 Å at the lowest G4-C12 number ratio. Addition of G4-C12
dendrimers to lipid films (Method C) resulted in a comparable coherence length of DOPC-G4C12(0.00015) (~3000 Å) to DOPC-SUV (~ 2800 Å) multilayers. Finally, addition of G4-C12
dendrimers to SUVs (Method A) resulted in the greatest reduction in Ls for DOPC-G4148
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C12(0.00015) multilayers to ~1200 Å. Varying values of Ls were observed for other Bragg peaks,
as shown in table A5 in Appendix A.

Figure 4a.9. (a) Coherence length Ls calculated using Scherrer analysis from the first peak
resolved from the h = 1 Bragg peak (1,0) and (b) d-spacing upper and lower bounds of DOPCG4-C12(ν) multilayers with increasing number ratio ν. Dotted lines indicate the coherence
length Ls and d-spacing range for pure DOPC multilayers. Dendrimers were added to DOPC lipid
films (Red, Method C), MLVs (Blue, Method B) and SUVs (Purple, Method A) dispersions before
drop-casting for comparison. Error ΔL varies with fitting of FWHM and but in all cases is < 10%.
Error Δd = ± 0.01 Å. Full tabulated data for all resolved peaks can be found in table A3-9 in
Appendix A.
Peak broadening analysis was possible for some samples but often had large associated errors,
as described in 4a.2.5.1. For this reason, any change in Lb with number ratio or dendrimer
termination is mostly within error bounds (cf. Table A2, Appendix A). DOPC-G4-C12 multilayers
mixed using Method C are an exception to this which show a distinct decrease in Lb with
increase in ν. Between DOPC-G4-C12(0.00015) and DOPC-G4-C12(0.0015) there is a decrease
in Lb from 1500±400 Å to 848±5 Å and a further decrease to 608±<1 Å for DOPC-G4-C12(0.03),
corresponding to an overall decrease ΔLb of ~900 Å between the lowest and highest G4-C12
concentration. Despite differences in the magnitude of Lb and Ls, a similar trend in an overall

reduction of coherence length with ν was observed for both indicating a decrease in structural
order due to the presence of an increasing number of G4-C12 dendrimers.
The effect of C12 dendrimers on the coherence length and paracrystalline disorder parameter
derived from peak broadening (Lb/g) will not be discussed in detail here due to large systematic
errors from difficulties resolving peaks of different polymorphs. Comparison of the coherence
length from Scherrer analysis Ls of the 1st order Bragg peaks was preferred due to smaller
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associated errors, and possibility of comparison between samples that did not have all Bragg
peak orders.

4a.3.7. Effect of dendrimer surface chemistry on DOPC multilayer structure
The results described above correspond to the interaction between dendrimers with 50%
hydrophobic C12 terminations. The effect of dendrimer surface chemistry or functionalisation
on DOPC multilayer structure was also studied by the addition of 100% amine terminated
dendrimers (G2-NH2 and G4-NH2) as described in 4a.2.1 to DOPC multilayers. Amine
terminated dendrimers also have a smaller diameter (Theoretical: G2-NH2;2.9 nm, G4-NH2;4.5
nm) compared to those with additional C12 functionalisation (DLS: G2-C12; 2.8-3.3 nm, G4-C12;
7.1 nm) which could also influence their interaction with model membranes as there was a

difference in multilayer structure between those containing G2-C12 or G4-C12 dendrimers.
Furthermore, there is a difference in charge density of NH2 terminated dendrimers since G2
have 16 terminal groups and G4 have 64. Here the addition of NH2 dendrimers is solely before
the drying of the lipid film (Method C) and can be compared directly to DOPC-C12 multilayers
mixed using Method C. This method was chosen as it was thought to provide the most
homogenous mixing, reducing the effect of dendrimer aggregates on the resulting multilayer
structure upon drying.
The loss of Bragg peak intensity for DOPC-NH2 multilayers (cf. Appendix A, Figure A9) compared
to DOPC-SUV/MLV is like that observed for DOPC-C12 multilayers (cf. Figure 4a.6). This indicates
a decrease in multilayer ordering with the addition of both dendrimer surface chemistries.
Interestingly, the greatest shift in peak positions compared to DOPC-SUV peaks, corresponding
to the greatest change in d-spacing, was observed for DOPC-G2-NH2(0.2). This shift ΔQ

corresponded to a decrease in the lamellar d-spacing from 50.07±0.01 Å to 40.00±0.01 Å for
peak (1,0) and a decrease in the average d-spacing from 48.5±0.2 Å to 39.6±0.2 Å. This
decrease in d-spacing Δd ~10 Å was the largest decrease of all dry multilayer samples studied
in this chapter at RT, indicating a substantial thinning of lipid bilayers due to the presence of

the smallest dendrimer nanoparticles (G2-NH2; 2.9 nm). The corroborates the theory discussed
in 4a.3.5.1 that the G2-NH2 dendrimer nanoparticles could have caused ‘pinch points’ in lipid
bilayers due to insertion. It is interesting to note here that this effect has only been observed
for dried multilayers for NH2 terminated dendrimers, for both hydrated lipid bilayers and lipid
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mesophases the presence of G2-NH2 and G4-NH2 resulted in substantial bilayer swelling (as
described in Chapter 3 and 5).
Membrane thinning, and pore formation, was found to occur in DMPC SLBs in the presence of
a variety of cationic polymer nanoparticles by Leroueil et al. [66]. Other studies by this group
determined that G3-NH2 PAMAM dendrimers aggregated at existing defects of the bilayer
whereas G5-NH2 dendrimers expanded existing defects and G7-NH2 formed new defects [34,
67]. Mecke et al. also observed thinning of DMPC SLBs on mica in the presence of a charged
antimicrobial peptide MSI-78 using AFM and NMR [68]. 2H NMR of DMPC-d54 MLVs also
revealed that the peptide interacted with the lipid headgroup region of DMPC and the
hydrophobic chains were highly disordered.
Since only two ν values of G2-NH2 and G4-NH2 were studied, it was difficult to ascertain if there
is a significant trend in d-spacing related to the concentration of NH2 dendrimers. However,
plotting of the high and low bounds of d-spacing versus ν for DOPC-G2-NH2 multilayers (cf.
Appendix A Figure A10b) compared to DOPC-SUV (Appendix A Figure A10b; dotted line)
indicated no significant change in the range of d-spacing measured; this is indicative of no
significant change in paracrystalline order (d fluctuations). As described above there was a
decrease in the average d-spacing at the highest ν (0.2) studied of G2-NH2 dendrimers. For
DOPC-G4-NH2 multilayers (Appendix A Figure A10a) d-spacing was comparable to that of
DOPC-SUV multilayers at ν = 0.2 and polymorphism appeared reduced as the spread of dspacing values decreased at high ν. At low ν (0.02) the d-spacing was reduced compared to
DOPC-SUV multilayers. In order to ascertain a correlation with ν , a greater range of ν would
need to be studied.
Overall, the coherence length of DOPC-Gi-NH2 multilayers (red circles; Figure 4a.10) is smaller
than DOPC-SUV multilayers (dotted line; Figure 4a.10) and decreases with increasing ν. Since
only two ν values of NH2 dendrimers were studied it is not possible to confirm if there was an
overall trend, however from the data points obtained, with increasing ν, the coherence length
was found to decrease, and there was a greater decrease for multilayers containing G4-NH2
dendrimers. This indicated that the presence of NH2 terminated dendrimers caused increased
disorder in the lipid multilayer structure. Interestingly, for G4-NH2 dendrimers, no significant
change in d-spacing was observed (cf. Appendix A: Figure A10a) at high ν, but there was a
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decrease in Ls. This could indicate the presence of dendrimers at crystallite boundaries
resulting in a reduction in crystallite size but no significant effect on lamellar d-spacing. G2-C12
dendrimers were found at bilayer edges in AFM height scans, in Chapter 4d. Full tabulated data
for the Scherrer coherence length of all Bragg peaks can be found in Table A7 in Appendix A.
DOPC-G4-NH2(0.02) h = 2-4 Bragg peaks (~700-860 Å) have significantly smaller Ls values than
h = 1 (~2000 and ~1500 Å) which could indicate the existence of pure DOPC multilayers that
do not have G4-NH2 dendrimers at the grain boundaries and are able to grow to a larger size.
For DOPC-G4-NH2(0.2) narrower Bragg peaks (higher Ls) are eliminated, which could indicate a
more even distribution of G4-NH2 dendrimers at the grain boundaries throughout the sample.

Figure 4a.10. Coherence length L calculated using Scherrer analysis from the first peak resolved
from the h = 1 Bragg peak (1,0) for DOPC-G2-NH2 and DOPC-G4-NH2 at two number ratios ν.
Dotted line indicates the coherence length for pure DOPC (1,0) multilayers. Error ΔL varies with
fitting of FWHM and but in all cases is < 10% and too small to plot on this scale. Full tabulated
data for every resolved peak can be found in Table S7, Appendix A.
Peak broadening analysis was only possible for DOPC-G4-NH2(0.2) and DOPC-G2-NH2(0.02)
multilayers (cf. Table A2, Appendix A) because of the analysis limitations discussed in 4a.2.5.2.
For DOPC-G4-NH2(0.2) multilayers the broadening coherence length Lb (710 ± 10 Å) is similar
in magnitude to that calculated using Scherrer analysis Ls for peak (1,0) (890 ± 30 Å), both are
smaller than Ls/Lb of DOPC-SUV and DOPC-MLV multilayers, indicative of increased disorder
due to the presence of G4-NH2 dendrimers at high ν. g for G4-NH2(0.2) (0.017±0.001) was
found to be between the g values found for the polymorphic DOPC-SUV multilayers
(0.026±0.007 and 0.007±0.001) which indicated no significant change in d-spacing fluctuations.
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For DOPC-G2-NH2(0.02) multilayers Lb was calculated as 1100 ± 200 Å, again below that of
DOPC-SUV and -MLV multilayers indicating increased disorder. Furthermore, g was found to
increase for DOPC-G2-NH2(0.02) multilayers (~0.03) compared to DOPC-SUV multilayers (0.026
and 0.007) indicative of increased fluctuations in d-spacing due to the presence of G2-NH2
dendrimers. However, large errors make this value unreliable.

4a.4.

Summary

4a.4.1. DLS Summary
C12 dendrimers mixed with DOPC-SUVs (Method A) resulted in no significant aggregation of
liposomes, however smaller dendrimer/lipid aggregates were detected using DLS. G2-C12
added at the highest number ratio (0.127) to MLVs before extrusion (Method B) resulted in
significant aggregation of liposomes and increased polydispersity. Addition of dendrimers (NH2
and C12) to DOPC lipids before vesicle formation resulted in the most significant aggregation of
liposomes (or dendrimer-lipid aggregates). Despite the presence of large aggregates, the
dispersions all resulted in the formation of multilayer structures upon drop-casting on to mica
substrates.

4a.4.2. XRR Summary
DOPC-SUV and -MLV multilayers were prepared as control samples and measured using XRR,
with d-spacings and coherence lengths matching that from the literature[47]. G4-C12
dendrimers were found to form thin films with a stacked structure with a spacing of ~4.4 nm,
however individual dendrimers could not be imaged using AFM.
Overall the addition of large number ratios of G2 and G4 -NH2 or -C12 dendrimers resulted in a
decrease in structural order (decreased coherence length) and bilayer thinning.

4a.4.2.1.

Effect of mixing method

Addition of G4-C12 to DOPC-SUVs (Method A) resulted in the greatest disruption of DOPC
multilayer order (decrease in coherence length) postulated to be due to dendrimer
aggregation and less homogenous mixing compared to addition before extrusion (Method B)
and addition to lipid films (Method C). However, for G2-C12 the greatest reduction in coherence
length was from samples made using mixing Method C, which could indicate that individual
G2-C12 dendrimers had a greater effect on the multilayer ordering than G2-C12 aggregates.
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4a.4.2.2.

Effect of dendrimer size

G4-C12 dendrimers caused more disruption to DOPC multilayer order than G2-C12 dendrimers
(decrease in Ls), however G2-C12 caused a greater decrease in lamellar d-spacing. The d-spacing
reduction could have been related to the bilayer thinning effect observed previously in the
literature for Au NPs coated in ligands of differing length [octanethiol (OT), heptadecanethiol
(HDT), and 11-mercapto-1-undecanesulfonate (MUS)] which were found to ‘snorkle’ into a
lipid bilayer resulting in thinner regions of the bilayer or pinch points [62, 63].

4a.4.2.3.

Effect of dendrimer number ratio

Overall, increasing the number ratio, ν, of G2-C12 dendrimers resulted in a greater decrease in
d-spacing (up to 3.7 Å, between ν = 0.0063 and ν = 0.127 for Method C) and greater decrease
in coherence length, Ls, indicating increased structural disorder. The effect of increased
average bilayer thinning with increasing ν was less significant for DOPC-G4-C12 multilayers in
quantitative analysis. However qualitatively, the dramatic loss of Bragg peak intensity and peak
broadening indicates increased disorder of the multilayer structure for high number ratios of
G4-C12 mixed using Method A. This loss of intensity was responsible for the lack of quantitative
analysis of this XRR profile. The d-spacing range however was found to increase with ν, also
observed for DOPC-G2-C12 multilayers, for mixing methods A and B, indicating increased
paracrystalline disorder.

4a.4.2.4.

Effect of dendrimer surface functionalisation

The greatest shift in peak positions compared to DOPC-SUV peaks, corresponding to the
greatest change in d-spacing, was observed for DOPC-G2-NH2(0.2) at ~ 10 Å. This decrease in
d-spacing was the largest decrease of all dry multilayer samples studied in this chapter at RT,
indicating a substantial thinning of lipid bilayers due to the presence of the smallest dendrimer
nanoparticles (G2-NH2; 2.9 nm). This corroborates with the idea that ‘pinch points’ are formed
through dendrimer penetration into the bilayer, resulting in a reduction in the average bilayer
d-spacing.
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4b Chapter 4b
Effect of cholesterol on PAMAM
dendrimer interactions with lipid
multilayers
A study is presented on the effect of generation 2 and 4 (G2 and G4) polyamidoamine (PAMAM)
dendrimers with amine (NH2) and hydrophobic C12 chain terminations on mixed 1,2-dioleoyl-snglycero-3-phosphocholine(DOPC)–cholesterol multilayers at a 5:1 ratio (DOPC:Chol(5:1))
supported on mica, to elucidate the role of cholesterol in the dendrimer-membrane structure.

4b.1

Introduction

4b.1.1 Cholesterol in cellular membranes
Cholesterol, Figure 4b.1, has a hydroxyl group which gives the otherwise hydrophobic
compound an amphiphilic nature and is, therefore, able to co-assemble with amphiphilic
phospholipids in cellular membranes. The hydrophobic steroid ring orients with the
hydrocarbon chains of the phospholipids whilst the polar hydroxyl group can interact with
water and orients with the hydrophilic phospholipid headgroups [1].

Figure 4b.1. The chemical structure of 5-cholesten-3β-ol (cholesterol).
Cholesterol accounts for 30-50% of mammalian plasma membranes, but its weight percentage
varies between membrane leaflets and cell types and has a smaller contribution to the
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composition of organelle membranes [2, 3]. Cholesterol can alter the physicochemical
properties (such as fluidity [4]) of these cellular membranes and therefore alter the behaviour
and function of membrane proteins which can also bind to cholesterol directly in order to
activate (cholesterol-regulated proteins). Cholesterol also contributes to cell signalling by
regulating enzymes or by modulating the physical membrane properties. Cholesterol has also
been found to play a protective role in membrane interactions with amyloid peptides,
speculated to be cytotoxic due to lipid bilayer disruption resulting in pore formation [5]. Some
cellular uptake (endocytosis) routes also require the function of cholesterol, for example,
clathrin-independent caveolae endocytosis which requires the formation of liquid-ordered
rafts [6] formed by coalescence of cholesterol and sphingolipids to form caveolae (cf. Figure
4b.2). Treatment of cells with cholesterol binding agents was found to change the morphology
of caveolae resulting in their collapse, demonstrating that cholesterol is important for their
structural integrity [6, 7].

Lipid rafts

Caveolae
Caveolin
Phospholipid
Sphingolipid
Cholesterol

Figure 4b.2. The formation of caveolae requires domains rich in cholesterol that form liquidordered rafts within the liquid-disordered membrane. Modified from [6].

4b.1.2 Cholesterol effect on model membranes
4b.1.2.1 Cholesterol effect on membrane structure
Studying the distribution and role of cholesterol within cellular membranes in vitro is difficult,
therefore model membranes have been used to elucidate the effect of cholesterol on
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membrane structure and function. As discussed in 4a.1.2, two of the main components of the
plasma membrane are phospholipids and sterols, and many simplified model membrane
systems have been developed to study the effect of cholesterol on the membrane structure
using a range of characterisation techniques from π-a isotherms [4] to XRD [8] discussed here
briefly.
Cholesterol has been found to decrease fluidity in cellular membranes due to the condensing
effect on lipids, and increase the compressibility modulus, Cs-1, of DPPC monolayers in a
concentration-dependent manner, making a monolayer stiffer and less compressible [4]. Since
cholesterol increases ordering of hydrocarbon chains, its presence also increases DOPC and
DPPC bilayer membrane thickness by 0.3–0.6 nm (measured using SANS [9] and using MD
simulations [10, 11]).
It is known that cholesterol markedly increases the negative curvature of DOPC and causes
polymorphism in DOPC:Cholesterol mixtures at molar ratios as low as 0.4. At high molar ratios
(0.7), the curvature properties of DOPC become similar to those of DOPE and the mixture forms
a hexagonal phase (HII), demonstrated by X-ray diffraction [8, 12].
4b.1.2.2 Effect of cholesterol on membrane-NP interactions
Since cholesterol modifies membrane physicochemical properties, it follows that it also
influences membrane interactions with nanoparticles. As discussed above (4b.1.1), cholesterol
is important in cellular uptake processes [6], therefore understanding its interaction with NPs
is important to understand its role in their uptake.
Gkeka et al. studied the effect of 4.3 nm hydrophobic and hydrophilic ligand coated NPs on
DPPC membranes containing varying amount of cholesterol using MD simulations [13]. They
observed that the NPs induced rearrangement of the lipid bilayer structure (liquid-ordered and
-disordered phases) and caused cholesterol depletion around the NP insertion region.
Furthermore, the NPs caused localised bilayer thinning, or a snorkelling effect as discussed in
Section 4a. Bilayer thinning was as a result of lipid-disordered regions around the NP [14] due
to cholesterol depletion since cholesterol enhances ordered domains which lead to bilayer
thickening [10].
The existence of disordered domains has been shown to drive protein self-assembly [15], and
are also postulated to drive NP self-assembly since NP insertion results in areas of high
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membrane tension and aggregation can work to reduce this the tension. Aggregation of NPs
has been postulated to cause membrane leakage due to pore formation [16]. NPs with anionic
surface ligands were shown to aggregate upon insertion into a bilayer with 30% cholesterol
and cause local cholesterol depletion in MD simulations [13]. However, no aggregation was
found to occur in membranes without cholesterol.
Since membranes containing cholesterol become more stable, closely packed and less fluid,
the penetration of drug molecules can be drastically reduced. For example, Paclitaxel
penetration was reduced in DPPC monolayers containing cholesterol compared to pure DPPC
monolayers measured using π-A isotherms, FTIR and AFM [17].
Membrane fluidity has been found to be an important factor in PAMAM dendrimer-membrane
interactions, for example, NH2-PAMAM dendrimers interacting with DMPC membranes in the
fluid phase flattened out and partially penetrated the membrane. Dendrimers interacting with
gel phases, however, stayed more spherical and did not penetrate the membrane [18]. Since
cholesterol induces the liquid-ordered phase and reduces membrane fluidity, it follows it will
also affect dendrimer morphology.

4b.1.3 Experimental overview
Stacked bilayers (or multilayers) discussed in 4a made from phospholipids are useful cell
membrane models due to their structural similarity and can be made from phospholipids
commonly found in plasma membranes. The effect of cholesterol on the structure of lipid
multilayers has not previously been studied. The change in structural characteristics due to the
presence of cholesterol and dendritic nanoparticles of varying size and surface chemistry gives
insight into how cholesterol influences interactions between dendrimers and model
membranes. Previously, in chapter 4a, the effect of G2 and G4 (amine-terminated and
hydrophobic) PAMAM dendrimers on the structure of DOPC lipid multilayers was studied using
XRR. This study focuses on the effect of a 5:1 ratio of DOPC to cholesterol on the structure of
the multilayers, to understand its role in dendrimer-membrane interactions and the effect of
membrane fluidity from a comparison with the results from Section 4a.
DOPC:Chol(5:1) membranes are less fluid than DOPC membranes because of the cholesterolinduced chain ordering, therefore it was postulated that dendrimers were less likely to
penetrate the membrane and affect membrane ordering and thickness (or d-spacing).
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Materials and methods

4b.2.1 Materials
1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) (>99% purity, Mw = 786.113 g.mol-1) in
chloroform (25 mg.ml-1) was purchased from Avanti® Polar Lipids, Alabaster, Alabama. 3βHydroxy-5-cholestene, 5-Cholesten-3β-ol (cholesterol) (≥99% purity, Mw = 386.65 g.mol-1) in
powder form was purchased from Sigma-Aldrich. NH2 terminated G2 (20 %w) and G4 (24 %w)
and 50% C12 chain terminated G2 (40.29 %w) and G4 (26.85 %w) PAMAM dendrimers dispersed
in methanol were purchased from Dendritech, Inc., Midland, Michigan. Dendrimer properties
are described in Table 4a.1. Ultrapure Milli-Q (Merck Millipore) water (with a resistivity of 18.2
MΩ.cm-1 and total organic content (ToC) of 3-4 ppb and nitrogen (Air Liquide, oxygen-free)
were used in sample preparation. Mica surfaces were prepared by hand-cleaving and cutting
to 3 x 1 cm in size and ~300 μm in thickness, as required for the ‘bending mica’ method. [19,
20]

4b.2.2 Preparation of DOPC:Chol(5:1) multilayers
DOPC:Chol(5:1) multilayers were prepared by drop-casting liposomes, as described in section
4a.2.2. In brief, cholesterol was weighed into a glass vial and dispersed in CHCl3 at a
concentration of 25 mg.mL-1. DOPC in CHCl3 (25 mgmL-1) was measured into a 7 mL glass vial
and the appropriate amount of cholesterol in CHCl3 was added to make a 5:1 weight ratio of
DOPC to cholesterol (~ 2.5:1 number ratio), and the CHCl3 was evaporated at room
temperature using gentle nitrogen flow, followed by drying for ~1 hour in a vacuum oven
(Heraeus Vacutherm VT 6025) at ~1 mbar to form a uniform lipid film. The film was then
hydrated to a concentration of 2 mg.ml-1 using Milli-Q water and sonicated (Ultrawave QS5)
for 1 h to form multi-lamellar vesicles (MLVs). The MLV suspension was then extruded through
a using a LIPEXTM 10 mL Thermobarrel Extruder (Northern Lipids Inc., Burnaby, Canada) 5 times
with a 200 nm pore sized polycarbonate membrane (Whatman® Nuclepore™ Track-Etched
Membranes) and 10 times with a 100 nm membrane using ~20 bar pressure of N2 to create
small unilamellar vesicles (SUVs).
Two different generations (G2 & G4) of PAMAM dendrimers with 50% hydrophobic C12
functionalisation (G2-C12 and G4-C12) and NH2 functionalisation (G2-NH2 and G4-NH2 were
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added in methanol to the DOPC:Chol(5:1)-CHCl3 suspension (Method C) at number ratios ν =
0.2 and 0.02 before CHCL3 evaporation. 100 μl of the dendrimer-liposome dispersions were
then drop deposited on freshly hand-cleaved mica (1 cm x 3 cm x ~300μm) and left to dry in a
vacuum oven at ~1 mbar and at room temperature overnight. The multilayers were kept in
sealed vials at 4°C for up to 7 days until XRR measurements were performed. For clarity, we
denote the mixed DOPC:Chol(5:1)-dendrimer multilayers samples as DOPC:Chol(5:1)-Gi-f(ν),
where i = 2, 4 for the two dendrimer generations, f = C12, NH2 for the dendrimer
functionalisation and ν is the dendrimer-lipid number ratio (i.e. DOPC:Chol(5:1)-G2-NH2(0.2)
denotes a 0.2 number ratio of amine (NH2) terminated G2 dendrimers added to
DOPC:Chol(5:1) before film formation, and used to make a multilayer).

4b.2.3 X-ray reflectivity theory and data analysis
X-ray reflectivity measurements were taken at the XMaS beamline (BM28) at ESRF in Grenoble,
details are given in section 4a.2.3.

4b.3

Results and discussion

4b.3.1 Size distribution of liposome-dendrimer dispersions
DLS was used to study the size distribution and polydispersity of liposome-dendrimer
dispersions before drop-casting, the results can be found in Table 4b.1.
Table 4b.1. The mean hydrodynamic diameter (number distribution) and polydispersity index
(PDI) of dendrimer-liposome mixtures measured using dynamic light scattering (DLS).
Sample
DOPC:Chol(5:1)-SUV
DOPC:Chol(5:1)-G2-C12(0.02)
DOPC:Chol(5:1)-G2-C12(0.2)
DOPC:Chol(5:1)-G4-C12(0.02)
DOPC:Chol(5:1)-G4-C12(0.2)
DOPC:Chol(5:1)-G2-NH2(0.02)
DOPC:Chol(5:1)-G2-NH2(0.2)
DOPC:Chol(5:1)-G4-NH2(0.02)
DOPC:Chol(5:1)-G4-NH2(0.2)

Mean Diameter (nm)
82
24
192
96
59
40/162
101
>5500
21
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PDI
0.1
0.3
0.7
0.3
0.3
1
0.2
1
1
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DOPC:Chol(5:1) SUVs were found to have a similar diameter (82 nm) to DOPC SUVs described
in 4a.3.1 (75 nm) indicating no significant changes to the diameter of liposomes with the
addition of cholesterol. The addition of G2 and G4 (NH2 and C12) dendrimers to DOPC:Chol(5:1)
mixtures also results in the formation of smaller and larger aggregates than the standard
liposome size, as observed for dendrimer-DOPC SUV mixtures (4a.3.1). G4-NH2 and G2-NH2
dendrimers cause large aggregates in DOPC:Chol(5:1) solutions at the lowest ν (0.02), for
which aggregates are also formed for pure DOPC-SUVs (4a.3.1). G2-C12 dendrimers also cause
aggregates in DOPC:Chol(5:1) and DOPC SUVs at the highest n of 0.127 and 0.2 respectively.
Particle sizes smaller than that of DOPC:Chol(5:1) liposomes (~ 20 and ~ 60 nm) found in
DOPC:Chol(5:1)-G2-C12(0.02), DOPC:Chol(5:1)-G4-NH2(0.2), DOPC:Chol(5:1)-G4-C12(0.2) and
DOPC:Chol(5:1)-G2-NH2(0.02) mixtures are most likely due to the large number of free
dendrimer particles in solution.

4b.3.2 Effect of cholesterol on DOPC-SUV multilayer structure
4b.3.2.1 d-spacing and Scherrer coherence length Ls
DOPC:Cholesterol (5:1) multilayers prepared using SUVs were studied using XRR as described
in Chapter 4a. Figure 4b.3 shows a comparison of the XRR profiles of DOPC-SUV multilayers
(Figure 4b.3(i), reproduced from 4a.3.2.1) and DOPC:Cholesterol (5:1) multilayers (Figure
4b.3b). Bragg peaks were fitted as described in 4a.2.3 and fitted data and calculated lamellar
d-spacing, Scherrer coherence length and number of layers are recorded in Table 4b.2.

167

Chapter 4. Lipid Multilayers

Figure 4b.3. XRR profiles of dry (i) DOPC-SUV multilayers and (ii) DOPC:Cholesterol (5:1) SUV
multilayers. The mica half-Bragg is indicated with an asterisk (*).
Table 4b.2. Bragg peak positions and full width at half maximum (FWHM) and calculated dspacing, Scherrer coherence length (Ls) and the number of layers (m) for DOPC:Cholesterol
(5:1) multilayers.
h
1

n

0
0
2
1
0
3
1
4
0
Average

Qhn (Å-1)
0.142
0.282
0.286
0.411
0.427
0.548

d (Å)
(± 0.1 Å)
44.2
44.5
44.0
45.8
44.2
45.9
44.8±0.3

FWHM
(Å-1)
0.0075 ± 0.0009
0.002 ± 0.002*
0.0049 ± 0.0009
0.008 ± 0.001
0.0057 ± 0.0003
0.0069 ± 0.0005

Ls
(Å)
800 ± 100
3000 ± 2000*
1300 ± 200
800 ± 100
1100 ± 60
920 ± 60

m
19 ± 2
60 ± 50*
29 ± 5
18 ± 3
25 ± 1
20 ± 1

DOPC:Cholesterol(5:1)-SUV multilayers were found to have a smaller average d-spacing (d =
44.8 ±0.3 Å) than DOPC-SUV multilayers (48.5±0.2Å) discussed in detail in 4a.3.2. This is a
decrease in d-spacing of 3.7 ± 0.4 Å due to the presence of cholesterol. In hydrated DOPC
bilayers, cholesterol is found to cause a thickening effect (∆d = 3–6 Å), which is well
documented in the literature [9, 11]. It is interesting that the incorporation of cholesterol in
dehydrated multilayers caused bilayer thinning. Multilayers containing cholesterol also had a
reduced Scherrer coherence length, (Ls = 800±100 Å) compared to those without (DOPC-SUV,
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Ls = 2800±100 Å) indicating decreased long-ranged structural order due to the presence of
cholesterol. Again, this is unexpected due to the increased ordering of hydrocarbon chains in
the presence of cholesterol [11], therefore there must be an additional effect of the cholesterol
on the DOPC bilayers upon dehydration. This decreased coherence length corresponds to a
decrease in the number of layers within a coherent region from 58 to 19 layers. It is interesting
to note that the same DOPC:Chol(5:1)-SUVs used to make lipid bilayers in chapter 3 had a
decreased d-spacing compared to DOPC-SUV bilayers. Therefore, this cholesterol bilayerthinning effect must be a result of dehydration.

4b.3.3 Effect of dendrimer size and number ratio on DOPC:Chol(5:1) multilayers
4b.3.3.1 d-spacing
G2-C12 and G4-C12 dendrimers were combined with DOPC:Chol(5:1)-SUVs using mixing Method
C (addition to the lipid film) before drop-casting to create multilayers. XRR profiles of these
multilayers are shown in Figure 4b.4ii–v and compared to DOPC:Chol(5:1) multilayers (Figure
4b.4i, reproduced from Figure 4b.3). All dendrimer-liposomes dispersions resulted in the
formation of lipid multilayers upon drop-casting, with varying degrees of order, apparent from
the presence of Bragg peaks in XRR profiles. However, the presence of only the h = 1 Bragg
peak for DOPC:Chol(5:1)-G4-C12(0.2) means that the lamellar structure cannot be confirmed.
Qualitatively, the loss of high order Bragg peaks and decreased peak intensity was indicative of
increased disorder of the multilayers due to the presence of C12 dendrimers for all the samples.
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Figure 4b.4. XRR profiles of DOPC:Chol(5:1) multilayers (i) containing G2-C12 PAMAM
dendrimers at number ratios ν of 0.02(ii) and 0.2 (iii) and G4-C12 PAMAM dendrimers at ν of
0.02(iv) and 0.2(v).
As described in 4a.2.3 the position of the Bragg peaks was used to calculate the lamellar dspacing, which is recorded in Table 4b.3. G2-C12 dendrimers at both ν were found to cause a
very small increase in the average lamellar d-spacing of DOPC-Chol(5:1) multilayers (ν = 0.02,
Δd = 0.5±0.3 Å) which is not significant due to the large error. However, G4-C12 dendrimers
caused a more significant increase in the average d-spacing of DOPC-Chol(5:1) multilayers (ν =
0.02, Δd = 3.1±0.3 Å), indicating the effect of the dendrimer size on the structure of the
multilayers containing cholesterol. This change in d-spacing is small compared to the diameter
of a G4-C12 dendrimer (~7.1 nm), so does not indicate dendrimer intercalation into the bilayers.
Instead, it could indicate a change in bilayer hydration. Furthermore, the XRR profile of
DOPC:Chol(5:1)-G4-C12(0.02) multilayers (Figure 4b.4(iv)) has one Bragg peak corresponding to
a d-spacing of 47.9±0.1 nm and additional Kiessig fringes indicating a thin film. Spacing
between the Kiessig fringes indicates a film thickness of ~ 9.5 nm (estimated using 2π/∆Q)
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which roughly corresponds to two stacked bilayers. Further analysis of these fringes requires
consideration of the crystal truncation rods of mica and fitting using a stacked-layer model as
discussed in Chapter 3. The loss of higher-order Bragg peaks compared to the DOPC:Chol(5:1)
multilayers indicates increased disorder and the formation of less stacked bilayers on the
surface of the mica.
Table 4b.3. d-spacing values calculated from Bragg peak positions from XRR profiles of DOPC:
Chol(5:1) multilayers containing G2-C12 and G4-C12 PAMAM dendrimers at two number ratios,
ν (0.02, 0.2).

h
1
2
3

4
Mean
Error

n
0
0
1
0
1
2
0
1
2

d-spacing (Å) (±0.1 Å)
DOPC:Chol(5:1)-G2-C12 DOPC:Chol(5:1)-G4-C12
0.02
0.2
0.02
0.2
45.4
45.3
47.9
48.7
45.1
45.2
-48.8
44.2
---46.6
45.8
-48.7
45.2
45.3
--44.5
---46.4
45.7
---45.4
---45.3
--45.3
45.4
47.9
48.7
0.3
0.1
0.1
0.1

The effect of G4-C12 dendrimers on the d-spacing of DOPC:Chol(5:1) multilayers was also
dependent on ν as a greater difference was observed at the higher number ratio (ν = 0.02 to
0.2; Δd = 0.8±0.1 Å). The average d-spacing of DOPC:Chol(5:1)-G4-C12 multilayers is close to
that of the DOPC-SUV multilayers, discussed in 4a.3.2, of 48.5±0.2Å which may indicate the
removal of cholesterol from the lipid bilayers by G4-C12 dendrimers in a concentrationdependent manner.
4b.3.3.2 Scherrer coherence length Ls

The FWHM of the Bragg peaks was used to calculate the Scherrer coherence length, Ls, of
DOPC:Chol(5:1) multilayers containing C12 dendrimers, recorded in Table 4b.4.
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Table 4b.4. Scherrer coherence length, Ls, values calculated from Bragg peak positions from
XRR profiles of DOPC:Chol(5:1) multilayers containing G2-C12 and G4-C12 PAMAM dendrimers
at two number ratios, ν (0.02, 0.2). * indicates large errors due to uncertainties arising from
peak fitting. Values with errors >100% are not included.

h

n

1

0
0
1
0
1
2
0

2
3
4

Coherence length, Ls (Å)
G2-C12
G4-C12
0.02
0.2
0.02
0.2
500±30
900±300
520±20 780±40
-1800±1600* 530±30 720±60
1220±80 ---830±40
---530±50
---1200±100 ---340±20
----

From this analysis, it is apparent that the lower number ratio of C12 dendrimers (0.02) resulted
in the greatest decrease in Ls, and thus the greatest decrease in long-range order (ΔLs ~ 300 Å).
It is interesting that despite the minimal change in d-spacing measured for DOPC:Chol(5:1)-G2C12(0.02) multilayers, there is a significant change in Ls. This could be indicative of the presence
of the dendrimers at the periphery of multilayer blocks, reducing the coherent domain size, or
the presence of a film of the hydrophobic dendrimers on the mica formed before the
DOPC:Chol(5:1) multilayers, which altered bilayer templating, reducing order (as reported by
Sironi et al. [19] with DOPC multilayers on mica coated with hydrophobic STAI). It is also
interesting to note that the highest ν of G2-C12 dendrimers resulted in no significant change in
Ls compared to DOPC:Chol(5:1) multilayers. Incomplete mica coverage of dendrimers (at low

ν) could result in the formation of multiple patches of multilayers as liposomes rupture on top
of both the bare mica and dendrimer film, affecting the domain size. Complete coverage of the
surface, to create a dendrimer film, could result in better bilayer packing/templating. Full
coverage of dendrimers attached to the periphery of liposomes could also influence multilayer
formation via liposome rupture. It has been suggested in the literature [21-23] that a medium
concentration of dendrimers caused the most disruption to liposomes (and aggregation) due
to liposomal bridging but increased concentration stabilised the liposomes, making them
negative.
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Due to the loss of higher-order Bragg peaks, and large errors in FWHM of peaks with low
intensity, it is not possible to separate the contributions from crystallite size and paracrystalline
disorder using peak broadening analysis (cf. 4a.2.3).

4b.3.4 Effect of dendrimer surface chemistry on DOPC:Chol(5:1) multilayers
4b.3.4.1 d-spacing
PAMAM dendrimers with NH2 termination were also mixed with DOPC:Chol(5:1)-SUVs using
Method C and lipid multilayers were produced by drop-casting the dendrimer-liposome
dispersions. From Figure 4b.5 all NH2 dendrimer-liposomes dispersions resulted in the
formation of multilayers, apparent from the appearance of Bragg peaks in the XRR profiles.
However, due to the presence of only the h = 1 Bragg peak for DOPC:Chol(5:1)-G4-NH2(0.2) (cf.
Figure 4b.5v) the lamellar structure of this sample cannot be confirmed.

Figure 4b.5. XRR profiles of DOPC:Chol(5:1) multilayers (i) containing G2-NH2 PAMAM
dendrimers at number ratios ν of 0.02(ii) and 0.2 (iii) and G4-NH2 PAMAM dendrimers at  of
0.02(iv) and 0.2(v).
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The d-spacings calculated for the Bragg peaks found in Figure 4b.5 can be found in Table 4b.5.
The largest change in d-spacing for DOPC:Chol(5:1) multilayers containing NH2 dendrimers is
for DOPC:Chol(5:1)-G4-NH2(0.2) with a difference in d-spacing compared to DOPC:Chol(5:1) Δd
= 1.1 ± 0.8 Å. However, the large associated error means this may not be significant. The other
DOPC:Chol(5:1) samples containing NH2 dendrimers also had no significant change in d-spacing
compared to the pure control.
Table 4b.5. d-spacing values calculated from Bragg peak positions from XRR profiles of DOPC:
Chol(5:1) multilayers containing G2-NH2 and G4-NH2 PAMAM dendrimers at two number
ratios, ν (0.02, 0.2).

h
1
2
3
4
Mean
Error

n
0
1
0
0
1
0

G2-NH2
0.02
44.5
-44.6
---44.6
0.1

d-spacing (Å) (±0.1 Å)
G4-NH2
0.2
0.02
44.7
44.8
43.5
-44.1
44.7
45.7
-44.1
-45.9
-44.7
44.8
0.4
0.1

0.2
46.9
44.8
----45.9
0.7

4b.3.4.2 Scherrer coherence length, Ls

As well as no significant change in d-spacing upon the addition of NH2 dendrimers to
DOPC:Chol(5:1) multilayers, there was also no significant change in the Scherrer coherence
length Ls for peak (1,0) and recorded in Table 4b.4. In addition, due to the large errors in FWHM
as a result of the peak fitting, it was not possible to calculate Ls for all peaks observed for
comparison.
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Table 4b.6. Scherrer coherence length, Ls, values calculated from Bragg peak positions from
XRR profiles of DOPC: Chol(5:1) multilayers containing G2-NH2 and G4-NH2 PAMAM
dendrimers at two number ratios, ν (0.02, 0.2). * indicates large errors due to uncertainties
arising from peak fitting. Values with errors >100% are not included.

h
1
2
3
4

n
0
1
0
0
1
0

coherence length, Ls (Å)
G2-NH2
G4-NH2
0.02
0.2
0.02
0.2
820±40 -600±100 1300±400
-1300±300
-650±50
790±50 900±500
770±40 --500±200
---880±40
---1100±1000* ---

4b.3.4.3 Comparison of NH2 and C12 dendrimers: Effect of surface chemistry
G4-C12 dendrimers had the greatest effect on DOPC:Chol(5:1) multilayer d-spacing as can be
seen in the bar chart in Figure 4b.6 and caused an increase in the average d-spacing to a value
similar to that of DOPC-SUV and -MLV multilayers (~48-49 Å, cf. 4a.3.1). This increase in dspacing was also concentration-dependent, as the largest ν (0.2) of G4-C12 caused the greatest
increase in d-spacing (Δd = 0.8±0.1 Å). The remaining dendrimers (G2-C12, G2-NH2 and G4-NH2)
had little to no impact on the multilayer d-spacing of multilayers containing cholesterol. This
could be due to the decreased fluidity of the DOPC membrane due to the presence of
cholesterol, preventing dendrimer penetration. The largest dendrimer, G4-C12, however, did
affect the multilayer structure and could have penetrated the bilayers, resulting in an increase
in bilayer thickness or caused cholesterol depletion from the membrane which is why the
membrane thickness matches that of pure DOPC.
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Figure 4b.6. Bar chart of multilayer d-spacing for DOPC and DOPC:Chol(5:1) multilayers in the
absence and presence of G2 and G4 (NH2 and C12) PAMAM dendrimers.

4b.4

Summary

4b.4.1 Comparison of 4a and 4b: Effect of cholesterol on interactions with

dendrimers
Interestingly, there are marked differences between the multilayer structures of DOPC (cf.
Chapter 4a, Method C) and DOPC:Chol(5:1) containing C12 and NH2 dendrimers. The addition
of large number ratios of G2 and G4-NH2 or -C12 dendrimers to DOPC to create multilayers
resulted in a decrease in structural order (decreased Ls) and bilayer thinning compared to
DOPC-SUV multilayers. However, the addition of these dendrimers to DOPC:Chol(5:1)
multilayers resulted in no significant change to the multilayer d-spacing except for G4-C12
dendrimers, which instead caused an increase to the d-spacing (bilayer thickening). For
example, the addition of G2-NH2 dendrimers at  = 0.2 caused no significant change to the dspacing of DOPC:Chol(5:1) multilayers, however, the same dendrimers at the same ν resulted
in a reduction in d-spacing of DOPC multilayers by ~10 Å. NH2 dendrimers also had no
significant effect on the Scherrer coherence length, Ls, of DOPC:Chol(5:1) multilayers whereas
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these dendrimers caused a concentration-dependent decrease in the Scherrer coherence
length Ls (and therefore long-range ordering) of DOPC multilayers. This data indicates the
influence of the membrane composition (cholesterol content) on the interactions between
membranes and PAMAM dendrimers; namely, that addition of cholesterol to a model DOPC
membranes resulted in the stability of multilayer structure.
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4.

Chapter 4c

Effect of hydration on
PAMAM dendrimer-lipid
multilayer structure
A study is presented on the structure of hydrated DOPC multilayers on mica substrates in the
absence and presence of hydrophobic (C12) functionalised dendrimers of different
size/generation (G2, 2.8–3.3 nm; G4, 7.1 nm) at varied number ratios, ν, and mixed using three
different methods. The reflectivity data from the SLBs formed after hydration of DOPC
multilayers, due to delamination, were fitted using a slab model using the Parratt exact
recursive method (detailed in Chapter 3). At low dendrimer-lipid number ratio, ν, SLBs were
formed after multilayer hydration. However, for mixing method C, the long-range structural
order of lipid multilayers was retained at high ν for both dendrimer sizes. The multilayers that
remained on the substrates were also found to swell by 10-13 Å upon submersion and remained
stable overnight. A film of hydrophobic G4-C12 dendrimers, dried onto mica, was found to swell
by the same amount as the lipid multilayers upon hydration, and retained long-range order.
Retention of lipid multilayers upon submersion in aqueous media has positive implications for
their use in biomedical applications.

4c.1.

Introduction

4c.1.1. Effect of hydration on the lipid multilayer structure
For applications of lipid multilayers as sensors or in biomedical applications [1], stability in
aqueous media is important and could also improve stability against oxidation. Unsaturated
lipids are susceptible to oxidation [2] which can cause cleavage of tail groups, particularly at
the double-bonds which have low C-H bond energies which allows them to be readily
abstracted by reactive radical species. An aqueous layer would help to remove the direct
interaction between multilayers and air reducing contact with reactive radical species.
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Lipid multilayers are known to be unstable upon hydration due to weak interactions between
bilayers. There are several examples in the literature of this instability, for instance, Sironi et
al. [3] used XRR to observe hydration-induced delamination of DOPC multilayers, prepared by
drop-casting liposomes on mica, which occurred at varying timescales depending upon the
liposome structure (SUV/MLV). Caminiti et al. [4] also studied the effect of hydration on
stacked DOPC multilayers using in situ time-resolved energy dispersive X-ray diffraction (EDXD).
These multilayers were prepared by drop-casting DOPC in isopropanol onto silicon wafers, and
once exposed to high degrees of hydration, there was a loss of interlayer coherence (increased
disorder). Simonsen et al. [5] used AFM to study the hydration of POPC multilayers on mica,
revealing that full hydration resulted in the detachment of all lipid bilayers except for one
residual bilayer attached to the mica surface. This bilayer was highly uniform and defect-free.
Delamination of the multilayers occurred through highly complex 3D structures such as tubes
and vesicles imaged using confocal fluorescence microscopy.
Previous attempts to improve multilayer stability include exposing spin-coated DMPC
multilayers to tetraethyl orthosilicate (TEOS) and tetramethyl orthosilicate (TMOS) vapours,
resulting in the retention of multilayer long-ranged order after immersion [6]. These
multilayers were studied using X-ray diffraction; before TEOS treatment they had a d-spacing
of 51.8 Å and after 4-24 h exposure the d-spacing increased by 3.2 Å. TEM images revealed
films of alternating layers of silica and the saturated lipid molecules which form macroscopic
cracks and swell a further 3 Å upon immersion. Spin-coated saturated and saturatedunsaturated lipid multilayers (DOPC/POPC) exposed to TEOS or TMOS underwent a phase
transition to the hexagonal phase indicating an increase in the magnitude of the intrinsic
curvature of lipids with at least one saturated tail. These silica-multilayers maintained
structural stability for 6 months in air, at low humidity and no delamination was found to occur
upon immersion in water.

4c.1.2. Bilayer swelling
Multilayers exposed to high levels of humidity, despite dewetting behaviour, undergo swelling
due to the balance between attractive Van der Waals forces, repulsive interactions due to
fluctuations and hydration forces [7].
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Perino Gallice et al. [7] used AFM and neutron reflectivity (NR) to study the effect of hydration
(~100% humidity) on spin-coated DMPC multilayer films formed on silicon wafers (< 10 stacked
bilayers) and observed dewetting behaviour and multilayer swelling from 52 Å to 64 Å. Jing et
al. [8] observed that drop-casted mixed DPPS/DPPC multilayers, measured using XRR, also
became swollen upon increasing humidity to saturation.
Mashl et al. [9] used MD simulations to study the effect of hydration on DOPC bilayer structure,
finding a change in the swelling behaviour at 12 waters/lipid molecule, marking the completion
of the headgroup water shell, which was observed experimentally in 1998 by Hristova and
White [10] who observed a break in the Bragg spacing correlation at ~11.6 waters/lipid
molecule.

4c.1.3. Experimental overview
Using XRR, as detailed in chapters 4a and 4b, the effect of DOPC multilayer structure and
stability after immersion in water, in the absence and presence of hydrophobic C12 chain
terminated PAMAM dendrimers, was studied. Multilayer characteristic d-spacing and
coherence length Ls were derived from Bragg peak fittings and SLB bilayer structural
information, including layer thicknesses, coverage and roughness were derived from fits to the
reflectivity profile using a slab model.

4c.2.

Materials and Methods

4c.2.1. In-situ re-hydration of lipid multilayers
Lipid multilayers were prepared, as described in Chapter 4a, by drop-casting mixed dispersions
of C12 dendrimers and DOPC liposomes mixed using three mixing methods (A, B & C) (cf. Figure
4a.2). XRR was used to scan multilayers dry, as described in Chapter 4a, before ~2 mL of MilliQ water was injected into the sample cell to hydrate and immerse the lipid multilayers and the
alignment of the sample with the x-ray beam was then checked and modified as required. The
sample was then scanned as soon after hydration as feasible (between 5–20 min), and for some
samples after additional time intervals to study swelling and delamination dynamics. If Bragg
peaks were retained after immersion the sample was left to incubate overnight and scanned a
final time to assess multilayer structural stability.
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As previously, we denote the mixed DOPC-dendrimer multilayers samples as DOPC-Gi-C12(ν),
where i = 2, 4 for the two dendrimer generations and ν is the dendrimer-lipid number ratio
(i.e. DOPC-G2-C12(0.127) denotes a 0.127 number ratio of 50% hydrophobic C12 chain (C12)
terminated G2 dendrimers to DOPC lipids used to make a multilayer), where appropriate the
mixing method will be explicitly stated.
Where multilayer delamination occurred, a bilayer fitting model was used to fit the Kiessig
fringes in XRR curves. The model used for bilayer fitting, and for mica fitting, is described in
Chapter 3 in full. The SLD calculations of the relevant components of the mixed systems are
described in Chapter 3 and listed in Table 4c.1.
Table 4c.1. Calculated scattering length density (SLD) used for bilayer fitting model
SLD (Å-2)
Real x 10-6
Imaginary x 10-9

4c.3.

DOPC Headgroup

DOPC Tail

G2 50% C12

G4 50% C12

13.74
21.95

7.73
2.632

7.521
3.621

7.512
3.645

Results and Discussion

4c.3.1. Effect of incubation on DOPC-SUV multilayer structure
DOPC-SUV multilayers were scanned dry and after hydration with Milli-Q, as shown in Figure
4c.1. The XRR curves in Figure 4c.1 are plotted reflectivity multiplied by Q4 to compensate for
the rapid Q-4 decay in reflectivity and for clarity of the mild features. Dried DOPC-multilayers
displayed four sharp Bragg peaks in the XRR curves, Figure 4c.1i, which consisted of 2 subpeaks indicating sample polymorphism. The multilayers had d-spacings of 46.5 and 45.1 Å and
coherence lengths (Ls) of ~ 1500 Å, derived from the FWHM of peaks (1,0) and (1,1). Full
tabulated data of the d-spacing and Ls values of each sub-peak can be found in Table 4c.2. In
comparison to the DOPC-SUV multilayers discussed in Chapter 4a, these multilayers have a
smaller d-spacing by ~ 2-3 Å, this could be due to differences in relative humidity [11] during
measurements of the dried layers as these experiments took place at different times. A
swelling of up to 6.8 Å was observed in the literature for lipid/surfactant lamellar structures
between a relative humidity of 52 and 88% [11]. For future measurements with dried lipid
model membrane systems, humidity control should be in place to mitigate this effect.
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Hydration of the DOPC multilayer structure with Milli-Q (cf. Figure 4c.1ii) resulted in the loss of
the Bragg peaks in the XRR curve and the appearance of Kiessig fringes, corresponding to the
presence of a thin film. The total thickness of this film can be estimated using ttot ~ 2π/ΔQt
where ΔQt is the difference in Q-space between fringe minima (or troughs), for hydrated DOPCSUV this corresponds to a ttot ~ 44 Å, which corresponds to approximately one dried bilayer (cf.
Figure 4c.1ii). The loss of multilayer Bragg peaks and the presence of a single bilayer is a result
of multilayer delamination, due to weak attractive interactions between stacked lipid bilayers
and stronger attractive interactions between the bilayer and mica substrate.
Table 4c.2. Dried DOPC-SUV multilayers XRR Bragg peak fittings of d-spacing and coherence
length, Ls.
Condition

Curve

h
1
2

DOPC-SUV Dry

Figure 4c.1(i)
3
4

n
0
1
0
1
0
1
0
1

d (Å)
46.5
45.1
46.5
45.7
46.2
45.7
46.1
45.8

Ls (Å)
1500±200
1500±200
1100±70
1600±100
1030±90
1210±90
700±600
900±400

Figure 4c.1. XRR curve of DOPC-SUV (i) dry multilayers and (ii) single bilayer after delamination
caused by incubation for 20 minutes. ΔQt is the distance between the fringe minima which can
be used to estimate the bilayer thickness (~ 43.8 Å). The mica half Bragg is indicated with an
asterisk (*).
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DOPC multilayer delamination due to hydration has been observed previously in the literature
[3] and described in Section 4c.1, where the multilayer structure formed by DOPC-SUVs was
retained for an hour after initial immersion, and delamination occur after 2 hours, resulting in
a single bilayer on the mica surface. Multilayers formed from DOPC-MLVs were found to
delaminate after 20 min, Sironi et al. postulated this to be due to the greater stability of the
DOPC-SUV film as a result of fewer film defects. However, in this study, the DOPC-SUV
multilayers, prepared in the same way, showed delamination after 20 minutes, the same as
Sironi’s DOPC-MLV multilayers. Therefore, there must be other contributing factors that also
affect the multilayer stability in water. For example, since the water was injected into the
measurement cell by hand, the speed of injection was not accurately controlled, which could
cause differences in the multilayer stability. Simonsen et al. noted that even the presence of
an AFM tip near the surface could perturb the delaminated structures due to diminutive
attractive forces [5], the effect of an AFM tip on the formation of SLBs from vesicle rupture was
also noted by Reviakine and Brisson [12]. There is also no evidence that the multilayers
delaminate one at a time, as this would result in a significant broadening of Bragg peaks before
significant loss of intensity.

4c.3.1.1. Delamination: fitting to a bilayer model
Slab fitting models of XRR of lipid bilayers at the mica water interface are described in Chapter
3. Here, the models used to analyse the DOPC bilayers are shown in Figure 4c.2 where DOPC
molecules are divided into headgroups and tails with different SLDs (cf. Table 4c.1). The SLD
calculations and fitting parameters are described in full in Chapter 3. Mica is modelled as a
series of bilayers, as described in Chapter 3, where the SLD, structure parameter, roughness
and number of layers is varied. Since multilayers are dried on to mica before measurements
and then immersed in water, there is no XRR curve of the bare mica for each sample, therefore
the mica is first fitted using the Mica Bragg peak and critical edge (ignoring Kiessig fringes)
before the lipid bilayer is fitted. The bilayer fitting procedure, using the slab model, involves
varying the thickness of each layer, t, total surface coverage, c, and roughness, σ.
The reflectivity dips at Q ~ 0.2 Å-1 are not well described by the fits, and we are underestimating
the contrast between SLDs. This could be due to surface relaxation of mica, as the structure at
interfaces is different from the bulk. This mismatch to the fit is consistent throughout and is
marked with an arrow in XRR curves.
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Two different bilayer models were used to fit DOPC-SUV bilayers after multilayer hydration,
shown in Figure 4c.2, giving a total layer thickness of 47.7 and 46.7 Å, respectively. The
difference between these models is the addition of an inner water layer (iW) between the inner
headgroup (iHg) and mica. It has long been accepted [13] that an inner water layer is trapped
between an SLB and the substrate when formed using the vesicle-rupture method. However,
since this SLB is produced by directly hydrating lipid multilayers, it is not certain if water would
penetrate beneath the SLB. Since both mica and the lipid headgroups are hydrophilic, they
both have favourable interactions with water, making water penetration a possibility. Wang et
al. found that an additional 4 Å iW layer improved the XRR fitting of DOPC bilayers formed on
silica; however, the error in the thickness of this layer was large [14]. The bilayer fitting
parameters for these two models (red solid lines, Figure 4c.2) are listed in Table 4c.3 which
include total coverage (c), total roughness (σ), layer thicknesses (t) : outer headgroups (oHg),
outer tails (oT), inner tails (iT), inner headgroup (iHg), inner water (iW) and total thickness (ttot).
Mica fitting parameters listed throughout include structure parameter, layer B SLD, layer A
roughness (σ) and the number of layers and are kept consistent for the same sample (or mica
piece).
Table 4c.3. Fitting parameters for XRR curves of DOPC hydrated multilayers, shown in Figure
4c.2a,b, using two different models: with and without an inner water (iW) layer.
Bilayer Fitting
Figure

c (%)

σ (%)

4c.1(a)
4c.1(b)

88
88

0
0

Layer Thickness, t (Å)
oHg

oT

iT

iHg

iW

ttot

8.9
8.5

15
14.4

10.9
9.7

12.9
8.9

5.2

47.7
46.7

185

Structure
Parameter
0.22

Mica Fitting
Layer
Layer A σ
B
(%)
SLD
9.47

16

#
Layers
548
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Figure 4c.2. XRR curve of DOPC-SUV bilayer after multilayer delamination (blue circles) and
fittings using a stacked-layer approximation (red line). (b) shows a bilayer fitting with an inner
water layer between the inner headgroups and mica and (a) is without this layer. The fitting
with an inner water later is a better approximation to the data. Fitting parameters are recorded
in Table 4c.3. Insets are SLD profiles for each fitting model.
The model including a 5.2 Å iW layer (Figure 4c.2b) is a better fit to the experimental XRR curve
at high Q (~ 0.4–0.5 Å-1) compared to the model without (Figure 4c.2a). Therefore, we suggest
the penetration of water beneath the remaining SLB after multilayer immersion. The difference
in the total thickness (1 Å) between these two models, is to be expected using the manual
fitting process when aligning to the Kiessig fringe peaks. Coverage, c, roughness, σ, and the
mica fitting parameters are kept constant between these two models to show that the
difference in contrast at high Q is indeed due to the additional iW layer. The bilayer coverage
for both models was 88%, indicative of defects and holes in the bilayer, previously observed
for SLBs formed using the liposome-fusion method in Chapter 3 and in the literature [12].
However, Simonsen et al. [5] observed almost no surface defects of POPC SLBs formed after
30 min immersion of spin-coated lipid multilayers.
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This water layer corresponds to a layer of ~1-2 water molecular diameters. The addition of the
water layer also results in a reduction of the iHg layer thickness by 4 Å, the greatest reduction
compared to the other layers, so that the two headgroup regions become of comparable
thickness. The asymmetry previously observed between the inner and outer leaflet without
the iW layer is therefore due to an oversimplification of the film structure. In this model the
SLD is calculated relative to the solvent, therefore the SLD of the water is taken as 0. The SLDs,
shown in the inset: Figure 4c.2, are relative to the solvent SLD. The SLD of the iW layer was
taken to be the same as the bulk solvent water, shown in the inset of Figure 4c.2.
The accepted DOPC-SUV bilayer thickness, including the inner water layer (46.7 Å), is the same
as the d-spacing observed for the dried DOPC-SUV multilayers (46.5 Å). If there is no water
layer present in the multilayers, this indicates a decrease in the bilayer thickness of the SLB
compared to the average multilayer thickness. Since the multilayer d-spacing is an average
over tens of bilayers, fluctuations in bilayer thickness (paracrystalline disorder) cause peak
broadening. Therefore, it is possible that the SLB does not change in size upon hydration. DOPC
multilayers hydrated by Sironi et al. [3] experienced swelling of ~13.5 Å before complete
delamination, except for the SLB which had a thickness of ~ 49 Å, similar to the d-spacing of
the dried DOPC multilayers.

4c.3.2. Hydrating a G4-C12 dendrimer film
The G4-C12 dendrimer film, as described in Chapter 4a, was incubated as a control (cf. Figure
4c.3). Before submersion two Bragg peaks could be resolved in the XRR curve of the dry film
(cf. Figure 4c.3i), that correspond to d-spacings of ~ 44 Å, Ls ~ 340-370 Å and therefore the
number of stacked layers was m ~ 7-8 (cf. Table 4c.4). Upon incubation of the film in water,
the Bragg peaks were found to shift in Q-space, corresponding to an increase in the d-spacing
and therefore a swelling of the layers by 10-13 Å (~ 3-4 water layers). With hydration, the
Scherrer coherence length Ls (cf. Table 4c.4) was also found to increase slightly, corresponding
to all dendrimer layers being retained on the surface.
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Table 4c.4. G4-C12 film XRR Bragg peak fittings before and after incubation of d-spacing and
coherence length, Ls.
Condition

Curve

Dry

Figure 4c.3(i)

Incubated 5 min

Figure 4c.3(ii)

Incubated 40 min

Figure 4c.3(iii)

h
1
2
1
2
1
2

d (Å)
44.4
43.6
55.6
54.4
57.5
56.2

Ls (Å)
370±30
340±60
440±80
280±30
400±200
340±50

Figure 4c.3. XRR curves of a G4-C12 dendrimer film on mica, (i) dried, incubated with water for
(ii) 5 min and (iii) 40 min. Dashed lines are a guide for the eye to identify Bragg peaks. The mica
half Bragg is indicated with an asterisk (*). The cartoon shows a possible interpretation of the
increasing d-spacing as the dendrimer layers are hydrated.
One possible explanation for this effect is described by the cartoon in Figure 4c.3, whereby the
dendrimers are stacked into layers within the film, arranged to shield the hydrophobic chains
on their periphery, similar to lipid molecules. This would result in alternating dendrimer-core
and C12 chain layers. Upon removal of water molecules, during drying, the stacked film would
shrink. Upon re-hydration, the remaining terminal NH2 groups would make favourable
interactions with the polar water molecules, causing the structure to swell [15]. In the
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literature, the radius of gyration (Rg) of NH2 PAMAM dendrimers, measured using SAXS, SANS
and MD simulations, has been found to vary depending upon the quality and pH of the solvent
[15]. Unlike stacked bilayers, delamination did not occur for the G4-C12 dendrimer film, this is
probably due to their increased hydrophobicity as they have ~ 32 C12 chains in comparison to
the two unsaturated C18 chains of DOPC.

4c.3.3. Effect of G2-C12 dendrimers on DOPC multilayer stability
4c.3.3.2. Highest number ratio of G2-C12
Upon hydration of DOPC-SUV multilayers, delamination of the stacked bilayers was found to
occur, as described in 4c.3.1 and shown in Figure 4c.1. However, the addition of G2-C12
dendrimers, to create DOPC-G2-C12(0.127)C multilayers, improved incubated multilayer
stability (cf. Figure 4c.4). This was indicated by the retention of lower order (h = 1,2) Bragg
peaks in the XRR curves, which were retained even after overnight incubation. Before
incubation, the dried multilayers had a d-spacing of ~ 45 Å (slightly larger than those described
in 4a.3.4.1.) and were found to swell by ~ 10 Å upon hydration, corresponding to ~3 water
layers. Ls was not found to change greatly upon hydration, indicating no significant change in
structural order. However, since Ls was constant, and the d-spacing increased there was,
therefore, a decrease in the number of layers within the coherent domain by ~ 3 layers. The
increased hydrophobicity of the DOPC multilayers, due to the high proportion of embedded
hydrophobic dendrimers, could be the cause of the retention of the multilayer structure.
Table 4c.5. DOPC-G2-C12(0.127) Method C multilayer XRR Bragg peak fitting; d-spacing and
coherence length, Ls.
Condition

Curve

Dry

4c.3(i)

Incubated 20 min

4c.3(ii)

Incubated overnight

4c.3(iii)

h
1
2
3
4
1
2
3
1
2
3
4
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d (Å)
44.5
45.0
45.1
45.1
54.98
54.61
53.99
55.52
55.29
55.25
56.28

Ls (Å)
800±100
800±100
800±200
Large Error
790±90
720±40
Large Error
870±20
1070±10
950±10
290±90

Chapter 4. Lipid Multilayers

Figure 4c.4. XRR curves of (i) dry DOPC-G2-C12(0.127) multilayers mixed using Method C and
(ii) after 20 min and (iii) overnight incubation.
Interestingly, the change d-spacing upon hydration was the same for DOPC-G2-C12(0.127)
Method C multilayers and the G4-C12 film (cf. 4c.3.2) which indicates the same amount of
swelling corresponding to ~3 water layers. However, the Ls values of the retained DOPC-G2C12(0.127) Method C multilayer structure are ~ two times greater than those of the G4-C12 film.
Although the XRR profile of a G2-C12 film was not obtained, the similarity in the underlying
structure of the NPs is likely to result in a stacked film, supported by AFM imaging described
later in 4a.3.8. Since the Ls values do not vary significantly after hydration, the structure of the
multilayer film must be similar, however, the loss of higher-order Bragg peaks (h = 3,4)
indicates increased disorder. The proposed structure of the hydrated DOPC-G2-C12 multilayers
is drawn in Figure 4c.4. Here, dendrimers embedded in the DOPC multilayer structure, which
caused bilayer thinning in the dried multilayers (cf. 4a.3.4), anchored lipid bilayers to each
other, possibly due to partial intercalation across bilayers (as pictured). The increased
hydrophobicity of this multilayer stack could have resulted in their retention once immersed
in water. As described above in 4c.3.2, hydrating a dendrimer film results in swelling, therefore
dendrimer swelling could also contribute to the change in d-spacing of a mixed dendrimer-lipid
film.
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4c.3.3.3. Lowest G2-C12 number ratios
The effect of varying G2-C12 number ratio on the hydrated multilayer structure was also
studied. As can be seen in Figure 4c.5a,b the hydration of multilayers containing the lowest ν
of G2-C12 dendrimers (0.0063 and 0.00063), and mixed using Method C, resulted in the loss of
the multilayer Bragg peaks and the appearance of Kiessig fringes, indicative of the presence of
a bilayer on the mica surface. Bragg peak fittings (d-spacing, Ls) of the dried multilayers are
discussed in Chapter 4c. The XRR curves, after hydration, were fitted using the model described
previously for DOPC-SUV bilayers (cf. 4c.3.1.1, Figure 4c.2b) and the layer thicknesses, total
coverage and roughness of the SLBs derived from these fits are listed in Table 4c.6. As
described for DOPC bilayers above (cf. 4c.3.1.1) the first trough of the Kiessig fringes could not
be captured by this fitting model.
The hypothesis described previously (cf. 4c.3.3.2), that the increased hydrophobicity of the
multilayer structure due to the presence of the dendrimers, resulted in the retention of the
multilayer structure after hydration, is also supported by the loss of multilayer structure at
lower ν of G2-C12 dendrimers. This finding also supports the existence of a critical ν of
dendrimers above which the stacked bilayers remain attached to each other and to the mica
surface after hydration.
Table 4c.6. Fitting parameters for DOPC-G2-C12 hydrated multilayers at low ν, mixed using
Method C, shown in Figure 4c.5.
Bilayer Fitting

ν
0.00063
0.00063
0.0063

Figure
Figure
4c.5(a)ii
Figure
4c.5(a)iii
Figure
4c.5(b)ii

c
(%)

σ
(%)

100

Mica Fitting

Layer Thickness (Å)
oHg

oT

iT

iHg

iW

Tot

0

4.5

16.2

12.1

6.0

6.4

45.2

100

0

4.5

16.2

11.5

8.2

3.1

43.5

100

0

9.0

12.1

14.4

8.1

4

43.6
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Layer
B
SLD

Layer
Aσ
(%)

#
Layers

0.16

6.27

0

672

0.14

7.87

0
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Figure 4c.5. XRR curves of DOPC-G2-C12 multilayers at (a) ν = 0.00063 and (b) 0.0063 and mixed
using Method C (i) dry and (ii-iii) after incubation. Red lines indicate fit to bilayer model with
inner water layer. Arrows indicate the first trough not captured by the fitting throughout.
The SLB was thicker for the sample with the lowest ν (0.00063) of G2-C12 (Method C) compared
to the middle ν (0.0063) by 1.6 Å, at the same incubation time of 5 min. However, after a longer
incubation time, the sample containing the lowest ν decreased in total thickness and the
bilayer thicknesses became comparable. We have no current explanation for the decrease in
bilayer thickness observed, however, the change is small and is within the uncertainty of the
fitting process.
Before hydration, the average d-spacings of the dried multilayers containing the lowest ν
values (ν = 0.00063 and 0.0063) were 47.7 ± 0.2 Å and 47.0 ± 0.2 Å respectively (cf. Table 4a.3).
After hydration, the bilayer thicknesses (inc. iW layer) of the remaining bilayers were smaller
than the original multilayer d-spacings by 4.2 and 3.4 Å (ν = 0.00063 and 0.0063 respectively).
These bilayers were also thinner than the DOPC-SUV SLB, discussed in 4c.3.1.1, by ~ 3 Å. It is
interesting to note that the SLBs did not swell, and instead decreased in thickness slightly upon
hydration (3–4 Å). This is comparable to the constant d-spacing/bilayer thickness of DOPC-SUV
multilayers and the DOPC-SUV SLB after hydration (cf. 4c.3.1.1). However, this is not consistent
with the swelling behaviour observed for DOPC-G2-C12(0.03) (Method C) multilayers upon
immersion. This indicates that there is only a small change to the remaining SLBs upon
hydration and that a water layer may be trapped beneath this layer, even in the dried samples.
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However, water penetrated through the retained multilayers, creating water channels
between stacked lamellae which increased the d-spacing, filling the hydration shells of the
DOPC headgroups.

4c.3.3.4. Effect of G2-C12 mixing method
Incubated multilayers containing a high ν (0.127) of G2-C12, mixed using Method C, did not
delaminate, however, as can be seen in Figure 4c.6, mixing using Method A and B did result in
the loss of Bragg peaks, and therefore multilayer delamination after hydration. Despite the loss
of intensity, there are two observable peaks (h = 1 and 2) present for incubated DOPC-G2C12(0.127) multilayers mixed using Method B after hydration. Peak h = 1, indicated in Figure
4c.6b, corresponds to a d-spacing of 60.9 Å (2π/Qn) and a Scherrer coherence length of ~ 500
Å, which could indicate the presence of ~8 stacked swollen multilayers remaining on the
surface within the beam footprint. Peak h = 2, indicated in Figure 4c.6b, is broad difficult to fit
because of its unusual shape, but gave a d-spacing of 58–63 Å, given its position could
correspond to a swollen lamellar structure.
Table 4c.7. Fitting parameters for DOPC-G2-C12 hydrated multilayers ν = 0.127, mixed using
Method A and B, shown in Figure 4c.6a,b.
Bilayer Fitting
Method

Figure

A

Figure
4c.6(a)
ii
Figure
4c.6(b)
ii

B

Mica Fitting

Tot

Structure
Parameter

Layer
B SLD

Layer
Aσ
(%)

#
Layers

4.5

49

0.06

0

0.23

470

0.04

7.07

0.18

620

0

45.9

Layer Thickness (Å)

c (%)

σ
(%)

oHg

oT

iT

iHg

iW

100

0

10.6

14.4

12.7

6.
8

89

17

7.3

10.0

18.8

9.
8
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Figure 4c.6. XRR curves of DOPC-G2-C12 multilayers at ν = 0.127 and mixed using (a) Method
A and (b) Method B (i) dry and (ii) after incubation. Red lines indicate fit to bilayer model with
inner water layer. Arrows indicate the first trough not captured by the fitting throughout. A
single Bragg peak is present in (b)ii, corresponding to a structure of size ~ 60.5 Å.
The SLB indicated by the Kiessig fringes for hydrated DOPC-G2-C12(0.127) (Method A) was
fitted using the bilayer model described previously (cf. 4c.3.1.1). Since the shape of Bragg peaks
observed for the same multilayers using Method B were peculiar, it was also fitted with a
bilayer model for comparison, the fitting parameters are listed in Table 4c.7.
The retained bilayer after multilayer delamination is thinner for Method B than Method A,
likely due to differences in incubation time, which was also observed for lower ν using Method
C above (cf. Figure 4c.5). The DOPC-G2-C12(0.127) (Method A) bilayer had a total thickness
comparable to DOPC bilayers in the literature of 49 Å [4] and the fit included an iW layer.
However, the same multilayer using Method B had a better fit without an iW layer and had a
much larger inner leaflet (iT + iHg) thickness. This could indicate the presence of hydrophobic
dendrimers within the bilayer, deformed against the mica and embedded in the inner leaflet,
preventing water from going underneath the bilayer. The coverage of this bilayer decreased,
and the roughness increased compared to Method A, indicating the presence of defects or
holes in the bilayer surface. Defects have been found to occur in SLBs in the presence of
PAMAM dendrimers, imaged using AFM [16]. This could be related to the number of
dendrimer-aggregates in water using mixing Method A, due to the high hydrophobicity of C12
dendrimers.
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4c.3.4. Effect of G4-C12 dendrimers on multilayer incubation
4c.3.4.5. Highest number ratio of G4-C12
Multilayers containing the highest ν (0.03) G4-C12 dendrimers and mixed using Method C were
also found to retain their long-range structure upon submersion (cf. Figure 4c.7ii,iii) and after
overnight incubation (cf. Figure 4c.7iv). d-spacing and Ls calculated from fittings of the Bragg
peaks are listed in Table 4c.8. These multilayers were found to swell by ~10 Å upon immersion
in water, which varied slightly over time. This is the same amount of swelling observed for the
G4-C12 dendrimer film and the DOPC-G2-C12(0.127) (Method C) multilayers described above. It
is interesting that all these systems swell by the same amount, as the only similarity between
them is the inner dendrimer structure (up to G2 branching). The Ls values of the multilayer are
similar after 15 min and overnight incubation, indicating no obvious changes in multilayer
ordering with increased incubation time. For the dried multilayers Ls is ~870 Å (h = 1) which
corresponds to ~18 stacked bilayers after 15 min incubation Ls is ~800 Å (h = 1) corresponding
to ~14 layers indicating a small amount of delamination (~4 layers).
Table 4c.8. DOPC-G4-C12(0.03) Method C multilayer XRR Bragg peak fitting; d-spacing and
coherence length, Ls.
Condition

Curve

Dry

Figure 4c.7(i)

Incubated 15 min

Figure 4c.7(ii)

Incubated 73 min

Figure 4c.7 (iii)

Incubated overnight

Figure 4c.7 (iv)

h
1
2
3
4
1
2
4
1
2
1
2
4
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d (Å)
47.5
47.5
47.3
47.0
57.0
56.6
57.6
62.7
58.6
57.9
57.9
58.3

Ls (Å)
870±30
810±20
740±20
730±80
800±40
610±30
370±40
280±30
350±20
760±70
800±20
440±40
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Figure 4c.7. XRR curves of (i) dry DOPC-G4-C12(0.03) multilayers mixed using Method C and
after (ii) 15 min, (iii) 73 min, and (iv) overnight incubation.

4c.3.4.6. Lowest number ratios of G4-C12
At ν = 0.00015 of G4-C12, mixed using Method C, delamination occurred upon exposure to
water, leaving behind a single bilayer (cf. Figure 4c.8a). This was the same effect observed for
lower ν values of G2-C12 (cf. 4c.3.3.3). For ν = 0.0015, Kiessig fringes also indicate the presence
of a bilayer, however, at Q = 0.099 Å-1 and 0.198 Å-1 two small Bragg peaks are also observed
(h = 1 and 2; indicated in Figure 4c.8bii). These Bragg peaks correspond to a d-spacing of 63.4
Å, indicating the presence of a swollen multilayer, however, the low intensities of the peaks do
not lend themselves for calculation of Ls. Fitting parameters for bilayer models of both
incubated samples (cf. 4c.3.1.1) can be found in Table 4c.9 describing defect-free (c = 100%)
bilayers with a thickness of ~45 Å. Both bilayers are similar in structure, with only small
differences in the inner (iHg + iT) and outer (oHg + oT) leaflet thicknesses, due to a more
asymmetrical bilayer for ν = 0.00015. The bilayer thickness matches that observed for the
DOPC-G2-C12(0.127) (Method B) bilayer, revealing no measurable difference between bilayers
left behind from multilayers containing G2-C12 or G4-C12 dendrimers.
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Table 4c.9. Fitting parameters for DOPC-G4-C12 hydrated multilayers at low ν, mixed using
Method C, shown in Figure 4c.8.
Bilayer Fitting

ν

Figure

0.00015

Figure
4c.8(a)ii
Figure
4c.8(b)ii

0.0015

c
(%)

σ
(%)

100
100

Mica Fitting

Layer Thickness (Å)

Structure
Parameter

Layer
B
SLD

Layer
Aσ
(%)

#
Layers

oHg

oT

iT

iHg

iW

Tot

0

6.9

12.1

15.3

6.7

4.3

45.3

0.19

8.93

0.07

800

0

6.2

13.8

12.7

8.0

4.0

44.7

0.2

6.13

0.03

652

Figure 4c.8. XRR curves of DOPC-G4-C12 multilayers at (a) ν = 0.00015 and (b) 0.0015 and mixed
using Method C (i) dry and (ii) after incubation with fits to bilayer model with an inner water
layer (red solid line).

4c.3.4.7. Effect of G4-C12 mixing method
As was observed for G2-C12 dendrimers, the mixing method also influenced the retention of
the structure of multilayers containing high ν of G4-C12 dendrimers. DOPC-G4-C12(0.03)
(Method A) multilayers were retained after overnight incubation, apparent from the Bragg
peaks in XRR curves corresponding to a swollen lamellar structure. Significant peak broadening
indicated increased disorder and decreased Ls, derived from the FWHM. At long incubation
times, additional peaks were also observed at low Q corresponding to larger structures (85–95
Å). Swollen G4-C12 dendrimer films were found to have a characteristic spacing of 55 Å,
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therefore these features could correspond to dendrimer-lipid aggregates anchored on the
surface.
Bragg peaks were shifted in Q-space, indicating a swelling of the lamellar structure by ~ 15 Å,
after prolonged incubation (56 min and overnight). However, splitting of the h = 1 peak
indicates polymorphism, which could be associated with the structure swelling at different
times.
Table 4c.10. DOPC-G4-C12(0.03) Method A multilayer XRR Bragg peak fitting; d-spacing and
coherence length, Ls.
Condition

Curve

Dry

Figure 4c.9a(i)

h
1
2
3
4

n
0
0
1
0
0
0
1
2
0
0
0
1
2
0
0

1

Incubated 12 min

Figure
4c.9a(ii)

Incubated 56 min

Figure 4c.9a(iii)

2
3
1
2
4
1

Figure
4c.9a(iv)

Incubated overnight

d (Å)
46.0
45.8
45.4
45.1
62.5
49.6
59.4
61.6
85.0
63.9
58.4
60.2
60.9
95.2
62.7
50.9
60.8
61.1

2
4

Ls (Å)
720±30
950±40
1060±30
800±60
210±5
800±100
390±30
200±10
670±60
304±7
420±80
500±100
210±20
220±30
304±8
420±80
460±20
240±30

Table 4c.11. Fitting parameters for DOPC-G4-C12 hydrated multilayers at ν = 0.03, mixed using
Method B, shown in Figure 4c.9bii.
Bilayer Fitting
Method
B

Figure
Figure
4c.9(b)ii

c(%)

100

σ
(%)
0

Mica Fitting

Layer Thickness (Å)
oHg

oT

iT

iHg

iW

Tot

5.5

12.4

15.9

3.8

4.3

41.9
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Parameter

Layer
B
SLD

Layer
Aσ
(%)

#
Layers

0

2.13

0.24

756
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Figure 4c.9. XRR curves of DOPC-G4-C12 multilayers at ν = 0.03 and mixed using (a) Method A
and (b) Method B (i) dry and (ii-iii) after incubation. Red line indicates fit to bilayer model with
inner water layer. Dotted lines on Bragg peaks are a guide for the eye.

4c.4.

Summary and concluding remarks

Overall, the presence of a high ν of either G2 or G4 hydrophobic dendrimers in DOPC
multilayers promoted the retention of long-range order upon submersion in water. This effect
was found to be dependent upon mixing method: Method C resulted in multilayer retention
for both dendrimer generations, whereas the stability of the multilayer prepared from
Methods A and B varied. Decreasing dendrimer concentration/number ratio led to multilayer
delamination in a similar manner to DOPC multilayers, with the same bilayer thickness. A
bilayer slab model, with varying SLDs of the lipid heads, tails and a water layer, was used to fit
the XRR curves after delamination. The best fit to the SLBs included an inner water layer
between the mica substrate and lipid headgroups, which is consistent with that reported in the
literature. There was no significant difference between the SLBs formed from delaminated
DOPC multilayers and those containing lower number ratios of hydrophobic dendrimers, which
indicates the absence of dendrimers in the SLBs at low ν. This study demonstrates the
stabilising effect of dendrimers on lipid multilayers which could be useful in biomedical
applications where lipid multilayers are used as drug delivery vectors in aqueous environments.
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4c.5.
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Chapter 4d

Effect of hydrophobic PAMAM
dendrimers on DOPC
multilayer morphology
4d.1 Introduction
4d.1.1 Atomic force microscopy (AFM) of lipid multilayers
Alongside the detailed structural characterisation of lipid multilayers and bilayers with XRR,
they have also been studied using AFM. Supported lipid bilayers (SLBs) have been extensively
studied using AFM, including the effect of varying the support substrate properties, SLB
composition and the addition of NPs, including PAMAM dendrimers. AFM of lipid multilayers
however is less frequent in the literature, partially due to difficulties in their fabrication.
In 2005, Hishida et al. [1] used AFM to observe differences in morphology of lipid multilayers
in the gel and liquid-crystalline lamellar phases. These multilayers were prepared by drying
DOPC and DPPC from organic solvent onto glass substrates above their phase transition
temperatures. This procedure resulted in a terrace morphology of DOPC multilayers, with stepheights of ~4.5 nm, corresponding to individual DOPC bilayers. DPPC dried at room
temperature had a random, rough surface whilst annealed DPPC displayed the same terrace
morphology as DOPC. Multilayers prepared in this way were later analysed using XRR [2] by
the same group and a complementary d-spacing of 45.9 Å was measured. An AFM height image
of DMPC multilayers prepared by spin-coating from organic solvents can be found in Figure
4d.1, revealing the stacked bilayer structure indicted by the presence of step-edges.
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Figure 4d.1. AFM height scan of hydrated DMPC multilayers, where the step height
corresponds to individual bilayers. Taken from [3].
Pompeo et al. [4] attempted to use spin coating to prepare lipid multilayers (DOPC and DOTAP)
on silica substrates, however pure DOPC did not form multilayers on silica and instead vesicle
like structures were imaged using AFM. In order to create fused lipid multilayers on silica a
mixture of DOTAP and DOPC was required. Height scans indicated the multilayers had stepheights of 10 nm, proposed to consist two stacked bilayers. This indicates the importance of
lipid composition on multilayer formation, as well as the support substrate chemistry.
The above examples show AFM as a useful imaging technique and for measuring surface
feature heights, however force profiles can also be measured by applying an increasingly large
force on multilayers and bilayers until a discontinuity or rupture event occurs. The force at
which this discontinuity occurs or ‘break-through force’ can be used to assess the stability of a
bilayer. Such measurements are beyond the scope of this project; however, results of previous
studies have provided some interesting insights.
Relat-Goberna et al. [5] used AFM force profiles to investigate the properties of DOPC
multilayers on mica formed after organic solvent evaporation. Observing that the thickness of
the bilayers was ~5 nm but could be further broken down into two or three distinct mechanical
energy barriers, possibly corresponding to the leaflets of the bilayers. The first layer, in contact
with the substrate, was morphologically different from the rest (1–2 nm thinner), due in part
to the destabilizing effect of the stiff substrate. Furthermore, the substrate effected the
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nanomechanical behaviour of up to 30 layers, decreasing the mechanical stability of the layers
up to 150 nm from the substrate surface.

4d.1.2 AFM of supported lipid bilayers (SLBs)
Studies of SLBs as model membranes are discussed extensively in Chapter 1 (1.3.1, 1.5.1), and
for many of which AFM was used. In 2004, Leonenko et al. [6] prepared DOPC SLBs on mica,
with a bilayer thickness of 5.5 nm measured using AFM both height imaging and force profiles.
There was no indication of a thinner layer in contact with the substrate at RT, indicating
differences between a single SLB and the bilayer in contact with the substrate beneath stacked
multilayers.
The effect of PAMAM dendrimers on SLBs has been studied by several groups as described in
Chapter 1 (1.5.1) and Chapter 3 (3.1.3). Importantly, many of these studies have used AFM to
study morphological changes to the SLB surface. The effect of dendrimer generation [7-11],
functionalisation[8, 9, 11] and concentration [7] as well as SLB composition and fluidity [9][91]
on SLB morphology have all been explored. Overall, for NH2 terminated dendrimers higher
generation dendrimers caused more SLB disruption (pore formation) than lower generations.
Furthermore, pore formation was found to increase with concentration and result in
dendrimer-lipid aggregates and fluid SLB regions were found to be disrupted to a greater
extent than gel regions. Despite these extensive studies, the effect of hydrophobic PAMAM
dendrimers on lipid bilayers or lipid multilayers has yet to be observed using AFM.
The present study focusses on the structure of PAMAM dendrimer films, of two different
generations (G2 and G4) with hydrophobic moieties (C12 chains) on mica, and their effect on
the structure of DOPC multilayers using AFM.

4d.2 Materials and methods
4d.2.1 Atomic Force Microscopy
Multilayer samples were prepared in the same way as described previously (4a.2). AFM
imaging was done using an Asylum Research MFP-3D Infinity in intermittent contact mode with
AC240TS-R3 probes (nominal f = 70 kHz, nominal k = 2 N/m). Image normalisation and data
levelling (using mean plane subtraction or fitting a plane through 3 points) and alignment of
rows (to correct for scars, using median of differences) was done using Gwyddion software.
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Step heights were calculated by taking profiles across the image and measuring the relative
distances between steps using Gwyddion.

4d.3 Results
AFM was used to study the surface topology of dried DOPC multilayers, G4-C12 dendrimers and
mixed PAMAM-DOPC multilayers. From surface height scans in tapping mode, the relative
height of bilayers at the step edges was measured. Bilayers at the surface will have differences
in thickness compared to the bulk due to differences in hydration, interaction with air and
surface relaxation. It has also previously been observed that the bilayer in contact with the
substrate can have significantly different morphological properties compared to the bulk, and
that the mechanical effect of the substrate on the bilayers can span up to 30 layers [5]. XRR
studies from Chapter 4a (4a.3.2) indicate the formation of ~43 stacked bilayers for pure DOPC
multilayers produced from drop-casting 100 μl of 2 mg·mL-1 DOPC SUVs. However, it is not
possible to study the mechanical effect of the substrate with height scans. From XRR it is also
known that fewer stacked bilayers are formed (from coherence length calculations) with the
addition of PAMAM dendrimers (4a.3.4.3, 4a.3.5.2).

4d.3.1 DOPC-SUV Multilayers
DOPC multilayers formed on mica substrates via drop-casting of vesicles were imaged using
AFM as a control (cf. Figure 4d.2a,c,d). By taking line profiles across the bilayer step-edges the
bilayer thicknesses were measured relative to the layers underneath (cf. Figure 4d.2 b), the dspacing average and range was then calculated. The step-height for the DOPC multilayers
imaged in Figure 4d.2a ranged between 3.95 nm and 4.73 nm (range 0.8 nm) with an average
of 4.4 nm and standard deviation (SD) of 0.2 nm. Step edges that were ~ 9 nm we assumed to
consist of 2 bilayers and divided by 2 to give the single bilayer thickness. Further AFM height
scans at additional locations on the multilayer surface (cf. Figure 4d.2c-d) reveal similar terrace
structures, with step-heights ranging from 4.31 nm to 4.95 nm with an average of 4.6 nm.
Surface/bilayer roughness was ~0.25 nm taken across a flat section of a bilayer in the scan
direction. PC lipid multilayers imaged using AFM previously have a similar structure and stepheight to that observed here [1, 2, 4, 5].
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Figure 4d.2. (a) AFM height scan of DOPC multilayers on mica substrate, cross section marked
in black is plotted in (b) where the bilayer thickness is measured relatively between each step
from left to right (c-d) height scans in additional locations on the DOPC multilayer film, with
profiles marked to measure the step/terrace height.
Compared to X-ray reflectivity studies (cf. 4a.2.2) the average DOPC-SUV bilayer thickness (dspacing) was found to be smaller using AFM by ~ ~0.4 nm, the range of d-spacing values was
also greater for bilayers at the surface measured using AFM. Defects due to step-edges (lattice
defects), surface relaxation and decreased hydration will have all contributed to this
difference. The DOPC bilayer thickness measured using AFM is consistent with that observed
in the literature for AFM of supported lipid bilayers on mica (~ 5 nm)[12].
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Figure 4d.3. Roughness profiles of DOPC multilayers on mica where the maximum roughness
is indicated and ~250 pm.
Height profiles were also taken along the step edges as shown in Figure 4d.4. Across the 5
profiles, shown in Figure 4d.4a, the roughness ranged from 0.07–0.5 nm similar to that
observed across the plateaus (cf. Figure 4d.3). This indicated an average global roughness of
the bilayers at the air-film interface of ~0.25 nm.

Figure 4d.4. Edge roughness profiles of DOPC multilayers on mica, profile ‘3’ is plotted in (b)
showing a roughness comparable to that of the plateaus 0.1–0.4 nm.
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4d.3.2 G4-C12 film
G4-C12 dendrimers were also dried on to mica substrates from water dispersions, forming a
spinodal decomposition pattern on the mica surface (cf. Figure 4d.5a). Spinodal dewetting of
poly(benzyl) ether dendrimer films has been observed previously in the literature [13].
Spinodal decomposition occurs because of instabilities in the thin film due to the interaction
force between the liquid/vapor and solid/liquid interface (disjoining pressure) becoming less
attractive when the thickness increases and more attractive when it decreases, excitations
then destabilise the film. Thermal fluctuations that occur during drying can induce film
instabilities. Despite the spherical molecular architecture, dendrimers have a surface
behaviour like that of polymeric liquids. Dendrimers can swell and contract similar to linear
polymers in different solvents [14].
Line profiles across the spinodal patterns (cf. Figure 4d.5a,b; 1-6) were used to measure the
height of these patterns relative to the substrate ranging between 2.8 and 3.3 nm. The step
height measured is less than the diameter of the G4-C12 dendrimer measured using DLS (7.1
nm) and the difference is ascribed to dendrimer deformation against the mica substrate which
has previously been reported in the literature using AFM[15, 16] and MD simulations [17].
Amine terminated dendrimers regularly form densely packed films to maintain lower surface
pressure, excess dendrimer molecules aggregate on the surface of the dendrimer films to form
globular structures (blue circles; Figure 4d.5a) and it is therefore very difficult to image
individual molecules of G4 dendrimers even by casting films from a low concentration
dispersion as described by Li et al. [16]. The hydrophobic C12 chains may interdigitate and cause
further aggregation when drying from water dispersions.
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Figure 4d.5. (a) AFM height scan of G4-C12 dried on to mica substrate from 2 mg/mL dispersion
in Milli-Q revealing spinodal decomposition pattern of dried dendrimer film. Cross sections 16 indicated in black are plotted in (b). Step size ranges from 2.8–3.3 nm, smaller than the
diameter measured using DLS, indicating a change in morphology of the dendrimers in contact
with mica. Globular structures (blue circles) are dendrimer aggregates on top of dendrimer
films.
G4-C12 dendrimers dried on to mica substrates prepared in the same way (but twice the
concentration; 4 mg/mL) were also prepared for XRR measurements. From the first Bragg
peaks observed in the XRR profiles the structural spacing was found to be 44.4±0.1 Å which
does not correspond to the layer thickness observed from AFM height scans of 2.8–3.3 nm (cf.
Figure 4d.5). This is probably due to dendrimers forming a thicker film at higher concentrations,
which was partially observed using AFM by the presence of globular structures (blue circles,
Figure 4d.5a) thought to be dendrimer aggregates.

4d.3.3 G2-C12 film
Similarly, to G4-C12 on mica discussed above it was not possible to resolve individual G2-C12
dendrimers using AFM due to dendrimer aggregation. Figure 4d.6 shows two height scan of
G2-C12 dendrimers deposited on mica, where example line profiles (labelled 1-18) were used
to calculate the average height and standard deviation of surface features thought to be
dendrimer aggregates. These aggregates had an average height of 3.1 nm and a SD of 0.4 nm
which corresponds well with DLS measurements of 2.8–3.3 nm. There are significant scars on
AFM images, due to tip interactions with aggregates which could affect the height profiles.
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Figure 4d.6. AFM height scans of G2-C12 on mica substrate profiles labelled 1–18 were used to
measure the height of surface features (dendrimer aggregates).

4d.3.4 DOPC-G2-C12(0.127) multilayers
DOPC-dendrimer multilayers were prepared for AFM experiments in the same way as for XRR
using Method C, and as described in Chapter 4a. Method C was thought to result in the most
homogenous mixing of hydrophobic dendrimers as they were added in a methanol/chloroform
mixture to the lipids where they were soluble. Figure 4d.7a shows a typical AFM height scan of
DOPC-G2-C12(0.127) multilayers on a mica substrate revealing the step-edges of ~40 stacked
bilayers. The height scan is shaded in Figure 4d.7c for clarity of the step edges. Four profiles
across the multilayers were taken and are plotted in Figure 4d.7b, the bilayer thicknesses are
measured relatively to the previous step (from left to right). The step heights (bilayer thickness)
measured were between 4.14 nm and 4.74 nm with an average of 4.5 nm and a standard
deviation of 0.2 nm.
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Figure 4d.7. (a) AFM height scan of DOPC-G2-C12(0.127) multilayers on mica substrate line
profile labelled 4 is plotted in (b), the height image is shaded in (c) to show the step-edges of
the multilayers with more clarity. A 3D representation of the multilayers is found in (c). The
average step size measured from line profiles 1-4 in (a) is 4.5 nm with a standard deviation of
0.2 nm.
The average bilayer thickness (4.5 nm) was greater than that observed for DOPC-SUV
multilayers measured using AFM above (4.4 nm, cf. 4d.3.1). This is not consistent with data
obtained from XRR where it was found that the addition of G2-C12 dendrimers caused an
average decrease in the d-spacing compared to pure DOPC multilayers, however these values
are within 1 SD therefore they can be considered to be the same. The average d-spacing
measured using XRR for these multilayers was 4.33 ± 0.01 nm (cf. Chapter 4a, 4a.3.4.1), 0.17
nm less than that measured using AFM, however, X-rays will penetrate through the whole
sample, revealing the thickness of multilayers beneath the surface that are not accessible using
AFM.
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The roughness across the bilayer plateaus was found to be the same as pure DOPC multilayers
(~0.25 nm) indicating no change in the roughness due to the presence of G2-C12 dendrimers.
However, globular features were observed at step-edges in height scans (cf. Figure 4d.8a).
Height profiles (cf. Figure 4d.8a 1-6) along the step edges provided a height of these globular
features that ranged between 1–6 nm but the most common size observed was ~2-4 nm. These
features were 10 times larger than the bilayer roughness. Amine and acetamide terminated
G3 dendrimers were found to absorb to bilayer edges of SLBs, imaged using AFM [8, 10, 11]
rather than causing pore formation like large generation dendrimers. Both the size of the
features and their presence at the step-edges provides evidence that they are the G2-C12
dendrimers.

Figure 4d.8. (a) AFM height scan of DOPC-G2-C12(0.127) multilayers on mica. One profile along
the bilayer edges labelled ‘1’ is plotted in (b) indicating a roughness of 1.6–6.4 nm.

4d.3.5 DOPC-G4-C12(0.03) multilayers
Figure 4d.9a shows a typical AFM height scan of DOPC-G4-C12(0.03) multilayers on a mica
substrate, and as previously the presence of multiple step edges indicates the termination of
~30 stacked bilayers. The height scan is shaded in Figure 4d.9b for clarity of the step edges. A
line profile is shown in Figure 4d.9c (black line; Figure 4d.9a) from which the bilayer thicknesses
were measured relatively to the previous step (left to right). The bilayer thickness measured
over several profiles ranged from 3.44 nm to 5.0 nm with an average of 4.4 nm and a standard
deviation of 0.4 nm.
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Figure 4d.9. (a) AFM height scan of DOPC-G4-C12(0.03) multilayers the profile indicated by the
black line is presented in (c) and step-height (z) measured relatively to the previous step are
indicated. The height-scan is shaded in (b) to show multilayer step-edges with more clarity.
The average bilayer thickness of DOPC-G4-C12(0.03) is the same as that measured for DOPCSUV multilayers using AFM (4.4nm; 4d.3.1). However, DOPC-G4-C12(0.03) has a greater
standard deviation indicative of a greater range in bilayer thickness, consistent with the
increased disorder observed using XRR (loss of Bragg peak intensity, peak broadening).
Further height scans for DOPC-G4-C12(0.03) multilayers are shown in Figure 4d.10 at two
different positions on the multilayer surface. Here the average bilayer thickness over 8
difference line profiles (~20 bilayers) (Figure 4d.10a) was found to be 4.5 nm with a standard
deviation of 0.4 nm, this is within 1 SD of the average bilayer thickness found for the height
scan in Figure 4d.9a and therefore this value may assumed to be a true average across the
sample. Figure 4d.10b is a shaded height profile for clarity of the bilayer step edges. Figure
4d.10c is a higher resolution height scan of the bilayer step edges in a new position, unlike mica
step edges imaged using AFM, lipid bilayers have ‘fluffy’ edges however it is not possible to
quantitatively evaluate the roughness of the edges as there are some artefacts due to the AFM
tip which cause horizontal scars, most likely due to the softness of the multilayers.

212

4d.4 Summary

Figure 4d.10. (a) AFM height scan of DOPC-G4-C12(0.03) multilayer, line profiles (1-8) were used
to calculate average bilayer thickness (b) shaded height scan for clarity of step-edges (c) high
resolution height scan, line profile indicated by black line (1) is plotted in the inset.
Comparing AFM height measurements to XRR d-spacing measurements, XRR could measure
the change in d-spacing through the entire sample more accurately, averaged over up to 40
stacked bilayers whereas the surface step-edges measured using AFM are not necessarily
representative of the bulk structure and there is an additional error associated with measuring
the height between steps in the line profiles (~ 0.5 nm). The surface roughness was also ~0.25
nm. Bilayer thickness was found to be on average 4.4–4.5 nm using AFM which falls within the
average values found using XRR of 4.3 –4.9 nm.

4d.4 Summary
G4-C12 and G2-C12 dendrimers were found to form patchy thin films, and larger structured
aggregates with a spacing of ~4.4 nm, however individual dendrimers could not be imaged
using AFM.
DOPC multilayers were found to form stacked terrace structures, with step-heights of ~4.5 nm,
comparable to that previously observed in the literature [1, 4, 5]. The addition of PAMAM
dendrimers before lipid multilayer formation did not significantly affect the surface
morphology of the resultant multilayers. There was no significant difference between DOPCSUV, DOPC-G4-C12 and DOPC-G2-C12 measured using AFM in terms of step-height or bilayer
thickness at the surface. This is in part due to the uncertainties arising from noise in step height
measurements using line profiles. The average bilayer thicknesses obtained (4.4–4.5 nm) were
found to correlate well to the lamellar d-spacing measured using XRR (4.3–4.9 nm). However,
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G2-C12 dendrimers were found to be located at step-edges of DOPC multilayers. This could
provide a reason for the decrease in coherence length observed from XRR of multilayers
containing dendrimers, since the aggregation at step-edges would prevent the growth of large
coherent domains during vesicle rupture. However, coherence length measured with XRR is
perpendicular to the surface which indicates fewer stacked layers rather than smaller lateral
domains.
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The effect of G2 and G4 (NH2 and C12) PAMAM dendrimers on the structure of DOPC and mixed
DOPC and Cholesterol multilayers was studied using XRR and AFM. The effect of dendrimer
generation, functionality, and number ratio as well as multilayer cholesterol content,
temperature and hydration on multilayer structure and retention was explored in detail by
Scherrer and broadening analysis of Bragg peaks and SLB fits to reflectivity profiles from XRR
measurements. A brief summary of what has been learned from studies of dendrimer
interactions with lipid multilayer models is given below.
Drop-casting DOPC SUVs and MLVs produced lipid multilayers, with d-spacings like that
previously described in the literature. Overall, the addition of large number ratios of G2 and
G4, NH2 and C12 terminated dendrimers resulted in a decrease in structural order and bilayer
thinning of DOPC multilayers. There was a large difference between the structure of
multilayers mixed using methods A, B and C, which was thought to be due differences in mixing
homogeneity. G4-C12 resulted in the greatest disruption to multilayer order (coherence length)
proposed to be due to aggregation of the hydrophobic dendrimers. High number ratios of G2
(NH2 and C12) dendrimers caused the greatest bilayer thinning and increase d-spacing range
indicating increased polymorphism and paracrystalline disorder. The dendrimers were thought
to be intercalated in the lipid bilayers, resulting in ‘pinch points’ decreasing the average bilayer
d-spacing.
AFM reaffirmed the stacked bilayer structure, with bilayers terminating at the surface and a
step-height comparable to that to the XRR d-spacing. There was no significant difference
between the bilayer thickness in the absence and presence of dendrimers. This was due to
differences in bulk and surface structure as well as the reduced resolution of AFM compared
to XRR. However, G2-C12 dendrimers were observed at step-edges (bilayer edges) which
corresponds with that observed in the literature for G3 dendrimers.
The addition of cholesterol in DOPC multilayers caused a decrease in the average multilayer dspacing. Dendrimers did not have a significant effect on the structure (coherence length or
membrane thickness) of multilayers containing cholesterol apart from G4-C12 which caused a
slight increase in bilayer thickness. This is proposed to be linked to the decreased membrane
fluidity on bilayers in the presence of cholesterol, which could prevent dendrimer penetration.
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Finally, the addition of high concentrations of G2-C12 and G4-C12 dendrimers resulted in the
preservation of the long-range structural order of multilayers upon submersion in water. The
structural order was retained even after overnight incubation, proposed to be due to the
increased hydrophobicity of the lipid multilayers or In the absence of dendrimers, or low
dendrimer number ratios, multilayer delamination occurred, leaving behind a SLB which was
fitted with a slab model and Parratt’s recursive method. There was no significant difference
between the structure of these SLBs in the absence and presence of dendrimers.
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Effect of PAMAM dendrimers
on POPE lipid mesophase
structure and transitions
Understanding interactions between nanoparticles and model membranes is relevant to
functional nano-composites and the fundamentals of nanotoxicity. In this study, the effect of
polyamidoamine (PAMAM) dendrimers as model nanoparticles (NP) on the mesophase
behaviour of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE) has been
investigated using high-pressure small-angle X-ray scattering (HP-SAXS). The addition of
dendrimers changed the phase transition pressure and temperature and resulted in the
emergence of highly swollen lamellar phases, dubbed Lβ-den and Lα-den. G4-NH2 PAMAM
dendrimers at the highest concentration ν = 0.02 suppressed the formation of the HII phase
within the temperature range studied, whereas the addition of G2-NH2 PAMAM dendrimers at
the same concentration promoted an extended mixed lamellar region in which Lα and Lβ phases
coexisted.
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5.1 Introduction
Polyamidoamine (PAMAM) dendrimers (i.e. dendritic polymer nanoparticles of size ~1 - 14 nm)
have potential uses in a wide range of biomedical applications [1] such as gene transfection [2,
3], medical imaging [4-6], drug delivery [7-10] and as antimicrobial agents[11-13]. The
mechanism of their cellular uptake [14, 15] and intracellular fate [16] has been shown to vary
considerably with their generation (i.e. size), functionalisation, and concentration [17].
However, the exact roles of these parameters in PAMAM cellular entrance remain unclear. This
is due, in part, to the variety and complexity of cellular membranes consisting of multiple
species of lipids, proteins, carbohydrates and sterols [18].
Model membranes such as lipid monolayers [19-21], bilayers [22-25], multilayers and
liposomes [26-28] have been developed to create simplified structural analogues [29, 30].
These models have been used to explore interactions between lipid molecules and proteins
[31], pharmaceuticals [32, 33] and nanoparticles (NPs) [34] including PAMAM dendrimers [30],
by observing resultant structural and energetic changes. For instance, these membrane models
have allowed for qualitative and quantitative comparisons of PAMAM dendrimer
physicochemical properties on interactions with cell membranes [30].

5.1.1 Lipid mesophase energetics
Lipid mesophases are another example of model membranes [35, 36], with the lamellar Lα
(liquid-crystalline) and Lβ (gel) phases bearing structural resemblance to cell membranes [37]
and the inverse hexagonal phase (HII) [38, 39] considered an analogue for membrane fusion
intermediate structures [40, 41]. Lipid mesophases as model membranes are discussed in
detail in Chapter 1, 1.3.5. The molecular deformations involved in membrane fusion are
analogous to those found in the transitions between these phases (cf. Figure 1.8; Chapter 1);
thus, studying the impact of dendrimers on the mesophase transitions may offer physical
insight into the energetic process of nanoparticle cellular uptake via endocytosis mechanisms
[29].
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This could pave the way for intelligent drug carrier design and inform the field of nanotoxicity
since in many cases NP cellular entry is an important route to impart toxic or medicinal effects.
These mesophases are also of relevance to a number of applications. For instance,
mesophases stable in excess water can facilitate the preparation of NP dispersions [42] and
drug encapsulation and release [43]. Lipid mesophases have also been used as membrane
protein crystallization templates [44].
The free energy difference, 𝑓𝑓𝐻𝐻 , between the HII phase and Lα phase per lipid molecule is given
by [45]
𝐾𝐾

𝑓𝑓𝐻𝐻 = 𝑎𝑎[18𝑡𝑡 −

𝐾𝐾𝑚𝑚 (𝐽𝐽𝑠𝑠𝑚𝑚 )2
2

]

(5.1)

where 𝑎𝑎 is the area per lipid molecule at its neutral plane, 𝐽𝐽𝑠𝑠𝑚𝑚 is the monolayer spontaneous
curvature, 𝐾𝐾𝑡𝑡 is the chain tilt modulus, and 𝐾𝐾𝑚𝑚 is the monolayer bending modulus. Therefore,

an increase in 𝑎𝑎, 𝐾𝐾𝑡𝑡 , 𝐾𝐾𝑚𝑚 or 𝐽𝐽𝑠𝑠𝑚𝑚 can change the energy required to reach the HII phase. Since the

free energy difference vanishes at the phase transition temperature, the criterion for the Lα to
HII transition is given by
𝐽𝐽𝑠𝑠𝑚𝑚

<−

𝐾𝐾
� 𝑡𝑡�𝐾𝐾
3

𝑚𝑚

= 𝐽𝐽𝑠𝑠𝑚𝑚 (𝑇𝑇𝐻𝐻 )

(5.2)

where 𝐽𝐽𝑠𝑠𝑚𝑚 (𝑇𝑇𝐻𝐻 ) is the monolayer spontaneous curvature at the transition temperature, 𝑇𝑇𝐻𝐻 .
From simulations of POPE by Venable et al.[46], the spontaneous radius of curvature, 𝑅𝑅0

(reciprocal of spontaneous curvature, 𝑅𝑅0 = 𝐽𝐽𝑠𝑠𝑚𝑚

8.04 x 10 -20 J and 𝐾𝐾𝑚𝑚 =13.3 x 10 -20 J.

−1

) was calculated to be -47 Å, whilst 𝐾𝐾𝑡𝑡 =

From the experiments by Kollmitzer et al. [47], the spontaneous curvature of a POPE

monolayer 𝐽𝐽𝑠𝑠𝑚𝑚 (𝑇𝑇𝑚𝑚 ), at Tm = 35°C was found to be -0.316 ± 0.0007 nm-1 (i.e. R0 = -31.6 Å) where

the temperature dependence of the spontaneous curvature is given by
𝐽𝐽𝑠𝑠𝑚𝑚 (𝑇𝑇) = 𝑘𝑘(𝑇𝑇 − 𝑇𝑇𝑚𝑚 ) + 𝐽𝐽𝑠𝑠𝑚𝑚 (𝑇𝑇𝑚𝑚 )

(5.3)

and the coefficient of thermal curvature change was measured as 𝑘𝑘 = -(27 ± 0.7) x 10-3 Å °C-1.
This offers a framework in which the effect of NPs on the energetics of the L-HII mesophase
transition can be probed.
The Clapeyron equation describes the relationship between the temperature and pressure and
is given by [48]
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𝑑𝑑𝑇𝑇𝑡𝑡
𝑑𝑑𝑑𝑑

=

∆𝑉𝑉𝑚𝑚

∆𝑆𝑆𝑚𝑚

=

𝑇𝑇𝑡𝑡 ∆𝑉𝑉𝑚𝑚
∆𝐻𝐻𝑚𝑚

(5.4)

where ∆𝑆𝑆𝑚𝑚 , ∆𝐻𝐻𝑚𝑚 and ∆𝑉𝑉𝑚𝑚 are the molar transition entropy, enthalpy and volume changes
respectively. This relationship is predicted to be linear if ∆𝑆𝑆𝑚𝑚 and ∆𝑉𝑉𝑚𝑚 are independent of

pressure or have a similar pressure dependence. This is often the case up to 200 MPa (2000
bar). Typical 𝑑𝑑𝑇𝑇𝑡𝑡 / 𝑑𝑑𝑑𝑑 values range between 20–30 °C kbar-1 for phospholipids.

5.1.2 High-pressure SAXS

The type of the mesophase formed by lipids depends upon lipid molecular architecture and
concentration, as well as temperature, pH and other additives. Pressure[49] can also be used
to alter the lipid molecular shape and thus its mesophase behaviour. Pressure can propagate
through a sample rapidly (compared to temperature), reducing equilibrium time and with little
effect on solvent properties. High-pressure SAXS (HP-SAXS) has been used to study a variety of
lipid mesophase systems[50-55].
SAXS can identify liquid crystalline phases and give quantitative structural information on the
mesophase structures. Ratios of the Bragg peak positions located in the plots of scattering
intensity, vs. momentum transfer, 𝑄𝑄, where 𝑄𝑄 = 4𝜋𝜋 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠/𝜆𝜆 with 2𝜃𝜃 the scattering angle,
facilitate mesophase identification. For instance, the ratios of 1:2:3:4… correspond to the Lβ or

Lα phase, and 1:√3:2:√7… correspond to HII [39, 56]. The shape of the Bragg peaks can also be
analysed to obtain the coherence length and the paracrystalline disorder parameter (derived
from the variation of the Bragg-peak full-width at half maximum (FWHM) with the diffraction
order) to inform on the structural disorder in the mesophases [35, 36, 57-61]. The size of the
mesophase domains and fluctuations in the d-spacing contribute to broadening of the Bragg
peaks. The larger the coherence length and smaller d-spacing fluctuations (i.e. the smaller the
paracrystalline disorder), the more ordered the mesophase [57]. Furthermore, thermal
fluctuations can also have a damping effect on the intensity of high order peaks.
The lamellar d-spacing or the lattice repeat distance is given by
𝑑𝑑 =

2𝜋𝜋𝜋𝜋
𝑄𝑄𝑛𝑛

(5.5)

where Qn is the nth Bragg peak position; and the hexagonal lattice parameter a is given by
𝑎𝑎 =

2

√3

𝑑𝑑
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5.1.3 The effect of additives on mesophases
Previously Bulpett et al. [35] showed that the addition of 10 nm hydrophobic NPs shifted the
HII/Lα transition in the DOPE pressure-temperature (𝑝𝑝 − 𝑇𝑇) phase diagrams to lower

temperatures, whereas 14 nm hydrophilic NPs stabilised the Lα region. Beddoes et al. [36]
further studied the effect of 10 nm silica NPs on monoolein phase transitions. At high NP
concentrations, the cubic gyroid (QIIG) phase was suppressed, postulated to be due to
aggregated NPs at the mesophase domain boundaries hindering the transition to the
mesophases with high-curvature. However, at low concentrations, the NPs encouraged the QIIG
phase, highlighting the complex interactions between NPs and model membranes.
Aggregation of silica NPs at lamellar liquid crystal phase boundaries was also observed by
Marlow et al. [62] resulting in an increase in stiffness and a reduction in domain size.
Recently Mendozza et al. [63] found that hydrophobic NPs (3-3.6 nm) were encapsulated in
liquid crystalline Phytantriol bilayers, promoting an NP-concentration dependent phase
transition from a cubic to a hexagonal phase. Hickel et al. [64] studied the influence of different
antimicrobial peptides (length ~ 2.2-3.5 nm) on POPE mesophases. The HII phase was
suppressed by all the peptides, at a concentration of 25 lipids to peptides, and a cubic (QII) or
Lα phase was observed instead. The size of the peptide and the location of its insertion on the
membrane determined which phase was favoured. Melittin (Mel), a predominately
hydrophobic amino acid, had the greatest effect on the membrane thickness and inter-bilayer
separation. This was attributed to the repulsion arising from the net positive charge of Mel at
the membrane interface, preventing inter-membrane contact. Since the adjacent bilayers
needed to approach each other closely in order to form the HII phase, this may also explain the
suppression of the HII phase.

5.1.4 Temperature-composition phase diagram of POPE
The lipid chosen for the mesophase model in this study was chosen to be palmitoyl-2oleoyl-sn-glycero-3-phosphoethanolamine (POPE). POPE is a phosphatidylethanolamine (PE),
a class of polar lipids with negative spontaneous curvature. PE lipids are present in both
bacteria and mammalian cells and the % composition of PE in membranes varies between cell
and organelle type [25]. PE lipids’ negative spontaneous curvature results in favouring highly
curved structures i.e. inverse hexagonal. As described in Chapter 1, the inverse hexagonal
phase is energetically analogous to structures formed during membrane fusion.
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POPE has two phase transitions which have been measured, using DSC, to occur at 24.6
°C for the Lβ to Lα transition (0.5 °C/min scan rate)[64] and at 74.8°C for the Lα to HII transition
(0.5 °C/min scan rate, FWHM 2.5°C)[65]. The PE headgroup size dh, is ~8 Å in the Lα phase
(headgroup volume = 252 Å3 [66]) and the phosphate-phosphate distance of a POPE bilayer
[65] dpp, is ~ 40 Å at 30 °C. The d-spacing for the Lα mesophase of POPE, at 30 °C is reported
by Rappolt et al. as 53.6 Å, resulting in a water layer thickness dw, of 5.6 Å [65].
A phase-water composition diagram for POPE in D2O, measured by Marinov et al., [67]
is presented in Figure 5.1. Increasing the D2O content was shown to increase the temperature
of the lamellar fluid (Lα) to hexagonal (HII) transition whilst decreasing the temperature of the
lamellar gel (Lβ) to lamellar fluid (Lα) transition up to the swelling limit, after which the
mesophase exists in excess D2O.

Figure 5.1. (a) Partial phase diagram of POPE:D2O system, determined using 31P and 2H-NMR.
Water content is plotted along the 𝑥𝑥-axis in Log scale. Solid curves are phase boundaries
interpolated from data values. Dotted lines indicate the swelling limit to excess water regime.
G: Gel (Lβ), L: Liquid (Lα), H: Hexagonal (HII). The figure is reproduced from Marinov et al. [67]
(b) Diagram of mesophases possible for POPE in excess solvent, fluid lamellar (Lα), gel lamellar
(Lβ), inverse hexagonal (HII).
The d-spacing or lattice parameter of POPE mesophases have been shown to vary with
temperature, as shown in the plot in Figure 5.2. The Lα 𝑑𝑑-spacing was shown to decrease

linearly with temperature from 30 – 80 °C and the Lα to HII transition occurred at ~74 °C. The
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HII lattice parameter also decreased linearly with temperature after the transition. The dotted
line in Figure 5.2 indicates the lamellar d-spacing required for the lamellar and hexagonal phase
to be commensurate (i.e. an epitaxial relationship: 𝑑𝑑lam = 𝑑𝑑(1,0)hex).

Figure 5.2. Cell parameter change as a function of temperature for POPE Lα (𝑑𝑑) and HII (𝑎𝑎)
mesophases. TH represents the phase transition from Lα to HII. Increasing temperature resulted
in a linear decrease in d-spacing of the Lα phase from 30 to 80 °C. Figure reproduced from
Rappolt et al. [65]

5.1.5 Experimental overview
In this work, to understand the effect of the physicochemical properties of dendrimers on their
interactions with cell membranes, two generations of PAMAM dendrimers (G2-NH2 and G4NH2 of diameter 29 Å and 45 Å, respectively) and POPE (Figure 5.4; inset) in excess water have
been used. The corresponding curvatures of the dendrimers are respectively JG2 = 7.69 Å-1 and
JG4 = 4.44 Å-1, thus larger than the absolute value of the POPE spontaneous curvature. POPE
has been previously found to form the HII phase at 74.8°C[65] and ambient pressure using
differential scanning calorimetry (DSC) and SAXS. We investigated the effect of dendrimer size
and concentration on the POPE HII-Lα and Lα-Lβ phase transitions by altering both temperature
(in the range 20 – 80 °C) and pressure (in the range 1 – 3000 bar) using HP-SAXS, producing
pressure-temperature (𝑝𝑝 − 𝑇𝑇) phase diagrams in the presence and absence of the dendrimers.
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5.2 Materials and methods
5.2.1 Sample preparation
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE) suspended in chloroform (25
mg/ml) was purchased from Avanti Polar Lipids (Alabama, USA) and used as received.
Generation 2 (G2-NH2) and 4 (G4-NH2) polyamidoamine (PAMAM) dendrimers with primary
amine surfaces, suspended in methanol (20 wt% and 10 wt% respectively) were purchased
from Dendritech (Michigan, USA) and used as received. They had a nominal diameter of 29 and
45 Å respectively, with dynamic light scattering (DLS) measurements indicating diameters of
26 Å and 43 Å in methanol.
POPE, stored at -30°C, was allowed to warm to room temperature before a small quantity of
the solution was transferred to a glass vial. The chloroform was then evaporated off overnight
inside a vacuum oven (Heraeus Vacutherm VT 6025) at ~10 mbar and at room temperature
(RT). Each sample contained approximately 25 mg of the lipid.
For PAMAM dendrimer addition, stock dendrimer solutions in methanol were first prepared
(10 mg/mL G2-NH2 and 25 mg/mL G4-NH2). A designated amount of a dendrimer stock solution
was then added to the dried lipids to give the required dendrimer/lipid number ratios (ν),
alongside 0.5 ml of chloroform (Sigma Aldrich, 99.9% purity) to re-dissolve the lipids. The
sample was then agitated overnight using a plate shaker incubator (Stuart SI505 Microplate
Shaking Incubator) at 500 rpm at RT. It was then dried in the vacuum oven (Heraeus Vacutherm
VT 6025) to remove the solvents (methanol and chloroform) at ~10 mbar, without using any
active heating. The dried sample was then hydrated (in excess) with 1 ml of Milli-Q (Merck
Millipore) water 18.2 MΩ cm; total organic content (ToC) < 4 ppb), and further agitated using
the plate shaker (3 h) at 60 °C and a sonicator (Ultrawave QS5) (1 h) at 40 °C before vigorous
vortexing (SciQuip Vortex FixMix MX-F) (30 s, 5 times). Finally, the sample was heated to 80 °C
in order to reach the POPE Lα to HII transition and cooled back to RT, this was repeated three
times. Once the sample was homogenised, it was transferred to a micro reaction vial and
centrifuged for 2 min using a mini centrifuge (Spin Gene SG7000) at 2000 x g, from which 0.5
ml of the supernatant was removed. The centrifuged pellet was then re-dispersed in the
remaining 0.5 ml supernatant by vortexing for ~ 5 seconds which constituted the mesophase
sample. All the samples were stored in a freezer at -30 oC (for ~ 2 weeks) and allowed to warm
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to RT before HP-SAXS measurements. For clarity, we denote the mixed POPE/dendrimer
samples as POPE-Gi-NH2(ν), where i = 2, 4 for the two dendrimer generations and ν =0.002,
0.02, and 0.002 for the dendrimer-lipid number ratios.

5.2.2 High-pressure SAXS (HP-SAXS) measurements
HP-SAXS measurements were performed at I22 beamline at the Diamond Light Source
(Oxfordshire, UK) using a high-pressure cell [68] as shown in Figure 5.3a. An X-ray beam of size
180 x 100 μm with an energy of 18 keV (corresponding wavelength 𝜆𝜆 = 0.689 Å), and a Pilatus

P3-2M detector (Dectris, Baden-Daetwill, Switzerland) was placed at a distance of 5.76 m from
the sample. The detector was calibrated with silver behenate, and the collected 2D scattering
patterns were integrated to produce the 1D intensity vs. Q plots. Here, the momentum
transfer 𝑄𝑄 = 4𝜋𝜋 𝑠𝑠𝑠𝑠𝑠𝑠𝜃𝜃/𝜆𝜆, with 2𝜃𝜃 the scattering angle. The sample was contained in a
polycarbonate capillary (2.08 ± 0.01 mm outer diameter, 0.10 ± 0.03 mm wall thickness, ~ 20 mm
length) from Spectrum Plastics (Georgia, USA), which was sealed with Araldite® Instant 90 Sec G
Resin (Huntsman Advanced Materials, Everberg, Belgium) cured at 60 °C for a minimum of 30
min, as shown in Figure 5.3b. Once mounted in the HP-SAXS cell, the sample was subjected to
pressure cycles from 1 to 4000 bar five times for further homogenisation and for checking the
seal of the sample and the cell.

Figure 5.3. (a) Cross-section of the high-pressure cell. A: Cell body. B: Window spacer and
sample carrier guide. C: Diamond window. D: Window support. E: Window seal. F: Antiextrusion washer. G: Window plug. H: Sample plug. I: Sealing o-ring. J: Sample loader K: Sample
carrier (see (b) for capillary alternative used for this study) (b) Capillary sample holder with a
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carrier for fluid samples. Exploded view of the capillary sample holder. Figures adapted from
Brooks et al. 2010 [68].
The pressure-temperature (𝑝𝑝 − 𝑇𝑇) phase diagrams were constructed by varying the pressure

hydrostatically from 1 to 3000 bar in 100 or 200 bar intervals, at a given temperature, which

was varied from 20 to 80 °C or 25 to 75 °C in 5 or 10 °C increments at a rate of 1°C min-1. The
sample was allowed to equilibrate for 20 min after each temperature step and 60 s after each
pressure step. An exposure time of 100 ms was used throughout the experiment. After each
pressure ramp, at a given temperature, the pressure was then returned to 1 bar and another
SAXS image taken to check for radiation damage and hysteresis.

5.2.3 Data Analysis
2D diffraction patterns were reduced to 1D curves and a beamline background-subtracted
using software DAWN. Peaks were fitted with a Voigt function using Dawn and Igor Pro, and
the peak position, the ratios of peak positions (hence the crystalline phase) and the coherence
length, Ls, were determined. The d-spacing or lattice parameter, 𝑎𝑎, was calculated using the
peak positions and Equation 5.4 or respectively. Ls here is a measure of the size of the

crystalline domains that scatter coherently and contribute to the observed diffraction peaks in
the case of a lamellar phase, and is calculated from the Scherrer equation, Ls = 2𝝅𝝅K/ΔQ, where
ΔQ is FWHM of the peak and K is a shape factor of order unity [35, 36, 57-61].

5.3 Results and discussion
5.3.1 p-T phase diagrams of control POPE mesophases
The p-T phase diagram of POPE in excess water was established as a control (Figure 5.4a), as it
has not been previously reported. All the data points at specific pressure and temperature
values where the SAXS measurements were taken are shown in Fig. C1 in Appendix C. In
general, increasing pressure prompted structural order, whist increasing temperature
encouraged disorder. At 25 °C and ambient pressure, POPE formed a mixed lamellar phase
consisting of a lamellar ordered gel (Lβ) and a lamellar liquid crystalline (Lα) phase (Region 2 in
Figure 5.4a).
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Figure 5.4. (a) p-T diagram for POPE in excess water. Four coloured mesophase regions were
determined by the SAXS profiles at specific pressures and temperatures (Fig. C1 in Appendix
C). Green: Lamellar disordered (Lα), Red: Lamellar ordered (Lβ), Blue: Mixed lamellar (Lα/Lβ),
and Purple: Mixed lamellar disordered and hexagonal (HII /Lα). (b) Representative SAXS profiles
of the data points from these four phase regions, as indicated in the phase diagram. The
specific curves (1), (2) and (3) were collected at T = 40 °C and p = 400, 1000 and 2800 bar,
respectively. Curve (4) was collected at 75°C and 200 bar. Lamellar phases are identified by the
presence of equally spaced peaks. The Lβ to Lα transition is a chain-melting transition resulting
in a larger lamellar d-spacing. (c) Enlarged view of the blue-coloured region in the SAXS profile
for Point 2 (40 °C, 1000 bar) in (b), showing three individual peaks resolved by multi-peak fitting
evident of a mixed lamellar phase (Lβ/Lα). The peaks are fitted with a Voigt function and show
polymorphism in the Lα phase with different d-spacings labelled as nα and nα’. d-spacings are
calculated as d(Lα) = 61.5 Å, d(Lα’) = 60.5 Å and d(Lβ)= 53.1 Å (error ±0.01 Å) and coherence
lengths are calculated as Ls(Lα) = 3500±200 Å, Ls(Lα’) = 1240 ±20 Å and L(Lβ) = 617 ± 6 Å.
This mixed phase is identified by the presence of two sets of equally spaced Bragg peaks (blue
trace in Figure 5.4b). In some cases, only the 1st order peak for the Lβ phase is present (nβ = 1
in Figure 5.4c) during the transition region. The peaks were fitted with a Voigt function to give
the peak position and FWHM (ΔQ) which was used to calculate the coherence length Ls. The Lα
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phase present within the mixed lamellar phase (Lα/ Lβ) showed polymorphism (Figure 2c) and
so could be fitted with 3 peaks with different d-spacings (d(Lα) = 61.5 Å, d(Lα’) = 60.5 Å and
d(Lβ)= 53.1 Å, error ±0.2 Å). The FWHM of these peaks was found to be ΔQ(nα) = 0.0018 Å-1,
ΔQ(nα’) = 0.00504 Å-1 and ΔQ(nβ) = 0.0101 Å-1 (Error ± 0.0001 Å-1). Using the Scherrer equation
described in section 5.2.3 this gives coherence length values of Ls(Lα) = 3500±200 Å, Ls(Lα’) =
1240 ±20 Å and Ls(Lβ) = 617 ± 6 Å. This shows the Lβ phase had smaller coherent regions during
the transition region from Lα to Lβ. Further increase in the pressure to p = 800 bar at T = 25 °C
caused the Lα phase to vanish and only Lβ phase remained. This was indicated by a decrease in
the intensity, and eventually the loss, of the Lα Bragg peaks.
At ambient pressure, increasing temperature T initially led to the transition to the Lα phase
from the mixed Lα/ Lβ phase, evident from a significant loss in the Lβ peak intensity; at T = 65
°C, the emergence of an HII phase was observed, which then coexisted with the Lα phase
throughout the temperature range studied for the pure POPE sample. At higher temperatures
(>70 °C), thermal fluctuations resulted in the loss of the intensity in the Bragg peaks, making
phase determination difficult, and these regions are denoted as ‘disordered’ or ‘unknown’ in
the p-T diagram in Appendix C; Fig. C1.

5.3.2 Effect of pressure on lattice parameters 𝒂𝒂 and d

The mesophase lattice parameters (lamellar d-spacing, d, or hexagonal lattice parameter, 𝑎𝑎)

are plotted as a function of pressure p in Figure 5.5. The d-spacing of the POPE Lα phase in

excess water at 30 ° C has been reported as d = 52.7 ± 0.1 Å, with the water channel size, 𝑑𝑑W

= 7.0 ± 0.3 Å and therefore headgroup to headgroup size 𝑑𝑑HH = 45.7 ± 0.3 Å. [64] From our HPSAXS measurements, the d-spacing for the Lα phase was in the range d = 48.8–54.5 Å and, for

Lβ, d = 59.8–63.9 Å, with the errors estimated to be ~ 0.02 Å. The d-spacing for the Lα and Lβ
phases decreased with T and increased with p as expected, consistent with more disordered
structures due to increased tail fluidity at higher T and the opposite effect at higher p.
The repeat distance for the hexagonal phase varied from 61.2–64.9 Å which corresponds to a
unit cell parameter of a = 70.6–74.9 Å (cf. Equation 5.6). Lβ to Lα is a chain-melting transition,
resulting in a larger lamellar d-spacing of the Lα phase. The Lα phase displayed a slightly more
pronounced increase in d-spacing with pressure than the Lβ phase, with a gradient (∆𝑑𝑑/∆𝑝𝑝) 𝑇𝑇

= 8.6 x 10-4 Å bar-1 for the Lβ phase at 25°C and (∆𝑑𝑑/∆𝑝𝑝) 𝑇𝑇 = 15 x 10-4 Å bar-1 for the Lα phase
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at 75°C, which can be attributed to the already highly ordered structure of the hydrophobic
chains in the Lβ phase. We note that the (∆𝑑𝑑/∆𝑝𝑝) 𝑇𝑇 value for Lα agrees with that for the lipids
with disordered fatty chains in the liquid crystalline phase in the literature[35, 69].

Figure 5.5. Lattice parameter (d or a) of the lamellar and inverted hexagonal phases of POPE
as a function of pressure (errors δd and δa ~ ± 0.2 Å and δp ~ ± 5 bar). The Lα phase (green
squares) existed between 25 and 75°C and the Lβ phase (red circles) between 15 and 65 °C.
The emergence of the HII phase (purple diamond) occurred at 65°C and persisted to 75°C. The
lines joining points are a guide for the eye. Black lines are linear fits to the d-p variations of the
lamellar phases, with the gradients Δd/Δp indicated.

5.3.3 p-T phase diagrams of POPE mesophases with G2-NH2 and G4-NH2 PAMAM

dendrimers: Effects of dendrimer size and concentration
The p-T diagrams in Figure 5.6 show that the mesophase behaviour of POPE-dendrimer
mixtures was dependent upon the dendrimer generation/size (G2-NH2 and G4-NH2) as well as
the dendrimer-lipid number ratio, ν. Qualitatively, this manifested itself in the emergence of
new mixed-lamellar phases and differences in the area occupied by different phase regions (cf.
Figure 5.7).
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The p-T diagram at the lowest number ratio (POPE-G2-NH2(0.0002)) with the G2-NH2 PAMAM
dendrimers (Figure 5.6a) is similar to that of pure POPE (Figure 5.4b; reproduced as Figure
5.6d for comparison), with a smaller mixed Lα/Lβ region. Increasing ν to 0.002 (POPE-G2-NH2
(0.002), Figure 5.6b) led to the emergence of swollen lamellar structures, evident from their
significantly greater d-spacing calculated from the positions of the Bragg peaks (cf. Section S5,
SM), compared to that of the POPE Lα and Lβ phases at ν = 0.0002. The structure of these new
swollen lamellar phases was attributed to a dendrimer layer intercalated between adjacent
POPE bilayers, denoted as Lα-den and Lβ-den, respectively. The swollen Lα-den and Lβ-den phases
coexisted with the respective POPE lamellar phases in the mixed-phase regions, denoted as Lαden/Lα

and Lβ-den/Lβ, straddling either side of the POPE Lα/Lβ mixed region, with the Lα-den/Lα

mixed-phase occupying the lower p and higher T region in the phase diagram and Lβ-den/Lβ the
lower T and higher p region.
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Figure 5.6. p-T phase diagrams for POPE containing G2-NH2 (a to c) and G4-NH2 (e and f) NH2terminated PAMAM dendrimers at dendrimer-to-lipid number ratios, ν = 0.02(c and f), 0.002
(b and e) and 0.0002 (a) in excess water. The phase diagram for pure POPE (d) is reproduced
from Fig. 2 and included for comparison. As the number ratio ν increased, the swollen lamellar
phases (Lα-den, Lβ-den, and their mixtures Lα/Lα-den and Lβ/Lβ-den, denoted with different fillpatterns) became more dominant. At the highest concentration of G4-NH2 PAMAM to POPE
(ν = 0.02), the hexagonal phase (HII) was suppressed within the p-T range studied. Section S3;
Fig. S1 in SM gives detailed phase characterisation information for each pressure-temperature
point.
With further increase of ν to 0.02 (POPE-G2-NH2(0.02) and POPE-G4-NH2(0.02); Figure 5.6c
and f, respectively), the pure POPE Lβ phase was eradicated and replaced entirely by the
swollen Lβ-den phase. However, the Lα and Lα-den phases still coexisted in a large portion of the
phase diagram for the POPE-G2-NH2(0.02) sample. In summary, for dendrimer concentrations
above ν = 0.0002 (Figure 5.6b,c,e,f), the mixed-lamellar region is made up of a combination of
all four lamellar phases (Lα, Lβ, Lα-den and Lβ-den), and there is no new dendrimer induced phase
associated with the HII region.
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5.3.4 Effect of dendrimers on the area occupied by different mesophases in the p-

T phase diagram
Figure 5.7 summarises the area (%) occupied in the p-T diagrams by each identified mesophase.
For both POPE-G2-NH2(0.002) and POPE-G4-NH2(0.002) samples, the Lβ/Lβ-den mixed-phase
occupied a larger area of the phase diagram than the Lβ phase for the pure POPE sample, at
the expense of the mixed Lα/Lβ phase, which occupied a smaller portion of the phase diagram.
This plot also clearly illustrates the stabilising effect of G4-NH2 PAMAM on the Lα phase which
occupied a greater area of the p-T diagram at both v = 0.002 and 0.02.
100
90

Lβ-den

Lβ

Lβ-den
Lβ / Lβ-den

80

Lβ / Lβ-den

% p - T area

70
60
50

Lα / Lβ
Lα / Lβ

40

Lα-den

30
20

Lα / Lβ

Lα / Lβ

Lα

Lα / Lα-den

Lα / Lα-den

Lα / Lα-den

10
0

HII / Lα
POPE

G2 v = 0.002

G2 v = 0.02

G4 v = 0.002

G4 v = 0.02

Figure 5.7. Area of the p-T diagram (%) occupied by each mesophase identified from the SAXS
Bragg peak analysis for pure POPE and POPE mixed with G2-NH2 and G4-NH2 dendrimers at
number ratios of v = 0.02 and 0.002. Errors were propagated using the systematic error in
temperature of ± 2.5 or 5 °C and in pressure of ± 100 bar.

5.3.5 Effect of dendrimers on mesophase lattice parameters 𝒂𝒂 and d

Figure 5.8 shows example 1D SAXS curves with the Bragg peaks of the lamellar Lα, Lβ and Lα-den
and Lβ-den phases. At T = 35 °C and p = 1 bar (cf. Figure S3a), the d-spacing of the Lα phase of
pure POPE in excess water was d = 52.6 Å (Curve i). For the POPE-G2-NH2(0.02) sample, an
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additional highly swollen lamellar phase (Lα-den) was observed (Curve ii) with the Bragg peaks
labelled nα-den, with d = 75.4 Å. Between these two systems, the difference in spacing observed
between the lamellae is 22.8 Å, however, the diameter of a G2-NH2 dendrimer is 29 Å. This 6.2
Å discrepancy is attributed to the deformation of the dendrimers between the POPE lamellae.
The dendrimers could also have embedded in the membrane; however, as discussed above,
the concurrent occurrence of the transitions between the swollen lamellar phases
accompanying the transitions between the pure POPE lamellar phases suggests that the
dendrimer embedding could not have been significant. That would have affected the lipid tail
cooperativity and in turn the transitions. For POPE-G4-NH2(0.02), only a highly swollen lamellar
phase (Lα-den) was observed with d = 79.7 Å (Curve iii), representing a swelling of Δd = 27.1 Å
which is smaller than the G4-NH2 diameter of 45 Å.
At 2000 bar (cf. Figure 5.8b), pure POPE in excess water exhibited a single Lβ phase with d =
62.8 Å (Curve iv), whilst for the mixed samples (Curves v and vi), the Lβ-den phases were more
swollen compared to those at 1 bar, i.e. d = 86.6 Å and 94.8 Å for POPE-G2-NH2 (0.02) and
POPE-G4-NH2 (0.02), respectively. This represents swelling Δd = 23.8 Å and 32 Å, both smaller
than the diameter of the respective dendrimers but a larger Δd than at 1 bar (Lα-den phase). This
is consistent with the dendrimers occupying the water channels between POPE lamellae. That
is, the addition of larger G4-NH2 PAMAM dendrimers led to a greater d-spacing for both of the
swollen lamellar phases Lα-den and Lβ-den compared to the smaller G2-NH2.
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Figure 5.8. 1D SAXS curves showing the appearance of the swollen lamellar, Lα-den and Lβ-den,
phases at ν = 0.02 for G2-NH2 and G4-NH2 PAMAM dendrimers at 35°C and at (a) 1 bar and (b)
2000 bar of pressure. The vertical scale of the curves has been offset for clarity. The Lα phase
is shown to coexist with the Lα-den phase at for the G2-NH2 dendrimer-POPE mixture at 1 bar.
The phase and peak order have been labelled for each peak. The diagrams on the right of the
graphs show a lamellar-dendrimer structure that could result in the observed d-spacing, with
the dendrimers located in the water layers.
The difference between the swelling of the Lα-den and Lβ-den phase (cf. Figure 5.8) can be
attributed to the change in the interaction between dendrimers with the fluid or gel lipid phase
as described in an MD simulation study by Kelly et al [70]. G3 PAMAM dendrimers with three
different terminations (protonated primary amine (-NH3+), uncharged acetamide (-Ac), and
deprotonated carboxylic acid (-COO-)) were found by Kelly et al. to interact preferentially with
lipid gel Lβ phases over fluid Lα phases, forming different morphologies in contact with DMPC
bilayers[70]. Dendrimers were found to deform to a greater extent against bilayers in the fluid
phase and retain more of a spherical shape when interacting with the headgroups of the gel
phase lipids. These simulations provide evidence that dendrimers deform to maximise contacts
with both lipid headgroups and tail groups. Dendrimers contain internal hydrophobic regions
that could be accessible to lipid tails upon deformation whereas the charged terminal groups
would favour interaction with the lipid headgroups. Wang et al. also observed G3, 5, 7 and 9
NH2-terminated PAMAM dendrimers partially intercalated into a DMPC bilayer, and flattened
against the bilayer surface, forming more dendrimer-lipid contacts in MD simulations[71].
Berenyi et al.[72] also reported that dendrimers interacting with gel phases retained more of
a ball structure and flattened out less.
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It follows that there was also a new transition from the Lβ-den to the Lα-den phase. Given that the
appearance of both the swollen Lα-den and Lβ-den phases coincided with their ‘pure’ counterparts
(Lα and Lβ) in the same p-T regions (cf. Figure 5.6b,e), it can be assumed that the transition
from Lβ-den to Lα-den was also a chain-melting transition caused by the melting of the
hydrophobic chains of POPE. It is thus unlikely that the dendrimers were intercalated in the
hydrophobic region of the stacked bilayers, which would have disrupted the chain ordering,
resulting in significant changes in the lamellar chain melting transition due to dendrimer
interactions with the alkyl chain groups.

5.3.6 Effect of dendrimers on mesophase transition temperature Tt and pressure

pt
The effect of the dendrimers on the phase boundaries or transition temperature Tt/pressure
pt is most notable for POPE-G2-NH2(0.02) (Figure 5.6c), with a lower onset temperature of the
HII phase which also remained stable to higher pressures compared to POPE-G2-NH2(0.002).
For instance, at 70 °C, the 1st Bragg peak associated with the spacing of the HII phase was
observable until p = 1400 bar. However higher order Bragg peaks (√3, 2 etc.) diminished with
increasing pressure, giving an uncertainty in the phase allocation beyond p = 400 bar. This
contrasts with the larger PAMAM dendrimer sample POPE-G4-NH2(0.02) (Figure 5.6e), where
the Lα phase was stabilised and the transition to HII did not occur for the temperature range
studied (Tmax = 75 °C).
Figure 5.9 compares the transition pressure pt at constant temperature (T = 35 °C (a) and 65
°C (b)) and transition temperature Tt at constant pressure (p = 0 bar (c) and 2000 bar (d))
between the POPE control and the samples containing v = 0.02 and 0.002 G2-NH2 and G4-NH2
dendrimers. At T = 35 °C, the highest dendrimer number ratio v ((POPE-G2-NH2(0.02) and
POPE-G4-NH2(0.02)) resulted in an increase in the transition pressure (cf. Figure 5.9a) of the
mixed lamellar to Lβ-den transition (G2-NH2(0.02) pt = 1200 bar, G4-NH2(0.02) pt = 1200 bar)
compared to mixed lamellar to Lβ of the POPE control (pt = 1100 bar). The Lα to mixed lamellar
transition pressure was also found to increase for all samples containing dendrimers (pt = 600–
800 bar) compared to the POPE control (pt = 400 bar). At T = 65 °C (cf. Figure 5.9b), POPE-G2NH2(0.02) also had a transition to the Lβ/Lβ-den phase which was not observed in the control or
other samples. As described above (Figure 5.6f), POPE-G4-NH2(0.02) had only one transition at
65 °C (cf. Figure 5.9b) from the Lα-den phase to the mixed lamellar phase at a pressure similar to
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the other samples (pt = 2200 bar), due to the eradication of the HII/Lα phase and stabilisation
of the Lα-den phase.
At p = 0 bar (cf. Figure 5.9c), the most significant change in the transition temperature Tt was
observed in the POPE-G4-NH2(0.02) sample, which showed no HII/Lα or Lα/Lβ phase whereas
the other samples retained relatively constant Tt values for transitions from HII/Lα to Lα phases
and from Lα phases to the mixed Lα/Lβ phase. The mixed Lα/Lβ phase was also absent at p = 2000
bar (cf. Figure 5.9d) for POPE-G4-NH2(0.02), resulting in a direct phase transition from Lα-den to
Lβ-den at Tt = 55 ° C. The transition from the mixed Lα/Lβ phase to Lβ-den or the mixed Lβ/ Lβ-den
phase was also found to occur at a higher temperature (Tt = 60 °C) for POPE-G2-NH2(0.002) and
a lower temperature (Tt = 45 °C) for POPE-G2-NH2(0.02) compared to the POPE control (Tt = 50
°C).

Figure 5.9. Phase transitions pressure pt at (a) 35°C and (b) 65°C and a transitions temperature
Tt at (c) 0 bar and (d) 2000 bar. Errors in temperature are ± 2.5 or 5 °C and in pressure of ± 50
or 100 bar. The transitions indicated are HII/Lα to Lα (lilac), Lα to Lα/Lβ (green) and Lα/Lβ to Lβ
(red). Samples with mixed L/L-den phases are indicated by stripes, samples with only L-den phases
are indicated by spots. The legend on the right-hand side explains which transitions the
coloured and patterned bars in the main figure represent, e.g. green, Lα to Lα / Lβ; pink, Lα / Lβ
to Lβ, etc.
The Lα to HII is a low-enthalpy transition [65], and more sensitive to perturbations than chainmelting transitions such as the Lβ to Lα transition this explains why the onset of the HII phase is
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most affected by the presence of the dendrimers. It is also interesting to note the different
behaviours between G2-NH2 and G4-NH2 dendrimer samples; for POPE-G2-NH2(0.02) (Figure
4c), the coexistence of a pure Lα and dendrimer-bound, swollen Lα-den phase means that the
defects, precursors to HII phase formation, could still form in the ‘pure’ Lα POPE phase. Phase
separation from the coexistence of the two phases is energetically favourable, as dendrimer
clustering would reduce membrane undulations modulated by dendrimer-dendrimer charge
repulsions (membrane curvature mediated attraction) [73]. The headgroup-bound dendrimers
would also suppress transmembrane contact – required to form the defects and subsequent
HII phase. It is conceivable that this effect is dependent on the size and concentration of the
dendrimers. As more dendrimers are added to the POPE mesophase, a smaller amount of a
pure POPE phase remains, and the larger, headgroup-bound G4-NH2 dendrimers would create
a larger physical barrier between adjacent lamellae. Although the G4-NH2 dendrimers are
added at the same number ratio, they have a larger volume ratio Φ to lipid molecules than G2NH2 dendrimers (For v = 0.02; ΦG2 = 13.7 and ΦG4 = 33.8), explaining the more pronounced
effect of G4-NH2 on the phase transition boundaries compared to G2-NH2.
It has been proposed that a modification of the monolayer Gaussian curvature elastic modulus
(cf. equations 5.1–5.5) would affect the stability of Lα phases. HII formation would lead to a
decrease in the energy associated with voids and defects. In the case of the POPE-dendrimer
mixtures, depending upon the penetration or interaction between the dendrimers and the
bilayers, either the Lα or HII phase may be favoured energetically. Hickel et al. [64] showed that
antimicrobial peptide Gramicidin S (GS, length 22 Å, positively charged) induced a cubic phase
and decreased the lamellar/nonlamellar transition temperature by ~2°C, whilst another
peptide Melittin (Mel; length 35 Å; positively charged) stabilized the lamellar phase, preventing
the formation of an inverted hexagonal phase. Mel was presumed to ‘fill the gaps’ in the
headgroup region, reducing the magnitude of the negative spontaneous curvature; whilst GS
inserted itself into the membrane, causing membrane thinning. Dendrimers may similarly
decrease the magnitude of the negative spontaneous curvature of POPE. As discussed in the
introduction section, Hickel et al. suggested that the charge and insertion mechanism of the
peptides affected the phases formed, with Mel thought to be present at the bilayer interface,
resulting in repulsion between bilayers due to its net charge. The dendrimers in the intralamellar water channels could also be partially embedded in the membrane, resulting in
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repulsion between the bilayers and contributing to the large swollen bilayer d-spacing. Since
G2-NH2 is less charged than G4-NH2, it would lead to weaker repulsion and, thus be less
effective in preventing transmembrane contact. G2-NH2 is also smaller, meaning that its
volume ratio to the lipid molecules is smaller than G4-NH2, leading to a smaller coverage on
the membrane and a less evenly distributed coverage across intra-lamellar space. Zhang and
Smith [26] postulated that a large surface coverage of dendrimers on mixed POPE/POPG
vesicles prevented their close approach at high dendrimer concentrations, suppressing the
extent of lipid mixing as compared to intermediate concentrations of dendrimers. Berenyi et
al. [72] studied the effect of G5-NH2 PAMAM dendrimers on DPPC vesicles, with a complex
Bragg peak observed in the obtained SAXS pattern corresponding to a highly swollen lamellar
phase. The increased layer spacing was also attributed to the dendrimers embedding in the
water shells between the bilayers or the electrostatic repulsion between the dendrimer
embedded in the bilayer. A larger bilayer spacing was observed at 46 °C, indicating a shape
change of dendrimer when interacting with the gel or fluid phase (consistent with our
observation; cf. Figure 5.8)

5.3.7 Effect of dendrimers on the pressure dependence of lattice spacing
(∆𝒅𝒅/∆𝒑𝒑)𝑻𝑻

Figure 5.10 shows the mesophase lattice parameter as a function of pressure (∆𝑑𝑑/∆𝑝𝑝) 𝑇𝑇 for

POPE mixed with both G2-NH2 and G4-NH2 dendrimers at the highest number ratio (ν= 0.02).

Compared to pure POPE (cf. Figure 5.5), it is observed that the swollen Lα-den and Lβ-den phases
largely followed the same trend, i.e. 𝑎𝑎 for Lα increased at a greater rate with pressure than for

Lβ. Linear fits, as shown in Figure 5.10, were used to calculate (∆𝑑𝑑/∆𝑝𝑝) 𝑇𝑇 for the Lα-den phase at
75 °C and for the Lβ-den phase at 25 °C. (∆𝑑𝑑/∆𝑝𝑝) 𝑇𝑇 was smaller for both Lα-den and Lβ-den phases

for samples containing G2-NH2 and G4-NH2 PAMAM (v = 0.02) compared to the ‘pure’ Lα and

Lβ POPE phases. (∆𝑑𝑑/∆𝑝𝑝) 𝑇𝑇 values calculated from linear fits (Figure 5.10) are listed in Section

S6; Table S1, revealing a general reduction in the rate of change of the lamellar d-spacing with
pressure of the swollen phases with addition of PAMAM dendrimers compared to the pure
phases.
Table 5.1. (∆𝑑𝑑/∆𝑝𝑝) 𝑇𝑇 (variation in d-spacing as a function of pressure p) for the Lα and Lβ phases
at T = 75°C and 25°C respectively, linear fits are shown in Figure 5.2 and Figure 5.7 as black
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lines for POPE, POPE-G2-NH2(0.02) and POPE-G4-NH2 (0.02), and linear fits for POPE-G2-NH2
(0.002) and POPE-G4-NH2 (0.002) can be found in Figure C2 in Appendix C.
Composition
POPE
POPE-G2-NH2(0.002)
POPE-G2-NH2(0.02)
POPE-G4-NH2(0.002)
POPE-G4-NH2(0.02)

(∆𝑑𝑑/∆𝑝𝑝)75 °C (x 10-4 Å bar -1)

Lα

Lα-den

14.9 ± 0.3
26 ± 2
24 ± 1
-

9.8 ± 0.3
4.7 ± 0.2

(∆𝑑𝑑/∆𝑝𝑝)25 °C (x 10-4 Å bar -1)

Lβ

Lβ-den

8.6 ± 0.3
8.7 ± 0.3
9.7 ± 0.6
-

4.2 ± 0.6
3.1 ± 0.5
0.4 ± 1
0.7 ± 0.4

Figure 5.10. Comparison of the lattice parameter a or d-spacing for lamellar phases Lα (green
squares), Lα-den (green stars), Lβ-den (red stars) and HII (purple triangles) phases for (a) POPE-G2NH2(0.02) and (b) POPE-G4-NH2(0.02) as a function of pressure. Lines between the data points
are a guide for the eye. Error bars are smaller than the size of the symbols (± 0.2 Å and ± 5 bar,
respectively). A transition region, where there is some ambiguity in the phase assignment, is
marked with blue triangles. The black lines are the linear fits to the data for the Lα-den phase at
75 °C and Lβ-den phase at 25 °C. The vertical dashed lines indicate the coexisting phases at the
same p and T.
Applying pressure reduces the lipid molecular volume, constraining the hydrocarbon chain
motion and increasing chain ordering which leads to an increase in the d-spacing for the
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lamellar phase, as well as a decrease in the magnitude of the negative spontaneous curvature.
This is opposite to the effect of temperature [48]. The d-spacing value of swollen lamellae
incorporates the contribution from the dendrimers, and thus the (∆𝑑𝑑/∆𝑝𝑝) 𝑇𝑇 values would also
account for any pressure-induced dendrimer deformation. The reduction in the (∆𝑑𝑑/∆𝑝𝑝)25°C

value for the Lβ-den phase compared to the Lβ phase of pure POPE (~8% POPE) was most
pronounced. This could indicate that the dendrimers in contact with the gel Lβ phase are most
resistant to deformations. Since we postulate dendrimers in contact with the Lβ phase did not
have significant interactions with the hydrocarbon chains of POPE, the reduction in
(∆𝑑𝑑/∆𝑝𝑝)25°C would not have been due to further ordering of these chains.

As observed in Figure 5.10, the (∆𝑑𝑑/∆𝑝𝑝) 𝑇𝑇 trend in the transition regions between the Lα-den

and Lβ-den phases showed the most pronounced differences from that for the pure POPE

lamellar phases (cf. Figure 3). The Lα-den lattice parameter for POPE-G2-NH2(0.02) (green stars;
Figure 5.10a) increased initially with pressure, and then decreased upon transition to Lβ-den for
all temperatures, resulting in a negative value of (∆𝑑𝑑/∆𝑝𝑝) 𝑇𝑇 (for p = 1400 to 2400 bar,

(∆𝑑𝑑/∆𝑝𝑝)55 °C = -(52 ± 3) x 10-4 Å bar -1). However, the pure POPE Lα spacing increased to a

maximum before the phase transition and a negative value of (∆𝑑𝑑/∆𝑝𝑝) 𝑇𝑇 was not observed (cf.

Figure 5.5). For POPE-G4-NH2(0.02) at 35 °C (Figure 5.10b), the swollen Lα-den d-spacing
increased from d = 81.1 Å at p = 600 bar to a value of d = 91.4 Å at p = 1200 bar, subsequently
undergoing transition to Lβ-den.
Due to the sudden increase in d-spacing with pressure, it is difficult to assign the peaks
unambiguously to either Lα-den or Lb-den, and this region is therefore termed the transition region
(blue triangle points). This extra transition region with sharply increasing d-spacing (in the
pressure range p = 600 -1200 bar, (∆𝑑𝑑/∆𝑝𝑝)35 °C = (170 ± 25) x 10-4 Å bar-1), could be related to

different interactions between dendrimers and fluid and gel phase bilayers. As the lipid bilayer
approaches the Lβ gel phase upon increasing pressure, the morphology of the dendrimer may
change as the dendrimer is expelled from the bilayer, affecting the lattice-parameter during
the transition. This corroborates with the hypothesis described above that the dendrimers are

resistant to deformations against the Lβ phase even with increased pressure and dendrimers
are partially intercalated into the Lα phase.
The (∆𝑑𝑑/∆𝑝𝑝)25°C values of the Lβ phase present in POPE-G2-NH2(0.002) and POPE-G4-

NH2(0.002) samples and pure POPE were similar at 8.7 ± 0.3 x 10-4 Å bar-1 and 9.7 ± 0.6 x 10-4
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Å bar-1 respectively (Section S6, SM), indicating that the ‘pure’ gel Lβ phase was not significantly
affected by the dendrimers. A reduction in (∆𝑑𝑑/∆𝑝𝑝)75 °C ((9.8 ± 0.3) x 10-4 Å bar -1) of Lα-den for

POPE-G2-NH2(0.02) compared to Lα of pure POPE ((14.9 ± 0.3) x 10-4 Å bar -1) can be ascribed
to increased chain ordering due to interactions between dendrimers and lipid tails from
dendrimer interdigitation into the fluid bilayer phase. The Lα and Lα-den phases coexisted in both
POPE-G2-NH2(0.002) and POPE-G4-NH2(0.002); however, the Bragg peaks were damped at
higher temperatures so (∆𝑑𝑑/∆𝑝𝑝)75 °C could not be calculated for Lα-den for these two samples
(cf. Table S1, SM). For the Lα phase in POPE-G2(0.002) and POPE-G4-NH2(0.002), (∆𝑑𝑑/∆𝑝𝑝)75 °C

= (26 ± 2) and (24 ± 1) x 10-4 Å bar -1, respectively, larger than in the pure POPE system ((14.9
± 0.3) x 10-4 Å bar -1). This again indicates that the more fluid Lα phase was affected by the
intercalation of the dendrimers.
Bulpett et al. [35] studied the effect of 14 nm hydrophobic and 10 nm hydrophilic silica NPs on
DOPE mesophases and found a smaller (∆𝑑𝑑/∆𝑝𝑝) 𝑇𝑇 value for the pure DOPE Lα phase

((∆𝑑𝑑/∆𝑝𝑝)35 °C ~ 13 x 10-4 Å bar -1) compared to the POPE Lα phase here ((∆𝑑𝑑/∆𝑝𝑝)35 °C = (21±2)

x 10-4 Å bar -1, Figure 5.5). They also observed a slight decrease in (∆𝑑𝑑/∆𝑝𝑝) 𝑇𝑇 of the Lα phase

upon addition of ν = 10-6 hydrophobic NPs ((∆𝑑𝑑/∆𝑝𝑝)35 °C ~ 11 x 10-4 Å bar -1). (∆𝑑𝑑/∆𝑝𝑝) 𝑇𝑇 was

found to increase with increasing ν for the hydrophobic NPs but remained below that of the
pure DOPE Lα. No obvious trend was observed for the hydrophilic nanoparticles. However,

upon addition of ν = 10-4 hydrophobic NPs, (∆𝑑𝑑/∆𝑝𝑝)35 °C was found to decrease to ~ 9 x 10-4 Å
bar -1. From the d-spacing calculations, it was concluded that the NPs were not intercalated into

the phases and therefore the reduction in (∆𝑑𝑑/∆𝑝𝑝) 𝑇𝑇 was not due to particle deformations,
but instead to either changes in lipid chain-packing or hydration. It was postulated that the NPs
were located at phase boundaries throughout the sample to reduce the interfacial energy
associated with defects in lipid packing. Although no swollen lamellar phases were observed,
the reduction in (∆𝑑𝑑/∆𝑝𝑝)35 °C is comparable to that observed in this work for the Lα-den phase

of POPE-G2-NH2(0.02) compared to Lα of pure POPE.

Importantly, here the dendrimers were deformable when subject to pressure, and were
intercalated into bilayers, leading to the swollen lamellar phases Lβ-den and Lα-den. It has been
suggested that nanotoxicity is influenced by the size and shape of nanoparticles [29].
Therefore, NP deformability (or stiffness) will also influence its toxicity and cellular entry
mechanisms. For instance, softer nanogel NPs have been found to have longer circulation
243

Chapter 5. Lipid Mesophases
times in the body and lower splenic accumulation compared to stiffer nanogel NPs which
would improve their therapeutic efficacy [74]. Furthermore low generation, soft dendrimerlike nanoparticles are harder to internalise due to NP deformations, and high energetic barriers
that prevent membrane wrapping [75, 76]. Here, the deformability of the G2-NH2 and G4-NH2
dendrimers might have also played a role, preventing full membrane wrapping of the
dendrimers in the lamellar phase.

5.3.8 Effect of dendrimers on the coherence length Ls of the lamellar phases
The coherence length Ls calculated by Scherrer analysis of the FWHM of the 1st order Bragg
peaks (cf. Section 5.2.3) is indicative of the lower limit of the domain size along the direction
of the Q vector. It is found to vary with different lamellar phases as well as pressure p and
temperature T, which could offer insights into the structural disorder (and in turn the
molecular packing) during phase transitions. Figure 5.11 shows the variation of Ls (n = 1) with
p for the different lamellar phases (Lα, Lα-den, Lβ and Lβ-den) at T = 45 °C. In general, the fluid
lamellar phases showed more structural order than then gel lamellar phases.
Ls of the pure POPE Lα phase (~1000 Å; Figure 5.11a) was similar to that of the Lβ phase during
the Lα to Lβ transition between 1000 and 1400 bar. Due to the complexity of the SAXS patterns
observed during the transition, the coherence length was difficult to ascertain since the n = 1
peaks for each phase could not always be resolved due to their similar d-spacing and hence
peak positions. A decrease in Ls for the Lα phase in the transition region may be attributed to
the coexistence and thus competition for lipids between the two phases, leading to enhanced
structural disorder.
Ls of the co-existing phases (Lα/Lα-den and Lβ/Lβ-den) for POPE-G2-NH2(0.002) and POPE-G4NH2(0.002) (cf. Figure 5.11b,d) followed similar trends. The coherent domain sizes for the Lα
(Ls ~ 3000-4000 Å) and swollen Lα-den phases (Ls ~ 3000-6500 Å) were the largest after the phase
transition, Ls of the Lβ and Lβ-den phases decreased and remained relatively constant with
pressure. A sharp decrease in the coherence length at p = 1200 bar for POPE-G2-NH2(0.002)
(Figure 5.11b) and p = 600 bar for POPE-G4-NH2(0.002) (Figure 5.11d) indicates an increase in
disorder in the Lβ phase. The Lβ-den phase was also more disordered than its Lα-den counterpart.
For the samples with a larger dendrimer number ratio ν (POPE-G2-NH2(0.02) and POPE-G4NH2(0.02); Figure 5.11c,e), a similar decline in the coherence length upon transition from the
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Lα-den to Lβ-den phase was also observed. This contrasts with the pure POPE sample (Figure 5.11a)
where after an initial decline in Ls at the phase transition between 1000 and 1400 bar, Ls
recovered to its initial value. This again points to the effect that the presence of the G2-NH2
and G4-NH2 dendrimers caused lamellar phase structural disorder.

Figure 5.11. Coherence length Ls of lamellar phases (from Scherrer analysis of n = 1 Bragg
peaks) as a function of pressure p for POPE and mixed POPE-dendrimer samples at 45°C. Error
upper bound is ~15% due to the error in peak fitting for FWHM. Dotted lines indicate a phase
transition.
In contrast, Calabretta et al. [11] found that there was no difference between the antibacterial
properties of G3-NH2 and G5-NH2 dendrimers, despite the larger charge density of G5-NH2. It
is conceivable that the interactions of membranes with nanoparticles depend upon the
membrane composition and structural features. The complexity in biological membranes,
therefore, continues to pose challenges to systematic physicochemical studies elucidating the
mechanisms of how nanoparticles might disrupt the membrane structural integrity. It is
interesting to compare the Ls values of the lamellar phases here with those of the surface
anchored DOPC multilayers (stacked bilayers) reported by Sironi et al. that bear structural
resemblance to the lamellar mesophases [57]. Dried DOPC multilayers prepared by dropcasting small unilamellar vesicles (SUVs) onto bare mica, were found to have Ls values of 1600
– 2300 Å which decreased after the multilayers were exposed to water (~1000 Å). Pure POPE
lamellar mesophases in the bulk have significantly larger Ls values (Lα: Ls ~ 3000-4000 Å) than
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surface anchored DOPC multilayers, thus revealing that the lamellar mesophases are more
highly ordered.

5.4 Summary
The 𝑝𝑝 − 𝑇𝑇 diagrams for POPE mesophases in excess water have been obtained for the first

time, in the presence and absence of G2-NH2 and G4-NH2 PAMAM dendrimers at lipid-NP
number ratios (ν) of 0.02 and 0.002, as well as 0.0002 (in the case of G2-NH2) over the pressure
range 1 - 3000 bar and temperature range 20 – 80 °C using high-pressure small-angle X-ray
scattering (HP-SAXS). Insights into the dendrimer size- and concentration-dependent
interactions with the POPE mesophases (particularly lamellar phases) have been gained from
the discussions on the effect of the dendrimers on the area pervaded by different phases in
the phase diagram, phase transitions temperatures (Tt) and pressures (pt), the lattice
parameters (d-spacing), pressure-dependence of d-spacing (Δd/Δp), and the structural
ordering in the mesophase as gauged by the Scherrer coherence length Ls.
The p-T diagram for POPE was established as a control, which has not been previously reported.
Four phase regions were identified, gel lamellar Lβ, fluid lamellar Lα, mixed lamellar Lα/Lβ and
mixed hexagonal and lamellar HII/Lβ.
Addition of G2-NH2 and G4-NH2 PAMAM dendrimers to POPE mesophases resulted in the
formation of swollen lamellar phases (Lα-den and Lβ-den; cf. Figure 5.12a). These swollen phases
had different d-spacings depending upon the dendrimer size, with the large G4-NH2
dendrimers resulting in greater lamellar swelling, and they coexisted with ‘pure’ POPE lamellar
phases at low dendrimer-lipid number ratios. Furthermore, the lamellar swelling was
dependent upon the phase (gel or fluid). Less swelling occurred for fluid phase lamellae,
indicating a greater change in the morphology (deformation) of dendrimers interacting with
the fluid phase, consistent with the findings from MD simulations [70, 71]. The internal
hydrophobic regions of the dendrimers could be accessible to lipid tails upon deformation
whereas the charged terminal groups would favour interaction with the lipid headgroups. Fluid
lipid tails are likely to access and thus interact more strongly with the internal hydrophobic
moieties, due to increased lipid tail mobility and the reduced lipid density compared to the gel
phase.
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Figure 5.12. (a) Addition of G2-NH2 and G4-NH2 dendrimers to POPE mesophases resulted in
swollen lamellar phases (Lα-den and Lβ-den) with increased d-spacing. The amount of swelling was
dependent on the dendrimer size and the lamellar phase (fluid or gel), with possible expulsion
of the dendrimers at elevated pressures from the inter-fluid bilayers space. (b) The coherence
length Ls of the fluid and gel lamellar phases decreased with the addition of G4-NH2 and G2NH2 dendrimers, indicating an increased structural disorder. (c) The phase transition from Lα
to mixed HII/Lα occurred at a lower temperature Tt at the highest ν of G2-NH2 dendrimers,
indicating an increase in the spontaneous curvature. G4-NH2 dendrimers inhibited this
transition, instead stabilising the Lα phase, indicating a suppression in the spontaneous
curvature by prevention of inter-lamellar contact.
At the highest dendrimer-lipid number ratio ν (0.02) of G2-NH2 dendrimers, a reduction in the
Lα/Lα-den to HII/Lα-den phase transition temperature Tt was observed; whereas addition of G4NH2 at ν = 0.02 resulted in the disappearance of the HII/Lα-den phase and stabilisation of the Lαden phase (cf.

Figure 5.12c). This could be rationalised by the smaller size of G2-NH2 (and hence

a smaller volume ratio Φ at the same number ratio ν), which would lead to a smaller membrane
coverage, allowing contact points to form between adjacent lamellae, critical for HII phase
formation. The greater surface coverage of G4-NH2 dendrimers may prevent inter-lamellar
contact, stabilising the Lα phase. Furthermore, the partial insertion of the charged dendrimers
into the Lα phase, indicated by reduced swelling compared to the Lβ phase, could result in interlamellar repulsion. G4-NH2 dendrimers have 8 times as many terminal amine groups as G2247
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NH2, which could have resulted in greater repulsion between dendrimer-embedded lamellae.
These two possible dendrimer-bilayer interactions could explain the more pronounced effect
of G4-NH2 dendrimers on the phase transition boundaries.
The variation of the mesophase lattice parameter as a function of pressure (∆𝑑𝑑/∆𝑝𝑝) 𝑇𝑇 was
milder for the swollen lamellar phases (Lα-den and Lβ-den) compared to the ‘pure’ POPE lamellar

phases (Lα and Lβ), with the swollen gel phase Lβ-den d-spacing changing the least with pressure.
This finding further demonstrates the difference in dendrimer intercalation or deformation
with the lamellae in the fluid or gel phases. Increasing pressure in the Lα phase could have
resulted in dendrimer expulsion from the bilayers as the POPE approaches the transition to the
Lβ phase, resulting in a larger change of d-spacing with pressure (cf. Figure 5.12a). However,
in the Lβ phase, if the dendrimers were not intercalated, there would, therefore, be a smaller
change in d-spacing with pressure. This was demonstrated by the increase in ∆𝑑𝑑/∆𝑝𝑝 values in

the transition region between the swollen Lα and Lβ phases for POPE-G4-NH2(0.02) which could
be linked to possible dendrimer expulsion from the bilayer.
Dendrimer addition was found to reduce the coherence length Ls of the POPE Lβ phase, with
the dendrimer swollen Lβ-den phase also having a significantly reduced coherence length
compared to the Lα and Lα-den phases (cf. Figure 5.12b). This indicates an increase in the
structural disorder in the stacked lamellae structures in the presence of the dendrimers. This
effect was concentration-dependent since the coexistence of the swollen and ‘pure’ phases
resulted in a competition for the finite number of lipids between the two phases in lower
number ratio systems (ν = 0.002).
Overall, these results show the importance of nanoparticle physicochemical properties (size,
structure and concentration) on the interactions with model membranes, and how these
interactions also depend upon the lamellar phase fluidity (Lα or Lβ). These parameters are
important when considering functional nanocomposite materials combining nanoparticles and
organised lipid structures highlighting that the fundamental processes involved in nanoparticle
cellular uptake, specifically the interactions between NPs and membranes, are of importance.
We demonstrated the usefulness of HP-SAXS, a quantitative physical method employing
synchrotron X-rays, in studying the complex interactions between NPs and model membranes.
The knowledge gained is beneficial for the future biomedical applications of dendrimers and
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other NPs and is also relevant to nanocomposite materials in which nanoparticles are added
to achieve enhanced properties or functionality.
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Chapter 6

Conclusions and future work
6.1 Conclusions
The effect of PAMAM dendrimers on the structure of membrane models has been
investigated. The models were structural and/or energetic analogues to cell membranes, and
the findings shed light on the fundamental interactions that occur during endocytosis or cell
membrane disruption. PAMAM dendrimers have a range of biomedical applications [1-5] and
studies have shown large variations in their cytotoxic [6-9] and endocytosis [10-13]
mechanisms. X-ray techniques (XRR, SAXS) were used to the probe the detailed structures
formed by POPE and DOPC lipids, and the effect of varied dendrimer size (G2/G4), surface
chemistry (C12, NH2) and number ratio (ν) on these structures. The models chosen were lipid
multilayers, bilayers and mesophases to provide comparisons between membrane models,
and examine the robustness of the model membranes.

6.1.1 Lipid Bilayers
The effect of PAMAM dendrimers on lipid bilayers was first examined in Chapter 3. The effect
of hydrophilic (NH2) and hydrophobic (C12) G2 and larger hydrophilic (NH2) G4 PAMAM
dendrimers on the structure and dynamics of SLB formation was examined using XRR. Pure
DOPC bilayers were not found to be stable on mica at RT, initial bilayers that were formed were
thinner than those observed in the literature [14, 15]. However, upon the addition of
dendrimers, liposome fusion was more stable at RT and SLBs were formed. Using a slab model
and Parratt’s recursive method, described in detail in Chapter 2 (2.3.5), the layers were fitted
with a bilayer model and additional ‘dendrimer layers’. The SLBs were much thicker than that
observed of pure DOPC, and the thickness was found to vary with dendrimer size, number
ratio, ν, and functionality (hydrophilic NH2 or hydrophobic C12). Both the DOPC bilayer and the
‘dendrimer layer’, located between the mica substrate and SLB (except for G2-C12 dendrimers),
contributed to the increased thickness.
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In the literature, dendrimers were found to translocate through SLBs [16] and passively
translocate through cell membranes in vitro studies [17]. The presence of the dendrimers on
only one side of the membrane, interacting with both the bilayers and mica, may be evidence
for this translocation, at they have moved to a location with the greatest number of contacts.
Pre-mixing dendrimers and lipids before liposome formation mean they should be
homogenously distributed as they are hydrated. Therefore, the presence of dendrimers on
only one side of the membrane indicates translocation. DOPC liposomes containing cholesterol
at a 5:1 ratio was found to fuse to mica at RT to produce SLBs. However, there was no
significant difference between the SLBs formed with dendrimers, with and without cholesterol
except for the case of G2-C12 dendrimers.
At high ν of G2-NH2 dendrimers, the coverage was found to decrease over time, and decrease
further with increasing temperature. The roughness was also found to increase, indicating
patchy coverage, which is consistent with pore formation observed in the literature for NH2
terminated dendrimers [18-22]. Bilayer coverage was also found to be lower than that of pure
DOPC at high ν of G4-NH2 dendrimers and fitting was not possible after long incubation times
due to low surface coverage. This could also indicate the removal of lipids by G4-NH2
dendrimers from SLBs, and pore formation. Higher generation (G4 and G6) dendrimers have
been previously found to cause lipid desorption to a larger extent [18, 19, 21, 23], whereas
smaller G3 dendrimers absorbed to step-edges. At lower ν of G2-NH2 and G4-NH2 the coverage
was found to vary over time but overall was lower than of pure DOPC SLBs. On average, the
SLB coverage increased over time indicating differences to the SLB morphology at varying
dendrimer concentrations and timescales. This provides evidence that there are more complex
dynamics involved in dendrimer-SLB interactions. Additional experiments that could provide
further information about the dynamics of pore formation and SLB formation are discussed
further in section 6.2.1.

6.1.2 Lipid Multilayers
In Chapter 4a DOPC lipid multilayers were prepared by drop-casting from liposomes and the dspacing and coherence length, Ls, matched that previously observed in the literature [24].
PAMAM dendrimers were found to cause bilayer thinning and increased disorder in DOPC
multilayers. However, for multilayers containing cholesterol (Chapter 4b), there was no
significant effect of the dendrimers on the multilayer structure. The multilayer model, which
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was in a dehydrated state, was affected in the opposite way to the SLBs which became thicker
upon interacting with dendrimers. Smaller G2-NH2 dendrimers caused greater bilayer thinning
compared to larger G2-C12, G4-NH2 and G4-C12 dendrimers, revealing the effect of the
dendrimer size on multilayer structure. This size correlation to bilayer thinning indicated that
the dendrimers could be forming ‘pinch points’ in the stacked bilayers, as described for other
NPs in the literature [25, 26].
Addition of dendrimers at different points in multilayer preparation gave large differences in
the resultant structure. Addition of hydrophobic (C12) dendrimers to SUVs before deposition
(Method A) resulted in the most disordered membranes, apparent from a decrease in
coherence length Ls, which was ascribed to the aggregation of hydrophobic dendrimers. This
result shows that the addition of dendrimers before (Method C) or after (Method A and B) selfassembly in water can cause differences in model membrane structure. This is important when
considering the robustness of a membrane model and comparison to other membrane models.
Hydration of the multilayers (Chapter 4c) gave additional insight into the structure of the
dendrimer-lipid stacks. Hydration of dehydrated DOPC multilayers resulted in delamination of
bilayers, due to weak interactions between the stacked layers, and a remaining SLB on the mica
surface. However, at large number ratios ν of hydrophobic (C12) dendrimers, the long-range
multilayer ordering remained intact upon hydration, indicating stronger interactions between
the stacked bilayers. The multilayer d-spacings of these multilayers were found to increase
upon hydration, indicating swelling due to water penetration into inter-lamellae spaces.
Retention of bilayer structure could be due to increased hydrophobicity of the multilayers, or
‘shared’ dendrimers intercalated between adjacent bilayers. The remaining SLBs formed after
delamination at low ν of dendrimers were all structurally similar to those formed from
delamination of pure DOPC multilayers. Indicating that no dendrimers were present in the
bottom layer after delamination. This has relevance for the application of nano-composite
materials, and the use of multilayers as drug and gene delivery vehicles [27], as artificial cell
substrates [28] and in biocatalysis [29] which all require an aqueous environment.
AFM height images (Chapter 4d) of the DOPC-G2-C12(0.2) multilayer surface indicated the
presence of G2-C12 dendrimers at bilayer edges, which could have prevented their
delamination as edges in contact with water would be unstable due to unfavourable
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interactions between hydrophobic lipid tails and water molecules. Despite this interesting
observation, there was no significant effect of dendrimers on the step-height (or bilayer
thickness) from AFM imaging. This was in part due to surface roughness, and uncertainties
arising from the line profile measurements of step-height.
Large differences between the SLBs formed via vesicle fusion (Chapter 3) and after
delamination of multilayers (Chapter 4c) indicate again the importance of the method of
formation of these models in the resultant structure. In order for a membrane model to be
considered robust, the effect of such parameters must be considered.

6.1.3 Lipid Mesophases
In Chapter 5, POPE lipid mesophases were utilised as a membrane model due to energetic
similarities between the inverse hexagonal (HII) to lamellar (Lα) transition and membrane fusion
processes [30, 31]. Using HP-SAXs the effects of hydrophilic (NH2) G2 and G4 dendrimers at
varying number ratio ν on POPE mesophase structure and phase transitions were studied. The
p-T diagram of POPE was established as a control, which had not previously been reported,
with four phase regions identified (gel lamellar Lβ, fluid lamellar Lα, mixed lamellar Lα/Lβ and
mixed hexagonal and lamellar HII/Lβ). Addition of G2-NH2 and G4-NH2 dendrimers to POPE
mesophases at mid- and high- number ratios (ν = 0.02 and 0.002) resulted in the formation of
swollen lamellar phases with different d-spacings which were dependent upon the dendrimer
size (G2 or G4). The amount of lamellae swelling was also dependant upon the lamellar phase,
indicating differences in the interactions between dendrimers in the gel or fluid phase
consistent with the findings from MD simulations [32, 33]. The coherence length, Ls, was also
found to decrease for POPE lamellar phases in the presence of increasing concentrations of
dendrimers, as was also observed for DOPC lipid multilayers in Chapter 4a.
A high ν of G4-NH2 dendrimers resulted in the suppression of the HII/Lα-den phase whilst the
same ν of G2-NH2 dendrimers reduced the temperature of the Lα/Lα-den to HII/Lα-den transition.
This was postulated to be due to G4-NH2 dendrimers preventing inter-lamellae contact,
stabilising the Lα-den phase. The suppression of the highly curved HII phase also indicated a
decrease in the modulus of the intrinsic curvature of the bilayers, affecting the energetics of
phase transitions important for cellular processes such as membrane fusion during endocytosis
[34].
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6.1.4 Comparison to cytotoxicity studies
The main aim of this project was to understand the fundamental interactions that occur
between dendrimers and model membranes, which can lead to membrane disruption and
toxic effects. In sections 1.4.3 and 1.4.4, PAMAM dendrimer toxicity and uptake studies from
the literature were discussed where it has been found that both vary with dendrimer
generation, functionalisation and concentration as well as cell type (membrane
composition)[6, 7, 10]. Interactions between dendrimers and model membranes explored in
this project were also found to vary with these physicochemical properties.
Membrane affinity of dendrimers was linked to toxicity by Albertazzi et al. [10] where both
were found to increase with increasing size/generation of NH2 dendrimers. In Chapter 5 it was
observed that larger G4-NH2 dendrimers affected the curvature of POPE membranes,
preventing the formation of the highly curved inverse hexagonal phase (HII) whereas G2-NH2
dendrimers reduced the energy barrier for the HII phase. The large difference between these
two dendrimers could be due to differences in charge density and size, as well as membrane
affinity. Large differences between interactions between these differently sized dendrimers
and membranes could affect both their endocytosis and toxicity pathways.
Manunta et al. [35] observed a drastically reduced cellular uptake of NH2 dendrimers when
cholesterol was removed from plasma membranes, indicating its importance in endocytosis
processes. However, in SLB studies in Chapter 3, there was no significant difference between
the structure of SLBs with and without cholesterol and in Chapter 4b multilayers containing
cholesterol were largely unaffected by the presence of dendrimers. This points to there being
more complex cell processes involved in dendrimer uptake rather than primary interactions
between dendrimers and cholesterol. As described in Chapter 4b (4b.1.1), some endocytosis
uptake mechanisms require cholesterol for the formation of lipid rafts [36] to form caveolae.
Removal of cholesterol from cell membranes would affect this uptake mechanism which may
lead to reduced uptake, a secondary effect of cholesterol removal.
Overall, the importance of NP physicochemical properties such as size, functionality, and
concentration on the structure of model membranes has been shown. These parameters are
important when considering NPs for biomedical applications. The knowledge gained is useful
for the field of nanotoxicity and applications of NPs, in particular of PAMAM dendrimers, and
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could pave the way for intelligent drug carrier design. X-ray reflectivity and scattering
techniques have also shown to be a valuable tool in studying the complex structures formed
between PAMAM dendrimers and membrane models.

6.2 Future work
6.2.1 Kinetics of PAMAM-SLB interactions
Further experiments studying the dynamics of SLB formation via vesicle fusion could be studied
using XRR. This could include the formation of SLBs and subsequent injection of dendrimers
into the liquid XRR cell, rather than prior to mixing with lipids or liposomes. This would provide
insight into the kinetics of membrane disruption, observed in the literature [18, 19, 37], and
give quantitative measures for the bilayer thickness and coverage during the process of lipid
removal. The membrane composition, dendrimer size and concentration could all be varied to
understand the effect of these variables of the dynamics of membrane rupture. This, however,
would require a large amount of synchrotron beamtime.

6.2.2 Further probing of membrane structure with Neutrons
Neutron reflectivity (NR) and small-angle neutron scattering (SANS) could be implemented to
further probe the structure of the membrane models [38], by varying the contrast between
solvent, lipids and dendrimers by deuteration of the components. This would provide further
evidence for the membrane structure, as it could be co-fitted with X-ray data. Increasing the
contrast between dendrimers and lipids would also help to pinpoint their location within the
membrane structures.

6.2.3 Optimising membrane models
An important step would also be to expand the membrane model to make it more biologically
relevant, by varying composition and understanding the effect on ions and pH on the
membrane model structure. As discussed in Chapter 1 (1.2.7) the structure of mammalian cell
membranes in complex, containing multiple lipid species, sterols and carbohydrates [25]. The
structure of mammalian cell membranes also differs greatly from that of bacteria cells. By
varying the composition to match that of bacteria cell (phosphoethanolamine,
lipopolysaccharides etc.) and comparison to that of a mammalian model (phosphatidylcholine,
cholesterol, sphingolipids) the differences between dendrimer interactions with mammalian
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cells versus bacteria cells could be understood. In the literature, it has been shown that the
toxic effect of PAMAM dendrimers to bacteria cell also varies with dendrimer size, functionality
and concentration [39-41]. By mimicking the structures of bacterial membranes, the
interactions that lead to these differences could be understood further.

6.2.4 Investigating the effect of other NPs
A natural continuation of this project would be to explore a wider range of physicochemical
properties (such as higher generation dendrimers G6, G8 etc., other functionalisation’s such
as acetamide) and other NPs (gold, titanium etc.) in order to create a ‘rule book’ of properties
of nanoparticles that cause specific effects on model membranes (thinning, reduced coverage).

6.2.5 Nanotoxicity database
Nanotoxicity databases [42, 43] were mentioned in brief in Chapter 1, which were designed to
capture information about NP physicochemical properties and their associated toxicity.
However, the laborious procedures involved during cell toxicity tests and limits in computing
power for in silico studies are significant challenges to high throughput screening. The
development of a robust cell membrane model, through which the interaction with NPs could
be screened is desirable for such a database. However, many of the analysis techniques used
in the present studies require the use of synchrotron radiation, and therefore cannot be used
in high throughput screening.

6.2.6 Additional membrane models
Additional membrane models, such as lipid monolayers [44, 45] at the air-water interface,
could be used to provide additional structural information. For example, from π-A isotherms
the elasticity or fluidity [45] of the membrane could be studied in the absence and presence of
dendrimers.
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Appendix A
Scherrer and peak broadening analysis from XRR of
lipid multilayers (Chapter 4a)
A1. DLS of DOPC liposomes mixed with PAMAM dendrimers
Table A1. The mean hydrodynamic diameter (number distribution) and polydispersity index (PDI) of
dendrimer-liposome mixtures measured using dynamic light scattering for two generations of
dendrimers varying dendrimer functionality, concentration and mixing method.
Sample

Mixing Method

Mean Diameter (nm)

PDI

DOPC-MLV

MLV

93

1.0

DOPC-SUV

SUV

75

0.2

DOPC- G4-C12(0.00015)

90

0.1

DOPC-G4-C12(0.0015)

109

0.1

55

0.2

DOPC-G2-C12(0.00063)

55

0.2

DOPC-G2-C12(0.0063)

115

0.3

DOPC-G2-C12(0.127)

119

0.3

DOPC-G4-C12(0.00015)

83

0.1

104

0.1

72

0.1

DOPC-G2-C12(0.0063)

50

0.3

DOPC-G2-C12(0.127)
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0.4

DOPC-G4-C12(0.00015)

90

0.1

DOPC-G4-C12(0.0015)

100

0.1

DOPC-G4-C12(0.03)

229

0.3

92

0.1

159

0.3

DOPC-G4-NH2(0.002)

231

0.4

DOPC-G4-NH2(0.02)

55/358

0.6

DOPC-G2-NH2(0.002)

4200*

0.1

DOPC-G2-NH2(0.02)

137

0.3

DOPC-G4-C12(0.03)

DOPC-G4-C12(0.0015)
DOPC-G2-C12(0.00063)

DOPC-G2-C12(0.00063)
DOPC-G2-C12(0.127)

A

B

C

A1
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A2. Peak broadening analysis of lipid multilayers
Table A2. Bilayer thickness, d and peak broadening analysis for XRR profiles of DOPC mixed dendrimer
multilayers using three different dendrimer mixing methods (A, B and C), two generations of
dendrimers (G2 and G4), two dendrimer terminal groups (NH2 and C12) and different dendrimer-lipid
number ratios, . Large errors due to the small number of points in peak broadening plots resulting
in large fitting errors on linear regression are indicated with (*).
Dendrimer-Lipid
Number Ratio, ν

Bilayer
Thickness, d (Å)

DOPC-SUV
DOPC-MLV
G4-C12

47.6-50.1
47.3-50.1
43.6-44.4

0.00015
0.0015
0.03
0.03 (repeat)

46.7-48.6
46.6-48.4
41.0-51.6
44.2-46.3

0.00015
0.0015
0.03
0.03 (repeat)

47.9-50.1
46.7-49.0
46.3-49.7
35.9-48.5

0.00015
0.0015
0.03

46.2-50.0
47.5-48.0
47.0-48.1

0.00063
0.0063
0.127
0.127 (repeat)

47.5-49.2
47.7-49.0
43.1-46.4
42.8-47.0

0.00063
0.0063
0.127
0.127 (repeat)

47.6-49.5
47.6-50.7
46.3-48.2
46.0-51.1

0.00063
0.0063
0.127

46.6-48.0
45.7-47.7
42.6-43.6

0.02
0.2

42.8-44.1
48.0-48.4

0.02
0.2

47.8-49.4
38.9-40.0

Paracrystalline Disorder, g

Control Samples
0.026±0.007/0.0074±0.0008
0.02±0.02*
Method A: DOPC-G4-C12
0.022±0.009
0.032±0.011
0.04±0.06*
Method B: DOPC-G4-C12
0.015±0.015*
0.016±0.01
0.022±0.027
0.015±0.03*
Method C: DOPC-G4-C12
0.0244±0.004
0.024±0.009
0.026±0.003
Method A: DOPC-G2-C12
0.018±0.007
0.025±0.009
0.014±0.016*
0.03±0.04*
Method B: DOPC-G2-C12
0.013±0.058*
0.016±0.016*
0.024±0.002
0.018±0.03*
Method C: DOPC-G2-C12
0.024±0.012
0.018±0.013*
0.027±0.005
Method C: DOPC-G4-NH2
0.015±0.02*
Method C: DOPC-G2-NH2
-

A2

Coherence Length, Lb
(Å)
700±200/1500±100
2100±900
950±90
1600±1800*
1500±1600*
2200±600
1500±100
900±200
900±100
2247±6
900±100
608±10
1400±100
820±90
1100±80
900±200
1000±100
1300±200
1400±80
900±100
1500±600
1100±100
1300±100
670±30
-
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A3. Peak broadening graphs of lipid multilayers

Figure A1. Peak broadening (ΔQ2/2𝝅2) versus peak order h fitted with a linear regression to calculate
coherence length, Lb and paracrystalline disorder g for DOPC SUV (a,b) and DOPC-MLV (c) multilayers.

Figure A2. Peak broadening (ΔQ2/2𝝅2) versus peak order h fitted with a linear regression to calculate
coherence length, Lb and paracrystalline disorder g for (a) DOPC-G4-C12(0.0015) and (b) DOPC-G4C12(0.00015) mixed using Method A.
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Figure A3. Peak broadening (ΔQ2/2𝝅2) versus peak order h fitted with a linear regression to calculate
coherence length, Lb and paracrystalline disorder g for (a) DOPC-G2-C12(0.127), (b) DOPC-G2C12(0.0063) and (c) DOPC-G2-C12(0.00063) mixed using Method A.
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Figure A4. Peak broadening (ΔQ2/2𝝅2) versus peak order h fitted with a linear regression to calculate
coherence length, Lb and paracrystalline disorder g for (a) DOPC-G4-C12(0.03), (b) DOPC-G4C12(0.0015) and (c) DOPC-G4-C12(0.00015) mixed using Method B.
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Figure A5. Peak broadening (ΔQ2/2𝝅2) versus peak order h fitted with a linear regression to calculate
coherence length, Lb and paracrystalline disorder g for (a,b) DOPC-G2-C12(0.127), (c) DOPC-G2C12(0.00063) and (d) DOPC-G2-C12(0.0063) mixed using Method B.
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Figure A6. Peak broadening (ΔQ2/2𝝅2) versus peak order h fitted with a linear regression to calculate
coherence length, Lb and paracrystalline disorder g for (a) DOPC-G4-C12(0.03), (b) DOPC-G4C12(0.0015) and (c) DOPC-G4-C12(0.00015) mixed using Method C.
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Figure A7. Peak broadening (ΔQ2/2𝝅2) versus peak order h fitted with a linear regression to calculate
coherence length, Lb and paracrystalline disorder g for (a) DOPC-G2-C12(0.127), (b) DOPC-G2C12(0.0063) and (c) DOPC-G2-C12(0.00063) mixed using Method C.
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A4. Scherrer analysis data tables of DOPC multilayers
Table A3. Bragg peak positions, Qhn, and full width at half maximum (FWHM) and calculated d-spacing,
coherence length, Ls and number of layers, m for DOPC multilayers formed from SUVs. *
ℎ

1

2

3

4

6

7

𝑛

Qhn (Å-1)

0

0.125

1

d (Å)

FWHM

LS (Å)

m

50.07

0.0023±0.0001

2800±100

56±2

0.130

48.50

0.0051±0.0002

1250±60

26±1

2

0.132

47.61

0.0016±0.0002

4000±600

80±10

0

0.256

49.15

0.006±0.003

1000±500

20±10

1

0.258

48.65

0.0029±0.0008

2200±600

45±12

2

0.261

48.20

0.0013±0.0004

5000±1000

100±20

0

0.388

48.56

0.00816±0.0003

770±30

16±1

1

0.391

48.23

0.0038±0.0006

1600±300

33±6

2

0.392

48.06

0.0017±0.0004

3700±700

80±20

0

0.516

48.67

0.0073±0.0007

860±80

18±2

1

0.522

48.11

0.0074±0.0003

850±40

18±1

2

0.526

47.80

0.0023±0.0002

2700±200

56±4

0

0.785

48.03

0.0208±0.0004

302±5

6±1

1

0.796

47.33

0.0038±0.0005

1700±200

36±4

2

-

-

-

-

-

0

0.920

47.82

0.02±0.02

300±300

6±6

1

0.941*

46.73*

0.0063±0.00040*

990±60

-

2

0.948*

46.38*

0.0040±0.0004*

1600±200

-

(± 0.01 Å)
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Table A4. d-spacing values for peaks n within Bragg peaks h for all three dendrimer addition methods and three dendrimer-lipid number ratios, 𝑣 for
both G2-C12 and G4-C12 dendrimers. Error in d-spacing is 0.01 Å.
d-spacing (Å) (±0.01 Å)
Method B
G4-C12
G2-C12

Method A
G4-C12
h

1

2

3

4

G2-C12

Method C
G4-C12

G2-C12

n

0.00015

0.0015

0.03

0.00063

0.0063

0.127

0.00015

0.0015

0.03

0.00063

0.0063

0.127

0.00015

0.0015

0.03

0.00063

0.0063

0.127

0
1
2
0
1
2
0
1
2
0
1
2

48.3
46.7
-48.6
47.6
-48.3
47.6
-47.6
47.3
-47.8
0.2

48.4
46.8
-48.1
47.3
-47.3
46.8
-47.5
46.6
-47.4
0.2

51.6
47.5
44
46.4
44.6
-44.9
43.3
41
47.8
47.2
-45.8
0.9

49.2
47.5
-49.2
48.4
-49
48.4
-48.5
48.2
48
48.5
0.2

49
48.2
-48.9
48.4
-48.3
48
-48.3
47.7
-48.4
0.1

46.4
44.7
44.6
46.4
45.3
43.1
45.4
44.9
44.9
45.5
45
-45.1
0.3

49.5
49.3
50.1
49.3
48.9
-49
48.6
48.4
48.4
48.1
47.9
48.9
0.2

49
47.4
-48.6
47.6
-47.7
47.1
46.8
47.5
46.7
-47.6
0.2

49.7
47.9
-48.5
48.2
47.5
47.2
47.8
46.3
47.5
46.9
46.3
47.6
0.3

48.8
48.4
-49.5
48.6
-48.7
47.6
-48.6
47.6
-48.5
0.2

50.7
48.8
47.9
49.2
48.8
-48.6
47.9
-48.4
47.6
-48.7
0.3

47.6
46.5
-48.2
47.5
47
47.3
47.1
46.3
47.5
47
46.4
47.1
0.2

50
47.6
46.2
48.7
--47.6
--48.3
47.5
-48.0
0.4

47.5
47.7
-48
--47.9
47.6
-47.8
47.8
-47.8
0.1

48.1
47.2
-47.5
--47.3
47.3
-47
--47.4
0.1

48.3
46.6
-48.2
47.2
-47.7
47.9
-48
47.6
-47.7
0.2

47.6
45.7
-47.7
46.7
-47.5
46.7
-47.3
46.7
-47.0
0.2

43.3
42.6
-43.1
--43.6
43.4
-43.5
43.4
-43.3
0.1

Mean
Std Error

A10

Appendix A
Table A5. Coherence length, LS, values for all peaks n within Bragg peaks h for Methods A and B and three dendrimer-lipid number ratios, 𝑣 for both G2C12 and G4-C12 dendrimers calculated using Scherrer analysis. * Errors are large due to small number of points in peaks, resulting in larger errors in peak
fitting and FWHM values.

Method A

Method B

G4-C12
ℎ

1

2

3

4

G2-C12

G4-C12

G2-C12

𝑛/𝑣

0.00015

0.0015

0.03

0.00063

0.0063

0.127

0.00015

0.0015

0.03

0.00063

0.0063

0.127

0

1167±7

1150±50

190±70

1224±1

990±40

1100±100

4900±200

1820±4

2537

1150±40

2360±30

900±100

1

1820±40

2000±300

500±10

2084±3

2200±700

1500±100

2370±30

2790

2537

--

2186±4

2100±400

2

--

--

820±60

--

--

--

5700±360

--

--

--

1555±3

--

0

1413

1180±10

760±80

1600±500

1200

920±70

6300±900

1930±30

400±50

1817

2330±40

2100±500

1

1900

2600±1400

390±130

1800±400

2236

1460±60

3250±30

2217±57

1600±300

1450

1629±4

--

2

--

--

--

--

--

700±200

--

--

1500±600

--

--

2100±300

0

1400±400

910±50

520±30

--

889

1240±40

--

810±10

1300±300

1240±30

1500±60

1000±600

1

1000±60

1720±60

230±30

1200±200

1725

1620±50

1800±600

1800±100

1010±40

1200±500

700±300

--

2

--

--

210±80

--

--

320±40

2400±200

400±200

300±100

--

--

1200±400

0

730±50

400±200

2355

940±30

590±60

1000±200

800±90

410±20

760±50

1190±10

1210±20

1300±500

1

1600±900

500±200

1090

1040±120

1110±60

1200±90

1570±250

1330±150

--

1100±600

850±240

1100±100

2

--

--

--

460±340

--

--

3400±1500

--

250±420

--

--

690±590
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Table A6. Coherence length, LS, values for all peaks n within Bragg peaks h for Method C and three dendrimer-lipid number ratios, 𝑣 for both G2-C12 and
G4-C12 dendrimers calculated using Scherrer analysis. * Errors are large due to small number of points in peaks, resulting in larger errors in peak fitting
and FWHM values.
Method C
G4-C12
ℎ

1

2

3

4

G2-C12

𝑛/𝑣

0.00015

0.0015

0.03

0.00063

0.0063

0.127

0

3100±100

710±40

1800±100

1580±20

1320±20

970±80

1

2000±100

1190±10

860±20

1920±60

1650±40

1700±300

2

1320±30

--

--

--

--

--

0

2100±120

1600±200

810±20

1490±10

1570±90

1470±60

1

--

--

--

1700±50

1240±60

--

0

650±30

1500±100

680±20

1500±700

1400±100

860±30

1

--

1000±200

2900±700

850±50

1000±50

--

2

--

--

--

--

--

--

0

1400±200

630±20

730±80

700±400

1000±200

1322

1

700±30

1470±30

--

1200±140

1100±200

1896
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Table A7. d-spacing, coherence length, Ls and number of layers, m for all sub-peaks n within Bragg peaks h for G2 and G4 NH2 dendrimers at two
number ratios. Errors in coherence length are large due to small number of points in some peaks, resulting in larger errors in fitting and hence
FWHM. Error in d-spacing is less than 0.01 Å, standard error on the mean is given for average d-spacing.
Method C
d-spacing (Å) ±<0.01
G4-NH2
ℎ

m

Ls (Å)

G2-NH2

G4-NH2

G2-NH2

G4-NH2

G2-NH2

𝑛/𝑣

0.02

0.2

0.02

0.2

0.02

0.2

0.02

0.2

0.02

0.2

0.02

0.2

0

44.1

48.0

49.4

40.0

2000±70

890±30

1920±30

1840±20

45±2

19±1

39±1

46±1

1

42.8

--

47.8

38.9

1530±30

--

1600±100

1430±30

36±1

--

33±2

37±1

0

43.5

48.3

48.9

--

700±100

980±70

850±70

--

16±2

20±1

17±1

--

0

43.8

48.4

48.4

39.9

790±80

950±70

770±80

--

18±2

20±1

16±2

--

1

--

--

--

39.6

--

--

--

1170±150

--

--

--

30±4

0

43.9

48.4

48.3

--

860±20

830±70

980±20

--

20±5

17±1

20±1

--

1

--

--

48.7

--

--

--

1680±80

--

--

--

34±2

--

Mean

43.6

48.3

48.6

39.6

Std Error

0.2

0.1

0.2

0.2

1
2
3

4

A13

Appendix A

Table A8. Number of layers, m for all peaks n within Bragg peaks h for G2-C12 and G4 -C12 dendrimers at three number ratios. Largest contribution
in error was from FWHM used to calculate coherence length.
number of layers, m
Method B

Method A
G4-C12
h
1

2

3

4

n
0
1
2
0
1
2
0
1
2
0
1
2

1.5x10-4

1.5x10-3

24±1
39±1
-29±1
40±1
-29±8
21±1
-15±1
30±20
--

24±1
43±6
-25±1
60±30
-19±1
37±1
-8±4
11±4
--

G2-C12
0.03
4±1
11±1
19±
16±2
9±3
-12±1
5±1
5±2
49±1
23±1
--

6.3x10-4

6.3x10-3

25±1
44±
-30±10
37±8
--25±4
-19±1
22±2
10±7

20±1
50±20
-25±1
46±1
-18±1
36±1
-12±1
23±1
--

G4-C12
0.127
24±2
34±2
-20±2
32±1
16±5
27±1
36±1
7±1
22±4
27±2
--

1.5x10-4

1.5x10-3

99±4
48±1
114±7
130±20
66±1
--40±10
50±4
17±2
33±5
70±30

37±1
59±1
-40±1
47±1
-17±1
38±2
9±4
9±1
28±3
--

Method C
G2-C12

0.03
51±1
53±1
-8±1
33±6
30±10
28±6
21±1
6±2
16±1
-5±9
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6.3x10-4

6.3x10-3

24±1
--37±1
30±1
-25±1
30±10
-24±1
20±10
--

47±1
45±1
32±1
47±1
33±1
-31±1
15±6
-25±1
18±5
--

G4-C12
0.127
19±2
45±1
-40±10
-45±6
20±10
-26±9
30±10
23±2
20±10

1.5x10-4

1.5x10-3

62±2
42±2
29±1
43±2
--14±1
--29±4
15±1
--

15±1
2±1
-33±4
--31±2
21±4
-13±1
31±1
--

G2-C12
0.03
37±2
18±1
-17±1
--14±1
60±20
-16±2
---

6.3x10-4
33±1
41±1
-31±1
36±1
-30±20
18±1
-15±8
25±3
--

6.3x10-3
28±1
36±1
-33±2
27±1
-29±2
21±1
-21±4
24±4
--

0.127
22±2
40±7
-34±1
--20±1
--30±1
44±1
--
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Table A9. Bragg peak positions, Qhn, and full width at half maximum (FWHM) and calculated d-spacing, coherence length, Ls and number of layers,
m for DOPC multilayers formed from MLVs.
ℎ
1
2
3

4

𝑛

Qhn (Å-1)

d (Å) (± 0.01 Å)

FWHM

La (Å)

m

0

0.125

50.11

0.00299±0.00002

2100±20

42±1

1

0.130

48.36

0.00408±0.00006

1540±20

32±1

0.254

49.46

0.00244±0.00002

2580±20

52±1

0

0.383

49.25

0.00180±0.00001

3451±1

70±<1

1

0.385

48.97

0.0019±0.00001

3278±1

67±<1

0

0.513

48.99

0.0049±0.0001

1300±100

27±2

1

0.516

48.75

0.0035±0.0001

1800±500

40±10

0
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A5. XRR curves of DOPC-PAMAM multilayers

Figure A7. Reflectivity profiles of DOPC-G2-C12(n) multilayers at three number ratios (0.127,
0.0083 and 0.00083) made using mixing methods method A(a), B(b) and C(c).
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Figure A8. Reflectivity profiles of DOPC-G4-C12(n) multilayers at three number ratios (0.03,
0.0015 and 0.00015) made using mixing methods method A(a), B(b) and C(c).
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Figure A9. Reflectivity profiles for (a) DOPC-G4-NH2 and (b) DOPC-G2-NH2 multilayers made by
incorporating dendrimers into DOPC lipid films (Method C) at number ratios n = 0.2 and 0.02
before drop-casting. Loss of intensity of Bragg peaks indicated loss of structural order with
addition of dendrimers, peak positions shift to higher Q values with the addition of NH2
dendrimers indicating bilayer thinning.

55
53
51
49
47
45
43
41
39
37
35
0.001

(a) DOPC-G4-NH2

d-spacing (Å)

d-spacing (Å)

A6. Effect of NH2 dendrimers on multilayer d-spacing

0.01
0.1
Number-ratio 

1

55
53
51
49
47
45
43
41
39
37
35
0.001

(b) DOPC-G2-NH2

0.01
0.1
Number-ratio 

1

Figure A10. d-spacing upper and lower bounds calculated from Bragg peak positions for (a)
DOPC-G4-NH2 and (b) DOPC-G2-NH2 multilayers at two values, mixing dendrimers into DOPC
lipid films (Red, Method C before liposome formation and drop-casting. Error Δd = ± 0.01Å.
Dotted lines indicate the range of d-spacing from the DOPC-SUV multilayers. G4-NH2
dendrimers cause an increase in average d-spacing whereas G2-NH2 cause a decrease in
average d-spacing with n, there is no significant change in the d-spacing range for all samples.
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Appendix B
Effect of annealing on DOPC multilayer structure
B1. X-ray reflectivity theory and data analysis
Lipid multilayers were prepared as described in Chapter 4a (4a.2), by drop casting mixed
dispersions of G2 and G4 C12 dendrimers and DOPC liposomes, mixed using two mixing
methods (A and B). Samples are labelled DOPC-Gi-C12, where i represents the dendrimer
generation and the mixing method is explicitly stated where appropriate. X-ray reflectivity
measurements were taken at the XMaS beamline (BM28) at ESRF in Grenoble, details are given
in section 4a.2.3. d-spacing and coherence length (Ls) were calculated from the position and
FWHM of the Bragg peaks respectively, as described previously. Samples were scanned at
room temperature (RT) and heated to 40 °C, scanned, cooled to 20 °C and scanned.

B2. Effect of annealing on lamellar d-spacing
Figure B1 shows the effect of heating (40°C) and cooling (RT) on the reflectivity profiles of
DOPC-SUV, DOPC-MLV and mixed DOPC-Gi-C12 dendrimer multilayers (Method A & B), and
hence the effect on the multilayer structures. For all multilayers the intensity of the Bragg
peaks decreased upon heating to 40°C, and decreased further with cooling (Figure B1a-f) this
qualitatively indicates increased disorder of the multilayer structure with heating and further
with cooling. The gel to fluid transition temperature of DOPC is -17 °C, therefore this change
due to heating is not due to a phase transition.

B1

Appendix B

Figure B1. Reflectivity profiles of (a) DOPC multilayers and DOPC-G2-C12(0.127) mixed using (b)
Method A and (c) Method B and DOPC-G4-C12(0.03) mixed using (d) Method A and (e) Method
B at room temperature and after heating to 40°C and cooling back to room temperature. 𝑑spacing is seen to decrease with increased temperature and shows hysteresis upon cooling.
Broader peaks indicate increased paracrystalline disorder and decreased coherence length.
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Alongside the decrease in Bragg peak intensity, heating (or annealing) the multilayers to 40 °C
also results in a shift of the Bragg peak positions to higher Q values, indicative of bilayer
thinning (decreased lamellar d-spacing). Average d-spacing is plotted for each temperature,
and for each multilayer sample studied in the bar chart in Figure B2(20 °C; blue, 40 °C; red and
cooled to 20 °C; green). The d-spacing values calculated for all Bragg peaks of the heated and
cooled multilayers can be found in full in B4.
For all multilayer samples, except for G4-C12(0.03) Method A, the lamellar d-spacing decreases
upon heating to 40 °C and then increases again upon cooling back to RT but does not increase
to the original value. This shows an irreversible effect of annealing on the multilayer structure,
possibly due to further de-hydration of the multilayer structure. Due to large uncertainties
from the loss of Bragg peaks intensity upon annealing of G4-C12(0.03) Method A multilayers it
is not possible to say whether this sample follows the same trend.

Figure B2. Average d-spacing of multilayers at 20 °C (blue), 40 °C (red) and cooled back to 20°C
(green). Error bars are standard error on the mean. Full tabulated data for all peaks can be
found in B4.
DOPC-SUV and -MLV multilayers had the largest decrease in d-spacing upon heating compared
to mixed dendrimer multilayers (Δd = 7.2 and 8.1 Å respectively). If a water molecule is ~ 2.75
Å this corresponds to 2-3 water molecules. This could be due to a decreased hydration state
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of the RT mixed DOPC-dendrimer multilayers compared to pure DOPC due to interactions
between the dendrimers and lipid headgroups.

B3. Effect of annealing on Scherrer coherence length, Ls
The Scherrer coherence length Ls is plotted in the bar chart in Figure B3 for DOPC and mixed
DOPC-dendrimer multilayers at 20 °C (blue), 40 °C (red) and cooled back to 20 °C (green).
DOPC-SUV multilayers had increased long range order (Ls) upon heating, which was further
increased upon cooling, whereas DOPC-MLV multilayers had decreased long range ordering
with heating and cooling. From Figure B1a,b qualitatively the Bragg peaks broaden with heating
and cooling for both DOPC-SUV and -MLV multilayers indicating decreased order, however this
could be due to increased d-spacing differences between the top and bottom of the stack as
the layers are heated unevenly. As indicated previously, it is difficult to resolve all closely
spaced sub-peaks that are the result of sample polymorphism, so it is not always certain if the
same peak has been compared before and after heating.

Figure B3. Scherrer coherence length (Ls) of peak (1,0) for multilayers at 20 °C (blue), 40 °C
(red) and cooled back to 20°C (green). Error bars are propagated from peak fitting error. Full
tabulated data for all peaks can be found in B4.
Samples mixed using Method A (DOPC-G2-C12(0.127) and DOPC-G4-C12(0.03)) and DOPC-G2C12(0.127) mixed using Method B also have increased long range ordering upon heating and
little to no change after cooling back to 20 °C. DOPC-G4-C12(0.03) mixed using Method B does
B4

Appendix B
not follow this trend and instead long range order decreased upon heating but returned upon
cooling. The difference between mixing Method A and B for DOPC-G4-C12 is most apparent
here, with DOPC-G4-C12(0.03) mixed using Method A having the lowest Ls values throughout.
This again demonstrates, as discussed in Chapter 4a, that addition of G4-C12 dendrimers to
SUVs (Method A) results in the most disordered multilayers, likely due to dendrimer
aggregation from the larger number of hydrophobic groups present on the periphery of the
larger dendrimer. DPPC/DPPS multilayers annealed to 60 °C by Jing et al. and returned to 28 °C
had no change in thickness after the annealing process.

B4. Scherrer analysis data tables of heated and cooled multilayers
Table B1. d-spacing for multilayers heated to 40°C
40 °C
n
0
1
1
2
0
2
1
2
0
1
3
2
average
error

DOPC-SUV

DOPC-MLV

42.86
41.94
-41.49
40.91
-40.81
40.21
39.78
41.1
0.4

41.95
40.84
-42.01
39.90
39.40
41.78
41.09
-41.0
0.4

h

d-spacing
Method A
G2-C12
G4-C12
0.127
42.71
41.18
-42.22
41.43
-41.37
41.15
-41.7
0.2

B5

0.03
40.48
-----46.4
--43
2

Method B
G2-C12
G4-C12
0.127
43.52
42.44
40.86
42.90
42.11
-42.05
41.02
-42.1
0.3

0.03
42.29
40.92
-42.25
41.85
41.07
41.53
40.55
-41.5
0.2
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Table B2. d-spacing for multilayers cooled to 20°C after being heated to 40°C
Cooled 20 °C
h

n
0
1
2
3
0
1
2
3
0
1
2
3
0
1

1

2

3

4
average
error

DOPC-SUV

DOPC-MLV

46.41
45.64
42.80
40.53
45.34
44.98
43.53
-43.70
43.02
42.25
41.55
--43.60
0.50

44.9
42.92
--47.3
45.68
44.69
42.77
44.21
44.08
43.37
---44.4
0.5

d-spacing
Method A
G2-C12
G4-C12
0.127
44.79
42.9
--44.39
44.19
--44.37
43.12
--43.21
42.63
43.7
0.3

0.03
42.93
-------------42.9

Method B
G2-C12
G4-C12
0.127
46.05
44.2
42.58
45.47
44.66
--44.5
43.46
42.31
---44.2
0.4

0.03
46.41
44.29
43.18
42.23
45.81
45.43
--44.48
43.45
41.97
---44.1
0.5

Table B3. Scherrer coherence length Ls for multilayers heated to 40 °C
40 °C
h
1

2

3

DOPC-SUV
n
0
1
2
0
1
2
0
1
2

4000±700
700±100
-700±500
1000±1000
-370±30
2200±900
700±100

Coherence length Ls
Method A
DOPC-MLV
G2-C12
G4-C12
1280±20
2010±90
-1300±200
2100±70
2800±400
750±40
500±100
--

B6

0.127
1560±20
1096±5
-1000±100
1100±200
-1370±30
590±20
--

0.03
570±30
-----220±70
---

Method B
G2-C12
G4-C12
0.127
1810±50
2090±40
1856
1140±50
1600±100
-590±90
1300±200
--

0.03
1520±10
1520±10
-900±10
1370±10
830±10
810±60
380±30
--
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Table B4. Scherrer coherence length Ls for multilayers cooled to 20 °C after being heated to
40°C

Cooled 20 °C
h
1

2

3

4

n
0
1
2
3
0
1
2
3
0
1
2
3
0
1

DOPC-SUV
4500±700
790±60
800±200
900±700
340±60
700±300
1200±200
400±100
900±300
900±100
752

Coherence length L
Method A
DOPC-MLV
G2-C12
G4-C12
990±50
1110±90

1200±200
500±40
1600±200
1700±300
620±80
190±30
800±90

0.127
1900±200
750±10

1100±200
500±200

2300±800
490±10

0.03
2840±60
2800±100
900±300
850±40
1800±200
630±90

900±200
780±80

700±300
380±80
1300±100

1100±200
1900±700
900±200

600±100
1200±400

B7

0.03
541±8

Method B
G2-C12
G4-C12
0.127
1900±200
2100±200
1000±50
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Appendix C
Effect of dendrimers on POPE mesophases
C1. p-T diagrams of POPE-dendrimer mesophase samples with all data points
Figure C1 contains p-T diagrams for POPE and POPE-dendrimer mixed mesophases with points
at each pressure and temperature point studied from SAXS patterns allocated to a phase as
shown in the key. Filled symbols indicate the pure POPE phases, stars indicate the swollen
dendrimer-POPE phases and mixtures of these phases or disordered phases are indicated by
partially filled symbols. When the assignment of a phase was difficult due to loss of Bragg peak
intensity, this is indicated with a dash.

Figure C1. p-T phase diagrams of POPE (d) and POPE containing G2 (a to C) and G4 (e and f)
NH2-terminated PAMAM dendrimers at dendrimer-to-lipid number ratios, = 0.02(c and f),
0.002 (b and e) and 0.0002 (a) in excess water. All data points correspond to a SAXS scattering
pattern from which the phase has been identified and given a symbol from the key (right).
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C2. d-spacing of lamellar phases as a function of pressure for POPE-G2(0.002) and POPEG4(0.002)
Figure S4 shows d-spacing as a function of pressure for POPE-G2(0.002) (Figure S4a) and POPEG4(0.002) (Figure S4b) at 25 and 75 °C used to calculate (∆𝑑/∆𝑝) 𝑇 for Lα, Lβ, Lα-den and Lβ-den
from linear fits (Table S1).

Figure C2. Comparison of the d-spacing for lamellar phases Lα, Lβ, Lα-den and Lβ-den for (a) POPEG2(0.002) and POPE-G4(0.002) as a function of pressure. Error bars are smaller than the size
of the symbols (± 0.2 Å and ± 5 bar, respectively). The black lines are the linear fits to the data
for the Lα-den and Lα phase at 75 °C and Lβ-den and Lβ phase at 25 °C.

C3. Polarised light microscopy (PLM) of POPE mesophases
The anisotropy and phase of the pure POPE and mixed dendrimer-POPE mesophases was
probed using polarised light microscopy (PLM), using a Nikon Eclipse E200 microscope and
PixeLINK® Capture OEM software. Three waveplate conditions were used: no waveplate, a first
order 530 nm waveplate, and a first order 546 nm waveplate. The use of the waveplate allows
for some features to be seen in better detail. The imaging was carried out in ambient
conditions, using 4 x, 10 x, 20 x and 40 x magnification.
PLM images are shown in Figure C3 for pure POPE in excess solvent and with 𝑣 = 0.02 and
0.002 G2-NH2 dendrimers. Waveplates have been used to see more detail in the crystallite
structures. The classic “Maltese cross” (most notable in images without a waveplate) is a
characteristic of the lamellar phase. From these images it cannot be determined if the sample
C2
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is in Lα, Lβ or a mixed lamellar phase. Heating to the high temperatures required to induce the
HII phase is not possible using this microscope set-up.

Figure C3. Polarised light microscopy (PLM) images of POPE in excess solvent, 𝑣 = 0.002 and 𝑣
= 0.02 G2-NH2 dendrimers at 20 × magnification and at ambient temperature. Samples show
distinct optical anisotropy under the cross-polarized microscope. The “Maltese cross”
observed in the images is a characteristic configuration observed for crystalline lamellar
phases. Scale represented by scalebar shown for 530 nm waveplate is same for all images.
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