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Abstract 

Lipid Nanoparticles (LNPs) are an attractive way of delivering of short interfering RNA 

(siRNA) for cancer therapeutics. Their release method relies on protonation of an 

ionisable amino-lipid (XTC2) in acidic endosomes. Hypothetically, the protonated XTC2 

and anionic lipids in endosomal membranes interact to form non-lamellar phases, 

releasing the siRNA. In this project, a model release system consisting of XTC2 and 

anionic distearoylphosphatidylserine (DSPS-d70) at pH 4.7 was investigated with 

deuterium nuclear magnetic resonance (2H NMR) and small angle x-ray scattering 

(SAXS) to determine the lipid phases which form as a function of temperature and their 

structural parameters. Since cholesterol is an important structural component in LNPs, 

increasing amounts of cholesterol were added to the system to determine its effect. Non-

lamellar phases were observed for each sample particularly at high-temperatures, 

though interestingly the specific phase observed by each technique was not always in 

complete agreement.  

Keywords:  Lipid Nanoparticles; Phosphatidylserine; Cholesterol; Small Angle X-Ray 

Scattering; Deuterium Nuclear Magnetic Resonance 
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Chapter 1. 

Motivation 

Biological membranes can be hugely diverse and provide different environments 

for a variety of functions in living organisms. Aside from acting as a barrier, many of the 

events that occur in membranes may be related to the structural phase behavior.1 In 

biological membranes, a phospholipid bilayer forms the structural backbone with other 

molecules being embedded in the surface such as proteins and cholesterol. The fluidity 

of the membrane allows lateral diffusion of constituents along the bilayer plane. In reality 

the system is not homogeneous and lipid domains with varying compositions can form, 

often taking different structures and phases. Determining phase behavior of a such a 

complex system is challenging because of the large number of components, the small 

dimensions of the phases and the possible complexity of the actual transitions. For these 

reasons, simplified models of biological membranes can be created and studied to 

understand the effect of composition and structure on lateral mobility. The measured 

experimental results can then be compared with computational simulations to refine 

membrane models.  

The creation of artificial membranes has been important not only for investigating 

biological membranes, but also for creating drug delivery devices for RNA interference 

(RNAi) therapeutics.2 RNAi utilizes short pieces of RNA (siRNA) which can silence 

specifically targeted genes, preventing replication of the cell and hence the spread of 

cancer. Naked siRNA cannot passively diffuse through cellular membranes due to the 

strong anionic charge of the phosphate backbone and consequent electrostatic repulsion 

from the anionic cell membrane surface.3 Delivery systems, such as lipid nanoparticles 

(LNPs), must be formulated to transport and release the siRNA into the target cell’s 

cytoplasm. An advantage of LNPs is ease of endocytosis into targeted cells, however, 

the actual release of siRNA into the cytoplasm is currently inefficient.4 LNPs can be 

comprised of different lipid compositions as well as different sizes and structures.2 The 

key component in triggering siRNA release is an ionisable amino-lipid which becomes 

protonated as endosomes mature and acidify. The hypothesis is that the protonated 

cationic lipid will electrostatically interact with anionic lipids in the endosomal membrane, 
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inducing the formation of non-lamellar phases and releasing siRNA into the cytoplasm. 

Understanding the molecular interactions between both LNP and endocytic components 

is essential for improving LNP efficiency. 

This project investigated the structural properties of a simplified release model 

between LNPs and endosomal lipids using equimolar amounts of the cationic lipid DLin-

KC2-DMA (XTC2) (found in LNPs) and the anionic lipid distearoylphosphatidylserine 

(DSPS). Prior to this project, initial 2H NMR experiments were carried out on this system 

at pH 8.4 and pH 4.8 to determine the phase behavior as a function of temperature.5 At 

high pH the binary system remained bilayer, undergoing a transition from gel (Lβ) to 

liquid crystalline (Lα) phase at 57°C. At low pH the system underwent a transition from Lβ 

to inverted hexagonal (HII) phase at 16°C. To investigate this non-lamellar behavior 

further, this current work combined 2H NMR and SAXS to study the low pH system (4.7) 

as a function of temperature. To extend the model increasing levels of cholesterol were 

added to examine possible advantageous effects. Cholesterol was chosen due to its 

potential to stabilize the HII phase and therefore improve on the theorized release 

mechanism and is a common structural component found in LNP formulations. The 

experimental results were used to validate computational simulation models from the 

Tieleman Group at the University of Calgary with an overall goal to enrich understanding 

of LNP release from an interaction perspective. By understanding the interactive building 

blocks behind LNP delivery the hope is to one day create more efficient, personalised 

formulations for the future of RNAi therapeutics. 
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Chapter 2. 

Lipid Systems 

2.1. Lipid Polymorphism 

Lipids are amphiphilic molecules with polar hydrophilic headgroups and 

hydrophobic hydrocarbon tails. In lipid and water mixtures, the hydrophobic force acts as 

a thermodynamic driver to stabilize the lipids by forming organized structures known as 

phases.6 The resulting conformations ensure minimal contact between non-polar 

portions of the lipids and water. There are many distinct phases which hydrated lipids 

can form, even for a single lipid species. The predominating assembly can depend on 

many parameters such as temperature, pH, ionic strength and other factors. 

Lamellar phases are highly important biologically as they form the lipid bilayers 

which surround cells and organelles. In biological membranes, the bulk of the lipids are 

believed to be in the liquid crystalline phase (Lα) and exhibit fluid movement but are 

constrained to the two-dimensional plane of the membrane and cannot cross from one 

side of the bilayer to the other.6 In the Lα phase the lipids can freely diffuse laterally and 

there is significant disorder in the acyl chains. At reduced temperatures, the Lα structure 

undergoes a transition into the gel (Lβ) phase. The acyl chains are much more ordered, 

corresponding to an all-trans configuration which increases the bilayer thickness. The 

melting temperature (TM) describes the midpoint of the transition between these phases 

(Figure 2.1). TM is dictated by a balance of completing factors, entropically the highly 

disordered chains of the Lα phase are favoured but attractive van der Waals interactions 

are stronger in the tightly packed Lβ phase due to increased chain contact.6 Overall, TM 

is most dependent on these van der Waals interactions, hence longer acyl chains result 

in higher TM values. In some lipids (such as in phosphatidylserine (PS) and 

phosphatidylethanolamine (PE)),7 hydrogen bonding between lipid headgroups further 

increases TM by stabilizing the Lβ phase. In contrast, the presence of double bonds 

reduces chain interactions and destabilizes the Lβ phase, particularly for cis double 

bonds. The decrease in TM is dictated by the position of double bonds along the chain. In 

bulk water, neutral or isoelectric lipids form multilamellar (ML) structures which contain 

stacked bilayers separated by layers of water. The separation is driven by a repulsive 
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‘hydration’ force from polarization of water molecules by the polar headgroups. For lipids 

or mixtures that are charged (even by a few percent), the ML structure becomes swollen 

and destabilized as more water is added between the lamellae.  

 

Figure 2.1 The Melting Transition 
Figure adapted from Montiero et al. (2014) to show the melting transition from the Lβ to the Lα 
phase.8 At TM half of the lipids are in each phase. The bilayer thickness in the Lα phase is smaller 
than in the Lβ phase. 

A number of lipids form non-bilayer structures such as the inverted hexagonal 

phase (HII) and cubic phases. In the HII phase, the lipids are organized into cylinders 

with the headgroups on the inner edge (Figure 2.2) encircling a water channel. The 

cylinders are packed into a hexagonal array. Single lipid species which take the HII 

phase (such as PE) have relatively small polar headgroups which give the overall lipid 

molecule a cone shape. Biologically, many non-bilayer forming lipids are found in cell 

membranes. Their role is still undetermined but one hypothesis is that these lipids allow 

biomembranes to homeostatically adjust their intrinsic curvatures to maintain a constant 

net spontaneous curvature in each leaflet of the bilayer.4 This process would also 

account for membrane fission and fusion where high curvatures must be stabilized for 

budding.6 The transition from lamellar to HII phases can be initiated by several factors, 

including temperature, pH and ionic strength. For temperature transitions the transition 

point TH is defined as the point at which half the lipids are in the HII phase. In some 

cases, the transition from lamellar to HII phase is accompanied by intermediate 

bicontinuous cubic phases.9,10 Figure 2.2 shows some of these possible mesophases: 

from right to left the lipid molecular shape changes from cylindrical (lamellar) to conical 

(HII) which corresponds to an increase in curvature of the structure. 
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Figure 2.2 Lamellar to HII Transition 
Adapted from Advances in Planar Lipid Bilayers and Liposomes,10 to show how the average 
mean curvature of mesophases increases as the molecular chain splay increases The lamellar 
phase is planar with almost zero mean curvature which increases to the HII phase through 
bicontinuous cubic (Im3m, Pn3m, and Ia3d) phases). The black arrows indicate the water 
channels in the cubic structures. 

2.2. Lipid Nanoparticles  

2.2.1. LNP Composition 

Lipid nanoparticles (LNPs) are one of many types of drug delivery systems 

(DDSs) available for delivering short-interfering RNA (siRNA) for treatment of genetic 

diseases. Without DDSs, the high molecular weight, anionic charge and hydrophilicity of 

siRNA prevents passive diffusion into the cell cytoplasm.2 LNPs are particularly 

favourable as siRNA carriers due to their biocompatibility, versatility of their structures 

and compositions, and their inherent selectivity of tumor cells and inflammation sites.11 

LNPs are composed of an ionizable cationic (amino) lipid and a mixture of helper lipids. 

The ionizable cationic lipid plays a dual role in the drug delivery process. First, through 

electrostatic interaction with anionic nucleic acids, it promotes the self-assembly of LNP 

components into macromolecular nanoparticles encapsulating siRNA.12 Secondly, 

through interactions with anionic lipids in the endosomal membrane it facilities the 

release of siRNA from the LNP (section 2.2.2). Cationic lipids alone are not sufficient to 

deliver the siRNA since they have a high density of positive charge which can be 

cytotoxic in the body.13  
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Helper lipids are a vital component of LNPs as they greatly increase the stability 

of the particles. The most commonly used lipids consist of phosphatidylcholines (PCs), 

cholesterol and polyethylene glycol (PEG) lipids. PCs are cylindrical lipids which help to 

maintain the structural bilayer surrounding the LNP. When saturated they have high TM 

values which aids in their in vivo thermostability. Cholesterol also acts to stabilize lipid 

systems by packing between the phospholipid tails (section 2.3.3). It has also been 

shown that the inclusion of cholesterol promotes membrane fusion, a favourable 

attribute for siRNA delivery.13 The inclusion of PEG lipids allow LNPs to remain in 

circulation for extended periods of time of time (>24 hours).14-15,16 Without PEG the LNPs 

quickly become opsonized, triggering the mononuclear phagocyte system (MPS) which 

removes them from the bloodstream.14 During formulation, PEG lipids also help to 

maintain small particle sizes and prevent aggregation.13 The concentration of PEG lipids 

is usually kept low (below 5%) because they can hinder cellular internalization and 

membrane destabilization.  

Despite having several LNP formulations advancing in clinical trials (section 

2.2.3), their internal structure is still widely debated. Previous models have suggested 

the formation of inverted micelles containing siRNA molecules. This was supported by 

computer simulation experiments where Leung et al. obtained a periodic structure of 

aqueous compartments, some of which contained siRNA.17 However, recent. work has 

focused on investigating the LNP internal structure using SAXS and cryogenic 

transmission electron microscopy (cryo-TEM) in conjunction with The Nanomedicine 

Research Group at the University of British Columbia. The results, which are presented 

in Chapter 9, suggest LNPs exhibit stacked bilayer structures at high siRNA contents 

with the proportion of stacked structures decreasing as the siRNA content decreases. 

2.2.2. Drug Delivery Mechanism 

One of the attractive features of LNPs is their ability to reach cancerous 

hepatocytes using the natural mechanism of receptor-mediated endocytosis (Figure 2.3). 

LNPs are injected intravenously and have several hours to circulate through the body in 

the bloodstream. Tumour blood vessels are highly permeable due to rapid, defective 

angiogenesis, allowing LNPs to accumulate at the tumour site.16 As LNPs circulate they 

lose their PEG lipid coat and are opsonized by the apolipoprotein ApoE.18,19 This is a 

natural process which is vital for all lipid transport in the body. Since lipids are water-
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insoluble, they must be assembled into plasma lipoproteins which consist of ApoE (or 

other classes of apolipoproteins) prior to transportation. The bound ApoE interacts with 

low-density lipoprotein (LDL) receptors on the hepatocyte surface, facilitating 

endocytosis of the LNP.  

Early endosomes typically have a pH between 6.8-5.9 which becomes much 

more acidic as endosomes mature into late endosomes (pH ranges from 6.0-4.9).20 This 

acidic environment causes protonation of the amino-lipid in the LNP. Since endosomal 

membranes contain increasing amounts of anionic lipids as they mature,21 the 

hypothesis is that protonated lipids in the LNP will electrostatically interact with anionic 

lipids in the endosome membrane. The charged lipid headgroups form an ion pair, 

reducing their overall area and creating cone-shaped lipids, this induces the formation of 

non-bilayer phases such as the HII phase (Figure 2.4). Overall this process destabilizes 

the LNP structure and endosomal membrane, releasing siRNA into the cell cytoplasm for 

RNA interference (RNAi).  

 

Figure 2.3 Receptor-Mediated Endocytosis 
Figure adapted from Akinc et al. (2010) showing the process by which LNPs enter hepatocytes 
and destabilize the endosomal membrane to release siRNA into the cell cytoplasm.22  

RNAi is mediated by a family of ribonucleoprotein complexes called RNA-

induced silencing complexes (RISCs). A RISC binds to the delivered siRNA, using it as a 
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template for recognizing complementary mRNA. When it finds a complementary strand, 

it activates RNase and cleaves the RNA to silence the specific gene.23  

 

Figure 2.4 LNP Release Mechanism 
The protonation of the amino-lipid in acidic environments triggers electrostatic interactions with 
endosomal anionic lipids forming an ion pair between the headgroups. This reduction in the 
headgroup area creates cone shaped lipids which favor non-bilayer phases such as the HII 
phase. 

2.2.3. Clinical Trials 

There are several LNP formulations which have reached the clinical trial stages, 

particularly for targeting liver diseases such as cancer, hypercholesterolemia and 

transthyretin-mediated amyloidosis.19 The formulations, developed by Alnylam 

Pharmaceuticals (Cambridge, MA), utilize the amino-lipids 1,2-dilinoleyloxy-3- 

dimethylaminopropane (DLinDMA) (2009 and 2011 Phase I trials) and DLin-MC3-DMA 

(current Phase III trial). In 2009, a Phase I trial was started with 41 cancer patients using 

ALN-VSP, an LNP which targets vascular endothelial growth factor (VEGF) and kinesin 

spindle protein (KSP).24 VEGF is overexpressed in diseased cells, accelerating tumour 

growth, whilst KSP is critical for mitosis. Silencing VEGF acts to slow tumour growth 

whilst inhibition of KSP function prevents cell replication, ultimately leading to cell 

death.25 The study successfully demonstrated siRNA-mediated mRNA degradation in 

the liver, but due to the disease progression in the enrolled patients, it was difficult to 

determine if KSP and VEGF were downregulated in tumors.19 
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In 2011, ALN-PCS entered Phase I clinical trials for the treatment of familial 

hypercholesterolemia. The LNPs target the proprotein convertase subtilisin/kexin type 9 

(PCSK9) which binds to low-density lipoprotein (LDL) particles. Blocking PCSK9 results 

in reduced plasma LDL cholesterol and thus decreases the risk of coronary heart 

disease.26 Whilst the study was successful in reducing serum PCSK9 levels and LDL 

cholesterol levels, N-acetylgalactosamine (GalNAc) complexes formed with the PCSK9-

targeting siRNA have mostly replaced the LNP-based design.19 

Currently, Alnylam Pharmaceuticals is developing ALN-TTR02, also known as 

Patisiran, which is in Phase III trials. The LNP design utilizes the most potent amino lipid 

developed so far, DLin-MC3-DMA (see section 2.3.2), to target transthyretin (TTR). 

Mutations in TTR cause misfolding, forming amyloid fibrils which deposit in various 

tissues. Aggregation of these fibrils produces amyloid plaques, which can eventually 

disrupt organ functionality leading to failure. Phase I and II data showed a dose-

dependent reduction in TTR with stabilized or improved neurological symptoms over 6 

months.27  

2.3. Model Membrane Lipids 

There are still many aspects of the LNP which are not completely understood 

and could potentially increase LNP efficiency and practicality. The internal nanostructure 

and the specific functional roles of the different lipid components have yet to be fully 

investigated. Using biophysical characterization, this project explores the phase behavior 

of a model endosomal release system containing DSPS-d70 and XTC2 in equimolar 

amounts with cholesterol in varying concentrations. 

2.3.1. DSPS-d70 

Phosphatidylserine (PS) is a phospholipid with an ionisable headgroup which is 

predominantly negative over a wide pH range (pH>4). It was chosen to mimic ionisable 

anionic lipids which are found increasingly in endosomal membranes as endosomes 

mature. Table 2.1, taken from Kobayashi et al. shows the phospholipid composition from 

the heavy (plasma) membrane, early endosome and late endosome membranes from 

baby hamster kidney cells (BHK-21).21 The proportion of PS lipids are seen to increase 

in the early endosomal membranes from 5.9 ± 0.2% to 8.5 ± 0.2% but decrease as the 
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endosome matures to 3.9 ± 0.2%. In contrast, anionic lysobisphosphatidic acid (LBPA) is 

found to greatly increase from 0.8 ± 0.2% in the heavy membrane to 13.8 ± 0.2% in late 

endosomes.21,28 This change in anionic composition could potentially influence the 

interactions required for the release mechanism proposed for LNPs.  

Table 2.1  Phospholipid Components of the Endosomal Membrane 
Table from Kobayashi et al. (1998) showing the phospholipid composition in heavy 
membrane and early and late endosomal membranes of baby hamster kidney (BHK-21) 
cells.21 

 

For 2H NMR experiments, lipids are required to be deuterated in one or more 

positions, which is hugely expensive for LBPA. Instead, deuterated 1,2-

distearoylphospatidylserine (DSPS-d70) was chosen as a model lipid since it has a 

single negative charge over a biophysical pH range (pH 4-7.4), replicating the 

electrostatic interactions of LBPA. The headgroup of DSPS-d70 consists of a negative 

carboxyl and phosphate group and a positive amine group (Figure 2.5). Both 

hydrocarbon tails are saturated and fully deuterated, providing a strong signal in 2H NMR 

experiments. 

PS lipids form gel (Lβ) and liquid disordered (Lα) bilayer phases which exhibit 

inter-headgroup hydrogen bonding and electrostatic interactions, particularly at low-

temperatures.7 These interactions cause an increase in the melting temperature TM 
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when compared to PC lipids. For DSPS, the melting temperature is quoted at TM = 68°C 

(Avanti Polar Lipids), though this is higher than that obtained by McMullen et al. (2000) 

where differential scanning calorimetry (DSC) isotherms gave TM = 62.5°C.29 

 

Figure 2.5 DSPS-d70 Structure 

2.3.2. XTC2 

2,2-Dilinoleyl-4-(2-dimethylaminoethyl)-[1,3]-dioxolane (DLin-KC2-DMA) or XTC2 

is an ionizable amino-lipid designed specifically for improving LNP delivery capacity.2 It 

was developed from the lipid 1,2-dilinoleyloxy-3- dimethylaminopropane (DLinDMA) in a 

study by Semple et al. (2010) which focused on optimizing the linker and headgroup 

moieties. The lipids were tested in vivo in the mouse Factor VII (FVII) model, to assess 

functional LNP-mediated delivery to hepatocytes. The ability of the cationic lipids to 

deliver the siRNA and inhibit FVII production was compared by testing the levels of FVII 

in the blood. XTC2 was determined to be the most potent inhibitor with the lowest 

median effective dose (ED50 = effective siRNA dose that results in 50% gene silencing) 

of ~0.1 mg/kg. The cationic lipids were also tested for their ability to form the HII phase 

when mixed with equimolar amounts of DSPS at pH 4.8. From DSC and 31P NMR, the 

lamellar-to-HII transition temperature TH = 20°C for XTC2, 7°C below DLinDMA, 

suggesting an increased capacity for bilayer destabilization. In addition, the apparent 

pKa of XTC2 is 6.7 ± 0.08, hence the lipids are predominately neutral at physiological pH 

(7.4) and become protonated in acidifying endosomes. The combined results of the 

study suggested XTC2 as the optimal amino-lipid for LNP-siRNA delivery, hence it was 

chosen as the ionizable cationic lipid for this project. The structure of XTC2 is shown in 

Figure 2.6.  
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Figure 2.6 Structure of XTC2 

In a 2012 paper by Jayaraman et al. the headgroup of XTC2 was modified to 

create 53 novel amino lipids.12 These were tested for their potency levels using the FVII 

model and compared to XTC2. DLin-MC3-DMA (MC3) was identified as having the most 

improved results for gene silencing, with an ED50 = 0.03 mg/kg. The FVII model data 

across the 2010 and 2012 studies show how amino-lipids for LNP gene silencing have 

improved. This is visualized in Figure 2.7 where the residual FVII after treatment is 

shown as a function of siRNA dose for some of the key amino lipids developed from 

2008-2011.  

 

Figure 2.7 Cationic Lipid Effectiveness 
Effectiveness of different cationic lipids in LNP in achieving 50% silencing of the FVII gene of 
hepatocytes in mice (ED50 = effective siRNA dose that results in 50% gene silencing).30  

2.3.3. Cholesterol 

Cholesterol is a lipid found in almost all LNPs in varying concentration. This 

project focused on the addition of 10 and 30 mol% cholesterol into a DSPS-d70:XTC2 

(1:1) system to determine its effect. Cholesterol can have diverse effects on the phase 

behavior of a lipid sample. In the Lβ phase, the lipids are constrained in a crystalline 

bilayer structure with little or no lateral diffusion. The introduction of cholesterol acts as a 

lattice breaker, disordering the system and allowing for increased lateral diffusion across 
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the bilayer plane. Conversely, the presence of cholesterol in Lα systems has an ordering 

effect as the bulky hydrophobic structure (Figure 2.8) packs between the lipid acyl 

chains. At low cholesterol concentrations (<10 mol%) this has been shown to introduce a 

drop in TM.7,29,31–34 At high cholesterol concentrations (>30 mol%) the melting transition is 

abolished and a liquid ordered phase is formed. For lipid systems which can transition 

into the HII phase, cholesterol has been shown to affect TH and induce an ordering effect 

on the HII packing. As cholesterol content is increased up to 30 mol%, TH gradually 

decreases, whilst the order of the HII phase increases. It is believed the cholesterol 

molecules pack between the lipid tails as shown for dielaidoylphosphatidylethanolamine 

(DEPE) in Figure 2.9.33,35 Beyond 30 mol%, TH begins to decrease; this effect is 

potentially due to the ordering effect of cholesterol reducing the curvature of the system 

and destabilizing the HII phase.  

 

Figure 2.8 The Structure of Cholesterol 

 

Figure 2.9 Packing of Cholesterol with DEPE 
Adapted from Takahashi, H. et al. (1996) showing how cholesterol molecules pack within the HII 
structure for DEPE.35 The bulky molecules increase order in the lipid acyl chains.  
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Chapter 3.  
 
Deuterium Nuclear Magnetic Resonance Theory 

Deuterium Nuclear Magnetic Resonance (2H NMR) spectroscopy is an invaluable 

tool for studying the dynamics of a wide variety of lipid systems.36 The sensitivity of 2H 

NMR reaches to individual lipid molecules and provides motional and orientational 

details on their deuterated elements. In an experiment, the spectrum produced is a 

superposition of signals from all the individual deuterated lipids. Through examination 

and quantitative analysis, the phase behavior and the associated characteristics of the 

system can be determined.  

Deuterium (2H or D) is a stable isotope of hydrogen with a very small natural 

abundance of approximately 0.015%. The nucleus of deuterium (the deuteron) contains 

one proton and one neutron, whereas the far more common hydrogen nucleus (protium 

or 1H) contains just one proton and no neutrons. Since the relative amount of deuterium 

to protium is so low, lipids with deuterated components are created synthetically for 

experimentation. Synthesizing lipids also has the advantage of controlling the amount of 

deuteration per lipid. Either entire hydrocarbon chains or specific carbon positions can 

be targeted, but the procedure can be both challenging and expensive, particularly in the 

latter case. In 2H NMR, if less of the lipid is deuterated the signal-to-noise ratio will be 

lower, requiring longer acquisition times and greater numbers of scans for a clear 

spectrum. This can be a very time-consuming process. However, for a lipid sample with 

entirely deuterated chains, assigning peaks in the 2H NMR spectrum for superposed 

deuterons can be an ambiguous process. 

3.1. Principle of Deuterium NMR 

A nucleus with a total angular momentum (nuclear spin number) I, will produce a 

nuclear magnetic moment µ, 

 𝝁 = 𝛾ℏ𝑰 [3.1] 
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where ℏ is Plank’s constant divided by 2π and ɣ is the gyromagnetic ratio. For this 

nucleus, there are 2I+1 possible energy states available, which are all equal in the 

absence of a magnetic field. When a magnetic field B0 is applied along the z-direction 

(𝑩𝟎 = 𝐵 𝑧 ), Zeeman interactions cause splitting of the energy levels. Each state is 

assigned a magnetic quantum number m for the z-component of the angular momentum 

Iz. This Zeeman interaction between the nuclear magnetic moment and the magnetic 

field is described by the magnetic Hamiltonian ĤM 

 𝐻 = −𝝁. 𝑩𝟎 = −𝛾ℏ𝐼 𝐵 . [3.2] 

From this, one can obtain the energy Em of each spin state m 

 𝐸 = ℏ𝑚𝛾𝐵 = ℏ𝑚𝜔  [3.3] 

where ω0 is the Larmor frequency, the characteristic precession frequency of the 

magnetic moment about a static magnetic field. The magnetization precession, from the 

sample’s population of magnetic moments, forms a cone shape about the z-axis in the 

presence of B0.  

To transition from a state 𝑚 to 𝑚 = 𝑚 ± 1 there is an associated energy 

difference associated ∆𝐸 = ∓ℏ𝜔 . A radiofrequency (RF) pulse applied at a direction 

orthogonal to �̂� at the Larmor frequency introduces spin transitions between the energy 

levels, changing the spin populations of the states. The result is a magnetization in the 

transverse direction, orthogonal to the static magnetic field B0. After the pulse is 

switched off, the spins relax to their equilibrium state and the transverse magnetization 

becomes time dependent. This introduces a changing magnetic flux, which according to 

Faraday’s Law can be measured as a current using a coil. This procedure is the 

foundation of modern NMR signal detection. 

Deuterium has nuclear spin 1 (𝐼 = 1), hence it has three energy states available 

where m can take values -1, 0 or 1. Nuclei with spin numbers greater than ½, such as 

deuterium, have a non-spherical distribution of charge in the nucleus which gives rise to 

a quadrupolar moment Q. For deuterium Q = 2.765x10-27 cm2. The distribution of 

charges from other atoms causes an electric field gradient 𝛁𝑬 = 𝑉  at the deuterium 

nucleus, where 𝑖, 𝑘 = 𝑥, 𝑦, 𝑧.36 The interaction between the quadrupolar moment and the 
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electric field gradient gives rise to a quadrupolar interaction which perturbs the Zeeman 

energy levels (Figure 3.1). The quadrupolar Hamiltonian describing this interaction is: 

 

Figure 3.1 Energy level system for a spin 1 system 
The energy level system for a spin 1 system in the presence of Zeeman and quadrupolar 
interactions. 

 Ĥ =
( )

𝑉 (3𝐼 − 𝐼 ) + 𝑉± (𝐼∓𝐼 + 𝐼 𝐼∓) + 𝑉± 𝐼∓ . [3.4] 

Where e is the elementary charge, and I± are the raising and lowering operators (𝐼± =

𝐼 ± 𝑖𝐼 ).  

 𝑉 = 𝑉  [3.5] 

 𝑉± = 𝑉 ± i̇𝑉  [3.6] 

 
𝑉± =

1

2
𝑉 − 𝑉 ± 2i𝑉  

[3.7] 
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the subscripts indicate the second derivatives of the electrostatic potential V with respect 

to the x,y,z coordinate axes.36  

Typically, the electric field gradient tensor 𝑉  is known in a molecule-fixed 

coordinate system whilst the spin operators Ix, Iy etc. are quantized along the laboratory-

fixed magnetic field. It is necessary to rotate 𝑉  into the laboratory-fixed coordinate 

system before Equation [3.4] can be applied. This can be achieved by first expressing 

𝑉  in terms of its irreducible components 𝑉 ,  (𝑚 = 0, ±1, ±2) 

 𝑉( , ) = 𝑉 = 𝑉  [3.8] 

 
𝑉( ,± ) = ±

2

3
𝑉 ± 𝑖𝑉 = ∓

2

3
𝑉±  

[3.8] 

 
𝑉( ,± ) = ± 𝑉 − 𝑉 ± 2𝑖𝑉 = 𝑉± . 

[3.9] 

The coordinate transformation is then accomplished using the Wigner rotation matrix 

(𝐷( )
) through the Eulerian angles α, β, and ɣ  

 𝑉( , ) = ∑ 𝐷
( )

(𝛼𝛽𝛾)𝑉( , )
,± ,± . [3.10] 

Since the electrostatic field gradient tensor is symmetric and traceless, it can be better 

expressed in terms of a principal coordinate system in which it becomes diagonalized 

and takes the form  

 
𝑉 =

𝑉 0 0
0 𝑉 0

0 0 𝑉
 . 

[3.11] 

Provided that we choose x,y,z such that |𝑉 | ≥ |𝑉 | ≥ 𝑉 , we can define the field 

gradient (eq) and asymmetry parameter (η) 
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 𝑒𝑞 = 𝑉  [3.12] 

 
𝜂 =

𝑉 − 𝑉

𝑉
 

[3.13] 

respectively. 

For a deuterium nucleus, it is possible to use a ‘high-field’ approximation since 

the Zeeman interaction is much larger than the quadrupolar interaction. This allows the 

quadrupolar energy to be treated as a small perturbation of the magnetic energy. To 

first-order approximation, the energy levels of the total Hamiltonian are given by36 

 𝐸 = −𝛾ħ𝑚𝐵 +
( )

𝑉( , )[3𝑚 − 𝐼(𝐼 + 1)]. [3.14] 

The allowed transitions are governed by the selection rule ∆𝑚 = ±1, hence for 

deuterium there are two permitted transitions with respect to energy levels 

 
𝐸 − 𝐸 = ℎ𝑣 = 𝛾ħ𝐵 +

3

4
𝑒𝑄𝑉( , ) 

[3.15] 

 
𝐸 − 𝐸 = ℎ𝑣 = 𝛾ħ𝐵 −

3

4
𝑒𝑄𝑉( , ). 

[3.16] 

These resonance energies give rise to two resonance lines in a 2H NMR experiment 

which are separated in frequency by the quadrupolar splitting ∆𝑣  

 
∆𝑣 = 𝑣 − 𝑣 =

3

2

𝑒𝑄

ℎ
𝑉( , ) 

[3.17] 

Typically, in a 2H NMR spectrum the Larmor frequency is plotted as zero and the two 

lines separated by ∆𝑣 will be symmetric about the centre point.  

For an arbitrary orientation of the electric field gradient, two rotations must be 

performed to transform 𝑉( , ) into 𝑉( , ). This is completed using Equation [3.11] with a 

rotation around the z-axis of the field gradient tensor by an angle 𝛼 = 𝜑, followed by a 



19 

rotation about the new y-axis through an angle 𝛽 = 𝜃. In this scenario, the third 

angle 𝛾 = 0. 36 If we apply the necessary Wigner rotation matrix we obtain 

 
𝑉( , ) =

1

2
𝑉 [(3 𝑐𝑜𝑠 𝜃 − 1) + 𝜂 sin 𝜃 − cos 2𝜙]. 

[3.18] 

From Equations [3.18] and [3.19] we can obtain the angular variation in the deuterium 

quadrupolar splitting 

 
∆𝑣 (𝜃, 𝜑) =

3

2

𝑒 𝑞𝑄

ℎ

3 cos 𝜃 − 1

2
+

1

2
𝜂 sin 𝜃 𝑐𝑜𝑠2𝜑 . 

[3.19] 

The term  above is referred to as the static quadrupolar coupling constant, which has 

a value 126 kHz for C-D bonds in methylene (CD2) groups. For C-D bonds the 

asymmetry parameter η~0, hence the second term of Equation [3.20] is negligible.  

Multilamellar vesicles (MLVs) are spherically symmetric (η = 0)with random 

distributions of deuterium nuclear spin orientations. We can easily derive an expression 

for the shape of the ‘powder-type’ spectrum obtained from MLVs in 2H NMR 

experiments. Firstly, we assume a uniform distribution of N nuclei over the surface of a 

sphere with radius r. The fraction of nuclei dN oriented between θ and θ + dθ with 

respect to B0 is given by36 

 𝑑𝑁 = 2𝜋𝑟 𝑠𝑖𝑛𝜃𝑑𝜃 = 𝑁𝑠𝑖𝑛𝜃𝑑𝜃. [3.20] 

The probability density is given by 

 𝜌(𝜃) = 𝑠𝑖𝑛𝜃. [3.21] 

We can combine Equations [3.16], [3.17] and [3.19] to obtain an expression for the 

dependence of the resonance frequency on the orientation angle θ. It is convenient to 

introduce a ‘reduced’ resonance frequency   
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𝜉± =

𝑣± − 𝛾ħ𝐵

3
4

𝑒 𝑞𝑄
ℎ

= ±
3 cos 𝜃 − 1

2
. 

[3.22] 

We then define the probability function ρ(ξ)dξ which describes the probability density of 

spins with the reduced resonance frequency between ξ and dξ. Making use of the fact 

that 𝜌(𝜉) =
( )

 we obtain the relation for the probability density 

 
𝜌(𝜉±) ∝

1

(±2𝜉± + 1)
. 

[3.23] 

The function ρ(ξ) diverges at frequencies 𝜉 = ±  corresponding to nuclear sites oriented 

at 𝜃 = 90°; these peaks are known as a Pake doublet (Figure 3.2). The frequency 

spacing of the Pake doublet is equal to the quadrupolar splitting 

 ∆𝑣 = .  [3.245] 

If we have a large ensemble of lipid molecules we can define an average orientation 

characterized by a director axis. Movements of the molecules are assumed to be 

cylindrically symmetric around this axis, with small angular oscillations in an orthogonal 

direction. In the liquid crystalline (Lα) phase, the rate of rotation of the lipid molecules 

(108-1010 Hz) is much faster than the timescale of the 2H NMR experiment (106 Hz), thus 

only the average orientation of the C-D bonds within the lipid chains are detected. 

The dependence on θ described in Equation [3.20] can be replaced by a time average 

(denoted by the angular brackets), leading to an expression for the quadrupolar splitting 

 
∆𝑣 (𝜃 ) =

3

2

𝑒 𝑞𝑄

ℎ

< 3 cos 𝜃 − 1 >

2
. 

[3.25] 

In this equation, we assume that η=0 due to symmetry and define θi as the 

instantaneous angle between the C-D bond on the i-th carbon and the director axis. This 

provides a measure of the average order (or angular amplitude) of C-D bonds within the 

lipid chains which we define as the order parameter SCD 
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Figure 3.2 The Pake Doublet 
Figure taken from Seelig, J. (1977) showing Pake doublet pattern for a deuterium nucleus in an 
axially symmetric field gradient.36 The width of the pattern ∆𝝃 = 𝟏 corresponds to the quadrupolar 
splitting in Equation [3.25]. 

 
𝑆 =

< 3 cos 𝜃 − 1 >

2
. 

[3.26] 

Equation [3.26] assumes the magnetic field B0 is parallel to the director axis. If instead 

B0 makes an angle βʹ with the director axis, the observed quadrupolar splitting becomes 

 
∆𝑣 (𝜃 , 𝛽ʹ ) =

3

2

𝑒 𝑞𝑄

ℎ

3 cos 𝛽ʹ − 1

2
𝑆 . 

[3.27] 

The resulting spectrum for the liquid crystalline phase is a superposition of Pake 

doublets from all the C-D2 and C-D3 bond orientations in the lipid acyl chain. An example 

of this is shown in Figure 3.3b for DSPS-d70 at 68°C. 

For the inverted hexagonal (HII) phase, the timescales for rotation are still much 

faster than the NMR timescale. However, there is also a change in symmetry due to 

axial rotation of the lipid molecules around the cylinder axis, leading to an additional 

averaging effect. In this case, the quadrupolar splitting is given by 
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∆𝑣 (𝜃 , 𝛼ʹ ) =

3

4

𝑒 𝑞𝑄

ℎ

3 cos 𝛼ʹ − 1

2
𝑆 , 

[3.29] 

where αʹ is the angle between B0 and the cylinder axis. Equation [3.29] is identical to 

[3.28] except for a factor ½. Because of this, the HII 2H NMR spectrum is half the width of 

the Lα spectrum. This is shown for DSPS-d70:XTC2 at 35°C in Figure 3.3c.  

At temperatures below the melting transition, lipids are typically found in the gel 

(Lβ) phase. In this phase, rotations are slow on the NMR timescale and motion is not 

axially symmetric, therefore quadrupolar splittings are not easily measurable. The 

characteristic spectrum has a bell-shape extending out to ±63 kHz, as shown for DSPS-

d70 at 15°C in Figure 3.3a.  

  

Figure 3.3 2H NMR Lipid Phase Spectra 
a) Gel phase spectrum of DSPS-d70 at 15°C. b) Liquid crystalline spectrum of DSPS-d70 at 
68°C. c) Inverted hexagonal phase spectrum of DSPS-d70:XTC2 at 35°C 

3.2. The Quadrupolar Echo 

In solid state 2H NMR experiments, it is not possible to receive data immediately 

after a pulse due to the receiver dead-time. The first few points of the free induction 

decay (FID) are lost as the signal decays rapidly during this time. Overall, this leads to a 

loss of information and distortion in the spectrum. To remedy this the quadrupolar echo 

is used to refocus the spins and reproduce the FID as an ‘echo’ long after the receiver 
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dead-time, allowing the entire signal to be detected. The quadrupolar echo pulse 

sequence is made up of two 90° orthogonal pulses which are separated by a time delay, 

τ. There is a second τ delay before the signal can be acquired. A schematic of the 

sequence is shown in Figure 3.4. 

At a time 𝑡 < 0 the density matrix of the system 𝜌(𝑡 < 0) is proportional to Iz, 

since there is only z-magnetization (B0) present. At time 𝑡 = 0 a 90° y-pulse is applied, 

which can be described by a rotation 𝑅 = 𝑒  with 𝜑 = . Immediately following the 

pulse the density matrix becomes37 

 𝜌(𝑡 = 0) = 𝜌(0) = 𝑅 𝐼 𝑅 = 𝐼 .  [3.28]  

Hence a pulse about the y-axis rotates the z-magnetization towards the positive x-axis. 

The system then evolves in the external magnetic field, B0 during a time τ. At 𝑡 = 𝜏 the 

density matrix will be  

 𝜌(𝜏) = 𝑒 𝜌(0)𝑒 . [3.29]  

Here 𝐴 =  is the strength of the quadrupolar perturbation. At time τ, a second 90° 

pulse of negligible duration is applied in the x-direction, 𝑅 = 𝑒 . Instantly after, the 

density matrix is described by  

 𝜌 ( ) = 𝑅 𝑒 𝜌(0)𝑒 𝑅  [3.30]  

At time t, the amplitude of the signal induced in the sample coil of the spectrometer is 

proportional to  

 𝑆(𝑡) = Tr[𝜌(𝑡)𝐼 ] [3.31] 

After the 90° x-pulse, at a time 𝑡 > 𝜏, the corresponding signal amplitude will be  

 𝑆(𝑡) = Tr[𝑒 ( )𝑅 𝑒 𝜌(0)𝑒 𝑅 𝑒 ( )𝐼 ] [3.32] 
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Figure 3.4 The Quadrupolar Echo 
Schematic of the quadrupolar echo sequence and data acquisition (time not to scale). 

Equation [3.34] can then be expanded to give37 

 𝑆(𝑡) = ⟨𝑚|𝑅 |𝑚 ⟩⟨𝑚 |𝜌(0)|𝑚 ⟩⟨𝑚 |𝑅 |𝑚 + 1⟩

, ,

[𝐼(𝐼 + 1)

− 𝑚(𝑚 + 1)] 𝑒 ( )( )  

[3.33] 

For specific values of t, all the nuclei are in phase and the desired echo appears. From 

Equation [3.35] we can see this happens if  

 𝑡 − 𝜏

𝜏
=

𝑚 − 𝑚

2𝑚 + 1
> 0. 

[3.36] 

For a deuterium nucleus with 𝐼 = 1, Equation [35] becomes zero when 𝑚 = 1 and thus 

no signal is observed. For 𝑚 = 𝑚  the signal is time-independent and does not decay 

to zero; when Fourier transformed this gives an infinitely narrow line. To satisfy the 

condition in Equation [3.36], 𝑚 − 𝑚 = ±1. The allowed values of (𝑚, 𝑚 , 𝑚 ) 

required for the echo to occur are, (0,0, ±1) and (−1, ±1,0). Under these conditions the 

echo can be detected at 𝑡 = 2𝜏. Without the quadrupolar echo, we could not obtain 

undistorted spectra during experiments. 
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3.3. Spectral Analysis  

3.3.1. Moment Analysis 

The quadrupolar splittings observed in 2H NMR spectra can be used to determine 

the molecular order of the sample. Moment analysis is a quantitative way to compare the 

molecular order of the lipids as they transition through phases. The n’th moment of a 

spectrum is defined as 

 
M =

1

𝐴
|𝜔| 𝑓(𝜔)𝑑𝜔 

[3.37] 

where ω is the frequency and f(ω) is the function describing the line shape of the 

spectrum. The area under the spectrum, A is calculated from 

 𝐴 = ∫ 𝑓(𝜔)𝑑𝜔. [3.38] 

Practically moments are calculated for each half of a spectrum and an average is taken. 

The positive and negative limits are equidistant from zero and contain all the spectral 

intensity between them. Comparing the difference in moments between the two halves is 

useful to determine how symmetrical the spectrum is.  

The first moment M1 represents the average spectral width and provides a 

quantitative measure of how broad a spectrum appears to be. M1 is useful for 

determining the phase of a sample as well as coexistence and transitions. Phase 

transitions are marked by changes in slope from an M1 versus temperature graph. 

M1 values can also provide a global estimate of the chain ordering in a sample 

〈𝑆 〉 . This is particularly useful for samples with low signal to noise.38 The relation is 

given by 

 
〈𝑆 〉 =

ℎ√3

𝜋𝑒 𝑞𝑄
𝑀  

[3.39] 
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This allows us to easily compare completely disordered systems (〈𝑆 〉 = 0) to fully 

rigid systems (|〈𝑆 〉 | = ½). 

3.3.2. De-Pake-ing 

A more extensive measure of ordering in the lipid sample can be obtained using 

the ‘de-Pake-ing’ procedure, where an aligned spectrum is obtained from numerically 

deconvoluting a powder pattern spectrum. Through this method, the order parameters of 

individual C-D2 and C-D3 groups in the acyl chains can be established. This facilitates 

the construction of a smoothed profile of order of the sample.39  

The powder pattern spectrum G(ω), which results from many randomly oriented 

domains, is a superposition of contributions from all angles according to  

 

𝐺(𝜔) = 𝑓 (𝜔)𝑠𝑖𝑛𝜃𝑑𝜃

⁄

. 

[3.40] 

𝑓 (𝜔) is the normalized lineshape at angle θ and 𝑠𝑖𝑛𝜃𝑑𝜃 is the orientational probability 

distribution. Following the original approach to de-Pake-ing a powder spectrum, a 

change of variable is introduced40   

 𝜔 = 𝜔(𝜃) = 𝑥𝑃 (𝑐𝑜𝑠𝜃). [3.41] 

This allows Equation [3.40] to be rewritten as 

 
𝐺(𝜔) = 𝑓 (𝑥)[3𝑥(2𝜔 + 𝑥)] 𝐼(𝜔, 𝑥)𝑑𝑥 

[3.42] 

𝑓 (𝑥) is the normalized oriented lineshape at 𝜃 = 0° and 𝐼(𝜔, 𝑥) = 1 for − < 𝜔 < 𝑥 and 

𝐼(𝜔, 𝑥) = 0 otherwise. Equation [3.42] is then discretized and can be solved iteratively or 

by noniterative matrix methods to obtain 𝑓 (𝑥).  
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An example of a de-Paked spectrum is shown in Figure 3.5. The original powder 

spectrum for the liquid crystalline phase is shown in Figure 3.5a for DSPS-d70 at 68°C. 

After de-Pake-ing using the iterative method (10 iterations), we obtain the spectrum 

shown in Figure 3.5b. From our de-Paked spectrum we can calculate the order 

parameters, SCD from the centres of equal area slices taken across the spectrum. As 

with the spectral moments, we can examine the spectrum in two halves and compare 

the level of symmetry. Taking the right-hand side, the peak closest to zero represents 

the methyl group of the lipid chains. As we move to increasing frequencies, the peaks 

represent the methylene groups which are closer to the lipid headgroup. If we fit the 

peak values in both halves and take the absolute values we obtain the quadrupolar 

splittings for each methylene group along the chain. Taking an average of these, we can 

then use Equation [3.28] with βʹ set to 0° to calculate SCD for each C-D2 group as well as 

the C-D3 group. If we plot SCD as a function of carbon number, we obtain a smoothed 

order profile for the sample. The shape of the order profile is characteristic of the phase 

of the sample.   
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Figure 3.5 De-Pake-ing a Spectrum  
a) Original powder pattern spectrum for DSPS-d70 at 68°C in the Liquid crystalline phase. b) De-
Paked spectrum using the iterative method over 10 iterations. The blue markers indicate the 
calculated frequencies of distinct methylene groups used to calculate SCD positions.  

3.3.3. Solid Analysis 

In NMR experiments after an RF pulse, the methylene groups on the lipid tails 

typically take 30-50 ms to relax back to their equilibrium position within the static 

magnetic field. A repetition time (reptime) of 300 ms is chosen to allow the lipids to fully 

relax before repeated pulses. In some sample conditions a solid phase can form where 

the relaxation timescale is the order of seconds, therefore information about the sample 

is lost when using a repetition time of 300 ms. To capture the NMR signal from lipids in 

the solid phase, a repetition time is chosen which is several times greater than the 

relaxation time. In an NMR spectrum, the signal corresponding to the solid phase 
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extends from between ±126 kHz, whereas the liquid crystalline or gel phase spectrum is 

confined to ±63 kHz. This is shown for the powder spectrum for DSPS-

d70:XTC2:Cholesterol (45:45:10) at 10°C in Figure 3.6.  

 

Figure 3.6 Solid Phase in a Spectrum 
NMR spectrum for DSPS-d70:XTC2:Cholesterol (45:45:10) at 10°C with a 10s repetition time. 
The signal between ±63 and ±126 kHz is due to the presence of a solid phase. 

Using short (300 ms) and long (10 s) reptime NMR spectra it is possible to 

calculate the percentage of the deuterated lipid in the solid phase using the method 

described from Brief, E. et al.41 The amount of solid signal is measured from the area 

under the curve between ±63 and ±126 kHz in the short (𝑆 ) and long (𝑆 ) reptime 

spectra. A constant c is identified such that 
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𝑐 =

𝑆

𝑆
. 

[3.44] 

The echo height of the short reptime (EHS) free induction decay (FID) contains 

contributions from all “non-solid” components (Lα, Lβ or HII), the solid methyl groups and 

𝑐 × 𝑆 .The echo height of the long reptime signal (EHL) includes contributions from all 

phases. The percentage solid can then be calculated for DSPS-d70 by  

 
𝑆𝑜𝑙𝑖𝑑% = 100% ×

70

64 (1 − 𝑐)
×

𝐸𝐻𝐿 − 𝐸𝐻𝑆

𝐸𝐻𝐿
 

[3.45] 

the factor 70/64 accounts for the 6 solid methyl deuterons which relax at a faster rate 

than the 64 solid methylene deuterons in DSPS-d70. 
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Chapter 4.  
 
Small Angle X-ray Scattering Theory 

Small-angle x-ray scattering (SAXS) is a powerful method used to determine 

nanoscale structural features within a sample. Interactions between x-rays and matter 

create scattering patterns which can be used to derive structure parameters for the 

sample.42 In SAXS experiments, the entire sample volume is irradiated, hence only 

average structural parameters are obtained over all orientations and structures. Unlike 

an optical system, the phase of the scattered wave is lost, so reconstruction of the 

structure must be done mathematically and is only possible in two dimensions.  

For lipid systems, which have a highly ordered and periodic arrangement, the 

peaks in the scattering pattern are well pronounced. The ratios of the peak positions 

take on specific values which can be used to determine the crystalline symmetry and 

therefore the phases present within the sample.  

4.1. Diffraction Theory 

Scattering can occur in two ways when x-rays irradiate a sample. Atoms scatter 

radiation in all directions which produces a background signal. Additional scattering is 

produced from electron density variations from periodic structures of clustered molecules 

which have a comparable size to the x-ray wavelength.42 In order to produce scattering 

patterns, the incoming and detected radiation must have the same wavelength which 

occurs during Thompson scattering. During an experiment, incoming x-ray photons 

collide with strongly bound electrons in the sample. Whilst no energy is transferred in the 

collision, the electrons begin to oscillate with the same frequency as the photons, 

causing them to emit radiation at this frequency. Since neighboring atoms are irradiated 

in synchrony, they will oscillate and emit radiation at the same time and frequency. The 

interference which occurs from these emitted coherent waves will carry the structural 

information about the sample. This pattern is recorded at the detector. A schematic is 

shown in Figure 4.1.  
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Figure 4.1 X-Ray scattering from atoms or structures 

4.2. The Crystal Lattice 

Crystal structures can be expressed by a simplified point lattice, which 

represents the three-dimensional arrangement of atoms. The point structure can be 

described in three sets of planes, where each intersection of three planes is the position 

of an atom or molecule, known as a lattice point.43 A point lattice can be minimally 

represented by a unit cell. Starting from any lattice point, the size and shape of the unit 

cell can be defined by the length of three vectors (a, b, c) and the angles between them 

(α, β, γ). These six parameters are known as the lattice constants of the unit cell, and the 

relationships between them result in various crystal systems. The conventional way of 

describing the orientation of lattice planes is using a set of integers known as Miller 

indices. Miller indices are the reciprocal intercepts of the plane on the unit cell axes. If 

the crystal plane makes fractional intercepts of 1/h, 1/k, 1/l with the three crystal axes 

respectively, the Miller indices are (hkl). The interplanar distance between two adjacent 

planes with the same indices is known as the d-spacing (d).  The d-spacing is important 

for Bragg’s Law, which explains the interference of x-rays scattered from the crystal 

structure. Diffraction peaks for constructive interference are observed when the Bragg 

law is satisfied44 

 𝑛𝜆 = 2𝑑 sin 𝜃 . [4.1] 

Where λ is the wavelength of the x-rays, θpeak is the angular position of a first-order 

diffraction peak and n is the order of reflection.  
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Figure 4.2 Diffraction cones from a polycrystalline (powder) sample 
Figure taken from Zamlynny, V. (1997).45 

The scattering pattern from long-range crystalline materials has many sharp 

peaks which correspond to various crystal planes. To visualise the diffraction 

possibilities of a single crystal, a reciprocal lattice can be constructed, with each point 

labelled by a Miller index. The position of the point in the reciprocal lattice defines the 

orientation and the d-spacing of the lattice planes in the real space lattice. A diffraction 

event can be visualized in reciprocal space using the Ewald sphere construction. The 

Ewald sphere is drawn centred on the origin of the reciprocal lattice with a radius 1/λ. 

For each reciprocal lattice point that intersects with the Ewald sphere the Bragg 

condition is satisfied and diffraction arises. For a polycrystalline material, such as a lipid 

sample, there will be many identical reciprocal lattices randomly oriented with respect to 

each other. The diffracted rays form cones (Figure 4.2) which appear as concentric rings 

known as Debye-Scherrer-rings at the detector. These are averaged across the polar 

angle to produce a graph of scattering intensity versus the scattering vector (q (Å-1)), the 

modulus of the change in momentum between the incident and scattered radiation. 

 
𝑞 =

4𝜋

𝜆
sin 𝜃 

[4.2] 

2θ is the scattering (or Bragg) angle relative to the incoming beam (shown in Figure 4.1). 

Combining equations [4.1] and [4.2] we obtain the relation  

 
𝑑 =

2𝜋𝑛

𝑞
. 

[4.3] 
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4.3. Lipid Scattering Curves 

Lipid phases can be identified from SAXS scattering curves by their characteristic 

peak spacings. Lamellar phases have a repeating structure in the z-direction created by 

stacking bilayers. The d-spacing describes the length of the repeating structure including 

the water distributed between the bilayers (shown in Figure 4.3a). Peaks in the 

scattering curve are equally spaced and each is described by a Miller index (h,0). An 

example of this for dipalmitoylphosphatidylcholine (DPPC) in the gel phase at 22.5°C is 

shown in Figure 4.4a. For lipid phases which have an overall net charge, the peaks in 

the scattering pattern become less resolved. This effect is due to repulsion between 

structures (section 2.1) resulting in an overall less consistent d-spacing. For small 

concentrations of charge this can result in peak broadening and less visible peaks, whilst 

for larger amounts the peaks can disappear completely.  

 

Figure 4.3 d-spacing for Lipid Phases 
a) d-spacing of lamellar structure including the water layer between bilayers. b) d-spacing of HII 
structure denotes the distance between rows of cylinders. The α-spacing is the inter-cylinder 
distance. c) d-spacing in the Pn3m cubic phase is the distance between the water channels. 

The inverted hexagonal phase (HII) consists of lipid cylinders which pack in a 

hexagonal formation (Figure 4.3b). The d-spacing, which is extracted from the scattering 

curve, describes the vertical height between the cylindrical layers. From geometry, the 

inter-cylinder distance or α-spacing can then be calculated by 𝛼 =
√

. The peak positions 

are no longer equally spaced and are described by the Miller indices (h,k). An example 

of a HII scattering curve is shown in Figure 4.4b for dioleoylphosphatidylethanolamine 

(DOPE) at 22.5°C. 
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Cubic phases have peaks described by Miller indices (h,k,l).46 The type of cubic 

phase can be determined by the specific peaks in a scattering curve as some are only 

present in specific cubic phases. The d-spacing describes the distance between the 

water channels within the cubic structure (Figure 4.3c). An example of the Pn3m cubic 

scattering curve is shown for lysobisphosphatidic acid (LBPA) with XTC2 (1:1) at 31.9°C 

in Figure 4.4c.  

To calculate the d-spacing from a scattering curve, each peak is first fitted to a 

Lorentzian function to identify the peak q-values (qpeak). A d-spacing value for each peak 

can then be determined using Equation [4.3]. For lipid systems, the order number (n) for 

each peak can be calculated from its Miller index. For lipids in a lamellar or HII phase, 

where each peak is described by Miller indices (h,k)47 

 𝑛 = ℎ + 𝑘 + ℎ𝑘. [4.4] 

For cubic phases, where the peak Miller indices are (h,k,l). 

 𝑛 = ℎ + 𝑘 + 𝑙 . [4.5] 
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Figure 4.4 SAXS Scattering Curves for Various Lipid Phases 
a) Scattering pattern for DPPC in bilayer phase at 25°C; the peaks are denoted by (h,0). b) 
Scattering pattern for DOPE in the HII phase at 25°C. c) Scattering pattern for LBPA:XTC2 (1:1) 
in the Pn3m cubic phase at 31.9°C, the peaks are denoted by (h,k,l). 
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Chapter 5.  
 
Materials and Methods 

5.1. Sample Preparation 

1,2-distearoyl(d70)-sn-glycero-3-[phosphor-L-serine] (DSPS-d70) (sodium salt) 

(Lots #860402P-180D70PS-13 and #860402P-01-013, molecular weight 884.5 g/mol) 

and Cholesterol (Lot #700000P-CH-98, molecular weight 386.7g/mol) were purchased in 

powder form from Avanti Polar Lipids (Alabaster, Alabama). The ionizable amino-lipid 

2,2-dilinoleyl-4-(2-dimethylaminoethyl)-[1,3]-dioxolane (DLin-KC2-DMA/XTC2) was 

synthesized by Biofine International (Vancouver, BC) and donated by the 

NanoMedicines Research Group at the University of British Columbia (UBC). All lipids 

were stored at -20°C. 

5.1.1. DSPS-d70 

Prior to weighing out the sample, the DSPS-d70 powder was completely dried by 

vacuum pumping over several hours until the weight remained stable. Once dry, 35.0 ± 

0.3 mg (39.5 μmoles) was weighed into a scintillation vial and 650 μl of deuterium 

depleted water (ddw) was added. To produce hydrated multilamellar vesicles (MLVs), 5-

cycles of freeze-thaw-vortex were conducted. To freeze, the vial was held in liquid 

nitrogen for 1 minute. To thaw, the vial was held in a water bath at ~75°C (~10°C above 

TM) for 1 minute. The sample was then vortexed for 1 minute, and the process was 

repeated. The resulting milky white lipid bilayer suspension was transferred into an NMR 

tube using a volumetric pipette. The tube was sealed with Teflon tape and parafilm and 

tested immediately after hydration.  

5.1.2. DSPS-d70 with XTC2 and/or Cholesterol  

For samples containing DSPS-d70 with XTC2 and/or cholesterol, the desired 

molar amounts of each lipid were weighed into separate scintillation vials with Teflon-

capped lids. Approximately 35 mg of DSPS-d70 was used for each sample with 

equimolar amounts of XTC2 and/or the required molar amount of cholesterol. A 
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combination of chloroform, methanol and deuterium-depleted water (ddw) in a 65:35:8 

ratio was made to dissolve the lipids. The solvents chloroform (CHCl3) and methanol 

(CH3OH) were purchased from Caldeon Laboratories Ltd (Georgetown, ON) and ddw 

was obtained from Sigma Aldrich (Sigmal Chemical Co. St. Louise, MO 63178) Lot 

#SZ1519V (≤1ppm deuterium oxide). XTC2/cholesterol were dissolved in ~1ml of the 

solvent mixture at room temperature. For DSPS-d70, ~1ml of solvent was added, then 

the vial was sealed and gently heated in warm ~70˚C water until a clear solution was 

obtained. The lipids were combined and vortexed, before removing the solvent using a 

stream of N2. The solvent was further removed by employing a high vacuum pump 

overnight. For the sample containing DSPS-d70 and cholesterol, the hydration 

procedure in section 5.2.1 was followed to obtain a milky lipid suspension in ddw. 

For samples containing DSPS-d70 and XTC2 with either 0, 10 or 30 mol% 

cholesterol, two buffers were required to hydrate the lipids and achieve a final sample 

pH of 4.7. To hydrate the lipids, 600 μl of 10 mM N2-hydroxyethylpiperazine-N’-2-

Ethanesulfonic Acid (HEPES) buffer pH 7.4 was added to the sample, and 5 heat-vortex-

equilibrate cycles were completed to produce a fully hydrated milky suspension solution. 

The process involved warming in a water bath to 75 ˚C for 1 minute, vortexing for 1 

minute, then equilibrating the sample at room temperature for 5 minutes. HEPES powder 

was purchased from Bioshop, Biotechnology, (Lot # 8C7226, Bioshop Canada Inc, 

Burlington, ON) and the 10 mM buffer was created by dissolving 11.9 ± 0.1 mg of 

HEPES powder in 4.2 ml of ddw. To achieve a final buffer pH of 7.4, 6 μl of sodium 

hydroxide (NaOH) stock solution (5.06 M) was added. This was produced by dissolving 

202.56 ± 0.03 mg of NaOH in pellet form (purchased from EM science, Affiliates of 

Merck KGaA (Darmstadt, Germany)) in 1 ml of ddw. The resulting pH of the buffer was 

confirmed with litmus paper.  

The lipid sample was then transferred to an NMR tube and acidified to a final 

sample pH of 4.7 by adding ~70 μl of a 1.5 M sodium acetate (NaOAc) buffer at pH 3.7. 

The high final buffer concentration was required to acidify the lipid solution since the 

cationic lipid is prepared as a free base and must be fully protonated to balance 

electrostatic interactions with the anionic DSPS-d70. To ensure thorough mixing of the 

buffer, the tube was vortexed for several minutes until the resulting lipid dispersion 

visibly condensed and separated from much of the buffer. To make the buffer, 0.172 ml 

of glacial acetic acid (obtained from Anachemia Science Canada Inc (Vancouver, BC) 
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17.4 M pH 2.7) was added to 2 ml ddw. 60 μl of the NaOH stock solution was added to 

raise the pH to 3.7, this was confirmed with litmus paper.  

Immediately after hydrating and acidifying, the sample was transferred to the 

NMR spectrometer for testing. After 2H NMR experiments were completed, the same 

lipid sample was used for proton NMR and SAXS experiments. Proton NMR was 

employed to verify the lipid compositions of the binary and ternary mixtures. 

Approximately 10 mg of the lipid sample was loaded into a scintillation vial and dried 

completely by high pressure pumping for 2 hours. The sample was then re-dissolved in 

~1 ml of deuterated chloroform, methanol and D2O in a 65:35:8 ratio. All three 

deuterated solvents were purchased from Cambridge Isotope Laboratories Inc 

(Tewksbury, MA 01876). To ensure the lipids were fully dissolved, the vial was heated in 

a water bath.at 70°C until the solution turned completely transparent. This was then 

transferred to an NMR tube and tested straight away.  

For each SAXS experiment, ~10 mg of the hydrated lipid sample was loaded into 

quartz capillary tubes using a Hamilton syringe needle. The quartz-glass capillary tubes 

(1.5mm thick and 80mm long) were obtained from Charles Supper Company Inc (Natick, 

MA 01760). Capillary wax was then used to seal the opening of the capillaries.  

5.1.3. LNP Samples 

Lipid nanoparticles were formulated and donated by the NanoMedicines research 

group at UBC. Their formulations consisted of DLin-KC2-DMA, 

distearoylphosphatidylcholine (DSPC), cholesterol and PEG- dimyristolglycerol (DMG) at 

a molar composition of 50:10:38.5:1.5 at various charge ratios (no siRNA, nitrogen-to-

phosphate (N/P) = 1, 2, 3, or 6) as well as DSPC, cholesterol and PEG-DSPE at a molar 

ratio of 55:44:1. For each LNP sample, ~15 μl was loaded into the quartz capillaries 

using a volumetric pipette before sealing the tube with capillary wax.  

5.2. 2H NMR 

2H NMR experiments were carried out using a 300 MHz (7.0 T) Oxford Magnet 

with a TecMag spectrometer. Data acquisition was always started at 25°C before 

running down in temperature, then increasing slowly to the desired maximum 
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temperature. To ensure sample integrity was maintained, the experiment was finished by 

running down to 25°C. For temperature changes of 2-5°C, the sample was allowed to 

equilibrate for 45 minutes before taking data. For 1°C changes, a 20-minute equilibration 

time was used. Experiments were carried out using the quadrupolar echo sequence 

(described in section 3.3), consisting of two 90° out-of-phase pulses of duration 3.95 μs, 

spaced 40 μs apart. The data were collected in quadrature with 8-CYCLOPS phase 

cycling (section 5.2.2) and depending on the predominant phase of the lipids, the 

repetition time, dwell time and number of scans were adjusted (section 5.2.1).  

5.2.1. Repetition Time, Dwell Time and Number of Scans 

The repetition time (reptime) is the time between successive scans in an 

experiment. Ideally the reptime will be as short as possible to allow for more scans in a 

given time, improving the signal-to-noise ratio. However, for lipids which have longer 

spin lattice (T1) relaxation times, such as in the crystalline solid phase, signal is lost if the 

lipids do not have time to fully relax. Lipids in the gel (Lβ), liquid crystalline (Lα) and 

inverted hexagonal (HII) phase have a relatively short T1, hence a reptime of 300 ms is 

sufficient to capture a majority (>95%) of the signal.48 Ideally in an experiment, the 

reptime is at least 5 times the T1 timescale, but for the crystalline solid phase the lipids 

can take several seconds to re-equilibrate leading to huge experimental times. As a 

compromise in this project, a reptime of 10 s was chosen for samples which displayed 

solid phase behavior.  

The change in reptime due to the phase behavior of the samples also affected 

the number of scans per temperature. For samples which did not display any solid phase 

(DSPS-d70 in section 6.1 and DSPS-d70:XTC2 (1:1) in section 6.2), 20,000 scans were 

completed per temperature with a 300 ms reptime. To improve the signal-to-noise ratio 

for spectral de-Pake-ing in the Lα or HII phase, at least one experiment of 100,000 scans 

was carried out above the transition for all samples. For samples which did display solid 

phase at low-temperatures (DSPS-d70:XTC2 with 10 or 30 mol% cholesterol in sections 

6.3 and 6.4 or DSPS-d70:chol (70:30) in section 6.5) three experiments of 1000 scans 

were carried out per temperature using the reptimes 300 ms-10 s-300 ms. By comparing 

the short and long reptime spectra the percentage of the deuterated lipid in the solid 

phase could be determined per temperature (section 3.2.3). Once the temperature was 
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high enough to eradicate the solid, the remaining data were taken at 300 ms reptime and 

20,000 scans.  

The dwell time in an NMR experiment is the time spacing between successive 

data points sampled in the FID. In the frequency domain, the dwell time controls the 

spectral width, with shorter dwell times giving larger spectral widths. In this project, for 

lipid samples containing lamellar or solid crystalline phases, a dwell time of 2 μs was 

used to capture the rapidly decaying FID signal. For the lipid samples which transitioned 

into the HII phase (DSPS-d70:XTC2 (1:1) samples with 0, 10 and 30 mol% cholesterol 

above 35°C), post-transition the dwell time was increased to 5 μs. In the HII phase, the 

entirety of the signal is captured between ±16 kHz, hence the FID decays much more 

slowly in the time domain. 

5.2.2. Phase Cycling and Quadrature Detection 

In NMR spectroscopy the signal is detected in quadrature using a receiver coil 

which forms part of a tuned circuit consisting of the coil and a capacitor. The inductance 

of the coil and the capacitance of the capacitor are set such that the tuned circuit they 

form is resonant at the Larmor frequency. After an RF pulse, the precessing 

magnetization can be represented by a vector with real and imaginary components. The 

signal components are detected and transmitted by two orthogonal output channels 

which in theory carry identical information except for a 90º-phase shift. This quadrature 

detection allows the magnitude and direction of the precession frequency to be 

determined as an offset frequency from the Larmor frequency. To reduce detection 

errors and incoherent noise, the 8-CYCLOPS phase cycling scheme is used during data 

acquisition. This is a method of data acquisition where the pulse phase and the phase of 

the receiver are advanced by 90° on alternate scans. The result is that the lineshape is 

the same for each repetition of the experiment allowing them to be added coherently 

without cancellation.  

5.3. SAXS 

Small angle X-Ray scattering (SAXS) experiments were conducted on the 

SAXSLAB Ganesha 300XL SAXS system at 4D Labs (SFU, Burnaby, BC). The X-ray 

beam has a wavelength of 0.154 nm generated by a Cu-Kα X-ray source, and the 
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sample-to-detector distance is adjustable across 1.4 m to allow measurements from q = 

0.0025 Å-1 to q = 2.8 Å-1. The sealed capillaries were loaded into a temperature-

controlled Linkam Heater stage which regulated temperatures between 10-50°C. 

Experiments were carried out in the Medium Angle X-ray Scattering (MAXS) length-

scale with q between 0.010 Å-1 and 0.7 Å-1. After each temperature change, data were 

taken after 30- and 60-minute equilibration times with a 600 s acquisition time per 

experiment. To validate the SAXS results two calibrations were conducted. The first was 

to calibrate q over all length-scales using Silver Behenate (AgBeh) which has a known q 

value of 0.1076 Å-1. This calibration was carried out prior to each SAXS experiment to 

ensure accurate positioning of the detector. However, there is an outstanding 

discrepancy in measurements due to a difference in sample-to-detector distance 

between the AgBeh sample stage and the Linkam stage used for capillary samples. The 

result of this is a systematic error in the calculated d-spacings, hence the actual values 

are believed to be ~1 Å smaller than those presented. Secondly, it was important to 

calibrate the temperature of the Linkam stage, as the sample temperature was found to 

be considerably different from the set point. The experimental work for the calibration 

was carried out by Miranda Schmidt and Bashe Bashe.49 
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Chapter 6.  
 
NMR Results 

This chapter presents the 2H NMR data and corresponding analysis for each of 

the samples studied as part of this project. Sections 6.1 and 6.5 discuss the results for 

DSPS-d70 and DSPS-d70 with cholesterol (70:30 molar ratio) in ddw. In sections 6.2-

6.4, the results of the model release system DSPS-d70:XTC2 (1:1) at pH 4.7 are 

presented with 0, 10 and 30 mol% cholesterol.  

6.1. DSPS-d70 in ddw 

The 2H NMR spectra for DSPS-d70 as a function of temperature are presented in 

Figure 6.1 from 10°C to 70°C. At temperatures below 60°C, the spectra are mainly 

featureless with bell-shaped shoulders extending to ±63 kHz. This is indicative of the 

lipids being completely in the gel (Lβ) phase. The melting transition of DSPS-d70 runs 

from 60°C to 65°C and is characterized by the gradual appearance of resolvable peaks 

in the center width of the spectrum and a reduction in the Lβ shoulders. By the end of the 

transition the spectral intensity is contained within ±30 kHz as all the lipids are in the 

liquid crystalline (Lα) phase.  

Plotting the average spectral width (M1) as a function of temperature (Figure 6.2) 

allows the melting transition to be examined in a more quantitative way. Between 10°C 

and 60°C the M1 value decreases only slightly. The transition between 60°C and 65°C is 

marked by a sharp decrease in M1. The transition was fitted with a sigmoid to determine 

the midpoint of the transition, which provides the transition temperature TM = 62.3 ± 

0.2°C. This is consistent with TM obtained previously by McMullen, T. and Wang, S.5,7.  

To obtain the smoothed order parameter profile for DSPS-d70 (Figure 6.3), the Lα 

spectrum at 68°C was de-Paked as described in section 3.2.2. Equation [3.28] was used 

to extract the SCD values from the observed quadrupolar splittings (Δν) measured across 

each half of the de-Paked spectrum (Figure 3.5b). The difference between each half 

differed by less than 1%. In Figure 6.3, the drop in SCD as carbon number increases is 

expected as lipids closer to the center of the bilayer have more freedom and less order. 

The larger drop at Carbon 18 is due to the extra degree of freedom experienced by the 
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methyl deuterons compared to the methylene groups. The initial plateau shape of the 

graph arises from the inability to resolve individual splittings in the large peak at ±30 

kHz. This is characteristic of lipids in the Lα phase, and the values obtained agree with 

those obtained in previous experimental work for DSPS5 and DPPS.50 

 

Figure 6.1 2H NMR Spectra for DSPS-d70 
2H NMR spectra are presented as a function of temperature for DSPS-d70 in ddw between 10°C 
and 70°C. The transition is from Lβ at low-temperature to Lα at high-temperature.  
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Figure 6.2 M1 vs Temperature for DSPS-d70 
The average spectral width (M1) is given as a function of temperature for DSPS-d70 in ddw. The 
change in slope at 60°C and 65°C marks the start and end of the melting transition respectively 
with TM = 62.3 ± 0.2°C. Error bars were calculated from the difference between each half of the 
powder spectra, but they are too small to be seen. 

.   

Figure 6.3 Smoothed Order Parameter Profile for DSPS-d70 at 68°C 
The order parameter profile (SCD) for DSPS-d70 in ddw is shown for the sample at 68°C. The 
initial plateau shape is characteristic for lipids in the Lα phase.  
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6.2. DSPS-d70:XTC2 (1:1) at pH 4.7 

The equimolar mixture of DSPS-d70 and XTC2 showed a transition from 

predominantly Lβ to HII phase as temperature was increased, however a small 

component of HII phase is visible at low-temperature and a small Lβ component persisted 

until 40°C. The 2H NMR spectra from 10°C to 30°C are shown in Figure 6.4. At all 

temperatures there is a small cubic component which is seen as a sharp isotropic peak 

at 0 kHz. The Lβ shoulders at low-temperature gradually reduce from 10-20°C but a 

small residual Lβ signal persists out to ±63 kHz up to 40°C; this is visible in Figure 6.5 

where the baseline has been vertically expanded by a factor of 30 for the spectrum at 

35°C. The black arrow indicates the drop to zero at ±63 kHz where the Lβ signal ends. 

The HII component of the spectra is contained between ±16 kHz, the resolvable splittings 

from this phase become more prominent as temperature increases and the amount of Lβ 

signal reduces. 

Figure 6.6 shows the spectral width (M1) as a function of temperature. The 

increase in slope between 13-20°C denotes the transition from predominantly Lβ to HII 

phase (though there is a cubic component at all temperatures). The transition 

temperature TH = 16.3 ± 0.1°C, was determined from fitting a sigmoid. At 35°C, the lipids 

were almost entirely in the HII phase and the spectrum was de-Paked using the iterative 

method to obtain the smoothed order parameter profile. The original and de-Paked 

spectra for DSPS-d70:XTC2 (1:1) at 35°C are shown in the top and bottom of Figure 6.7, 

respectively. The peaks at ~±24 kHz in the de-Paked spectrum are artifacts which are 

produced when using the iterative de-Pake-ing method, they are not included when 

determining the quadrupolar splittings. The order parameters were obtained for each half 

of the spectrum and averaged to produce the order parameter profile in Figure 6.8. The 

difference between the two halves was less than 1%. The almost linear drop in order 

parameter as a function of carbon number is characteristic of lipids in the HII phase.33 
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Figure 6.4 2H NMR Spectra for DSPS-d70:XTC2 (1:1) 
2H NMR spectra are presented as a function of temperature for DSPS-d70:XTC2 (1:1) at pH 4.7 
between 10°C and 30°C. The transition is from predominantly Lβ at low-temperature to HII at high-
temperature with a small Lβ component.  
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Figure 6.5 Residual Gel for DSPS-d70:XTC2 at 35°C 
The baseline of the DSPS-d70:XTC2 spectrum at 35°C has been vertically expanded by a factor 
of 30 to show the small Lβ component which is present up to 40°C. The black arrow indicates the 
drop off at ±63 kHz. 

 

Figure 6.6 M1 versus Temperature for DSPS-d70:XTC2 (1:1) 
The average spectral width (M1) is given as a function of temperature for DSPS-d70:XTC2 (1:1) 
at pH 4.7. The change in slope at 13°C and 20°C marks the start and end of the Lβ to HII 
transition with TH = 16.3 ± 0.1°C. Error bars were calculated from the difference between each 
half of the powder spectra, but they are too small to be seen. 
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Figure 6.7 De-Pake-ing DSPS-d70:XTC2 (1:1) in the HII Phase 
The HII spectrum for DSPS-d70:XTC2 (1:1) at 35°C (above) was iteratively de-Paked to produce 
the oriented spectrum (below). The peaks at ~±24 kHz are an artifact of the iterative de-Pake-ing 
method. 
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Figure 6.8 Smoothed Order Parameter Profile for DSPS-d70:XTC2 (1:1) at 35°C 
The order parameter profile (SCD) for DSPS-d70:XTC2 (1:1) at pH 4.7 is shown for the sample at 
35°C. The almost linear drop in SCD along the carbon chain is characteristic of lipids in the HII 
phase.  

6.3. DSPS-d70:XTC2:Chol (45:45:10) at pH 4.7 

The 2H NMR spectra for DSPS-d70:XTC2:Cholesterol (45:45:10) at pH 4.7 from 

10°C to 30°C are shown in Figure 6.9. For this sample at low-temperatures, 2H NMR 

was carried out with both 300 ms and 10 s reptimes as the lipids displayed solid phase 

behavior. In Figure 6.9, the long reptime spectra are shown below 24°C and short 

reptime above. All long reptime spectra have a smoothing applied averaged over 5 

points, since only 1000 scans were taken per temperature. In the low-temperature 

spectra, the Lβ shoulders (out to ±63 kHz) are less prominent than the cholesterol-free 

since a proportion of the lipids are in the solid phase. The signal from the solid 

component extends out from ±63 kHz to ±126 kHz. Below 15°C, the spectra also contain 

a sharp isotropic peak at their centre (0 kHz) indicative of a cubic phase component. At 

15°C the cubic phase is eradiated and the HII phase splittings appear. 

At each temperature the percentage of deuterated lipid in the solid phase was 

calculated using the procedure in section 3.3.3. The resulting graph of percentage solid 
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as a function of temperature is shown in Figure 6.10. At 5°C, 61% of the sample is in the 

solid phase. As temperature increases, the amount of solid decreases until it is 

eradicated at 24°C; however, a small Lβ component persists until 40°C. The overall 

transition of the sample from solid/Lβ and cubic coexistence into almost pure HII phase 

can be seen from the average spectral width (M1) as a function of temperature in Figure 

6.11. The data were fitted with a sigmoid to obtain TH = 17.2 ± 0.1°C. De-Pake-ing was 

carried out for the sample in the HII phase at 35°C. The resulting order parameter (SCD) 

profile can be seen in green in Figure 6.12. When compared with DSPS:XTC2 (1:1) 

(blue), the cholesterol causes a small increase in order of the sample indicated by the 

increase in SCD values in each carbon except the methyl groups.  
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Figure 6.9 2H NMR Spectra for DSPS-d70:XTC2:Chol (45:45:10) 
Smoothed 2H NMR spectra are presented as a function of temperature for DSPS-d70:XTC2:Chol 
(45:45:10) at pH 4.7 between 10°C and 30°C. The transition is from predominantly solid and Lβ at 
low-temperature to HII at high-temperature with a small Lβ component. The long reptime spectra 
are shown below 24°C and short reptime above 
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Figure 6.10 Percentage Solid versus Temperature for DSPS-d70:XTC2:Chol 
(45:45:10) 

The percentage of deuterated lipid in the solid phase is calculated as a function of temperature 
for DSPS-d70:XTC2:Chol (45:45:10) at pH 4.7. As temperature increases the amount of solid 
phase decreases and is completely eradicated by 24°C. Error bars are calculated from the 
difference in solid determined from each half of the powder spectrum. 

 

Figure 6.11 M1 versus Temperature for DSPS-d70:XTC2:Chol (45:45:10) 
The average spectral width (M1) is given as a function of temperature for DSPS-d70:XTC2:Chol 
(45:45:10) at pH 4.7. The transition from solid/Lβ and cubic coexistence into HII phase was fitted 
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with a sigmoid to obtain TH = 17.2 ± 0.1°C. Error bars were calculated from the difference 
between each half of the powder spectra, but they are too small to be seen. 

 

Figure 6.12 Smoothed Order Parameter Profiles for Varying Cholesterol 
Concentrations 

The order parameter (SCD) profile is shown for DSPS:XTC2 (1:1) (blue), with 10 mol% (green) 
and 30 mol% (red) cholesterol in the HII phase at 35°C. As cholesterol concentration increases so 
does the SCD values indicating the sample is becoming more ordered. 

6.4. DSPS-d70:XTC2:Chol (35:35:30) at pH 4.7 

The 2H NMR spectra for DSPS-d70:XTC2:Cholesterol (35:35:30) at pH 4.7 from 

10°C to 28°C are shown in Figure 6.13. All spectra in Figure 6.11 have a smoothing 

applied, from averaging over 5 points. Since solid phase behavior was seen in the 

sample, long reptimes were used until the solid was eradicated. The low-temperature 

spectra are a mixture of solid phase (extending to ±126 kHz), Lβ phase and cubic phase. 

The sharp isotropic peak at 0 kHz for the cubic phase is eradicated at 12°C as the HII 

splittings appear. On increasing temperature through the HII transition, the spectra are 

almost pure HII phase but with a small liquid crystalline (Lα) component extending to 
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~±30 kHz, which persists up to 40°C. There is no observable Lβ or cubic component in 

the high-temperature spectra.  

The percentage solid was calculated using the procedure in section 3.3.3. The 

resulting graph of percentage solid as a function of temperature is shown in Figure 6.14. 

At 5°C, 55% of the sample is in the solid phase, which decreases as temperature 

increases until 24°C where the solid is eradicated. The overall transition of the sample 

from solid/Lβ and cubic coexistence into HII phase with a small Lα component can be 

seen from the average spectral width (M1) as a function of temperature in Figure 6.15. 

The data was fitted with a sigmoid to obtain TH = 15.1 ± 0.2°C. De-Pake-ing was carried 

out for the sample in the HII phase at 35°C, the resulting order parameter (SCD) profile 

can be seen in red in Figure 6.12. When compared with DSPS:XTC2 (1:1) (blue) and the 

10 mol% cholesterol sample (green), the cholesterol causes an overall increase in order 

of the sample indicated by the increase in SCD values at each carbon. 



56 

 

Figure 6.13 2H NMR Spectra for DSPS-d70:XTC2:Chol (35:35:30) 
Smoothed 2H NMR spectra are presented as a function of temperature for DSPS-d70:XTC2:Chol 
(35:35:30) at pH 4.7 between 10°C and 28°C. The transition is from predominantly solid and Lβ at 
low-temperature to HII at high-temperature with a small Lα component.  
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Figure 6.14 Percentage Solid versus Temperature for DSPS-d70:XTC2:Chol 
(35:35:30) 

The percentage of deuterated lipid in the solid phase is calculated as a function of temperature 
for DSPS-d70:XTC2:Chol (35:35:30) at pH 4.7. As temperature increases, the amount of solid 
phase decreases and is completely eradicated by 24°C. Error bars are calculated from the 
difference in solid determined from each half of the powder spectrum. 

 

Figure 6.15 M1 versus Temperature for DSPS-d70:XTC2:Chol (35:35:30) 
The average spectral width (M1) is given as a function of temperature for DSPS-d70:XTC2:Chol 
(35:35:30) at pH 4.7. The transition from solid and Lβ coexistence to HII phase was fitted with a 
sigmoid to obtain TH = 15.1 ± 0.2°C. Error bars were calculated from the difference between each 
half of the powder spectra, but they are too small to be seen. 
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6.5. DSPS-d70:Chol (70:30) in ddw 

To test whether the formation of the solid phase at low-temperature was due to 

the combination of cholesterol and DSPS-d70, a sample containing DSPS-d70 and 

cholesterol in a 70:30 molar ratio was tested using 2H NMR. Initially the sample was held 

at 10°C for several hours to allow time for the solid phase to form completely. The 

resulting spectra are shown from 10°C to 60°C in Figure 6.16; smoothing was applied to 

all spectra below 50°C. At 10°C the spectrum is relatively featureless and clearly 

extends out to ± 126 kHz, indicating a large proportion of the sample is in the solid 

phase. At ~20°C the solid phase begins to melt, and the liquid ordered (LO) shoulders 

(between ±30 kHz) start to grow; these become more prominent as temperature is 

increased. By 40°C the spectrum is predominantly LO with a small solid component. This 

result is reflected in the percentage solid as a function of temperature in Figure 6.17. 

From 10-25°C approximately 80% of the lipids remain in the solid phase and beyond 

25°C the solid percentage sharply decreases until at 42°C less than 3% of the lipids are 

solid. The transition from solid to LO is also clear from the average spectral width (M1) as 

a function of temperature in Figure 6.18. The solid melting transition was fitted with a 

sigmoid to obtain TM = 33.0 ± 0.3°C.  

De-Pake-ing was carried out in the LO phase at 50°C. The spectrum and de-

Paked spectrum are shown in the top and bottom of Figure 6.19 respectively. For the 

sample it was possible to determine two separate order parameter (SCD) profiles for each 

chain of the DSPS-d70. These are both shown in Figure 6.20, where the blue and red 

denote the sn-1 and sn-2 chains respectively. The difference in the SCD for each chain 

can be attributed to the increased freedom of the sn-1 chain due to a kink in the sn-2 

chain which reduces the length of the tail extending into the bilayer (Figure 2.6). Due to 

the packing of cholesterol in the bilayer, this difference between the chains is more 

dramatic than in the pure DSPS-d70 sample.   
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Figure 6.16 2H NMR Spectra for DSPS-d70:Chol (70:30) 
2H NMR spectra are presented as a function of temperature for DSPS-d70:Chol (70:30) in ddw 
between 10°C and 60°C. The transition is from predominantly solid at low-temperature to LO at 
high-temperature. Long reptime spectra are shown up to 40°C and short reptime spectra above. 
Smoothing was applied to all spectra below 50°C.  
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Figure 6.17 Percentage Solid versus Temperature for DSPS-d70:Chol (70:30) 
The percentage of deuterated lipid in the solid phase is calculated as a function of temperature 
for DSPS-d70:Chol (70:30) in ddw. Error bars are calculated from the difference in solid 
determined from each half of the powder spectrum. 

 

Figure 6.18 M1 versus Temperature for DSPS-d70:Chol (70:30) 
The average spectral width (M1) is given as a function of temperature for DSPS-d70:Chol (70:30) 
in ddw. The solid melting transition was fitted with a sigmoid to obtain TM = 33.0 ± 0.3°C. Error 
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bars were calculated from the difference between each half of the powder spectra, but they are 
too small to be seen. 

 

Figure 6.19 De-Pake-ing DSPS-d70:Chol (70:30) in the LO Phase 
The LO spectrum for DSPS-d70:Chol (70:30) at 50°C (top) was iteratively de-Paked to produce 
the oriented spectrum (below). 
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Figure 6.20 Smoothed Order Parameter Profile for DSPS-d70:Chol (70:30) 
The order parameter (SCD) profile is shown for DSPS-d70:Chol (70:30) in ddw for both the sn-1 
(blue) and sn-2 (red) chains of DSPS-d70.  
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Chapter 7.  
 
SAXS Results  

This chapter presents SAXS data and corresponding analysis for the model 

release system DSPS-d70:XTC2 (1:1) at pH 4.7 with 0 mol% (section 7.1), 10 mol% 

(section 7.2) and 30 mol% cholesterol (section 7.3). SAXS experiments were not 

conducted on DSPS-d70 or DSPS-d70:chol (70:30) as the excess charge of the DSPS-

d70 causes electrostatic repulsion between lamellar structures, which inhibits resolvable 

peaks from forming.  

7.1. DSPS-d70:XTC2 (1:1) at pH 4.7 

In contrast to the 2H NMR experimental data, the SAXS scattering curves for 

DSPS-d70:XTC2 (1:1) at pH 4.7 show a mixture of bilayer and cubic phase coexistence 

at all temperatures. The scattering curves from 11.6°C to 33.3°C are shown in Figure 7.1 

with the assigned bilayer peaks (h,0) and cubic peaks (h,k,l). The bilayer peaks remain 

stable throughout all temperatures whilst the (1,1,0) and (2,2,0) cubic peaks disappear at 

low-temperature, indicating the cubic phase is more stable at high-temperature. In Table 

7.1 the qpeak values and corresponding d-spacings are given for each peak of the 22.5°C 

scattering curve. 

The average d-spacing across all peaks from both phases from all recorded 

SAXS curves at temperatures from 11.6-37.0°C are given below in Table 7.2 and plotted 

in Figure 7.2. At low temperature there was a large difference in the d-spacing between 

cooling and heating experiments hence both points are given. There is a very small 

decline in the d-spacing with increasing temperature for both phases.  
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Figure 7.1 DSPS-d70:XTC2 Scattering Curves 
The SAXS scattering curves are shown for DSPS-d70:XTC2 (1:1) at pH 4.7 as a function of 
temperature. The peaks labelled with (h,0) and (h,k,l) correspond to bilayer phase and the Pn3m 
cubic phase respectively. 

Table 7.1  Peak q and d for DSPS-d70:XTC2 at 22.5°C 

 
(1,0) 
Bilayer 

(1,1,0) 
Cubic  

(2,0) 
Bilayer 

(1,1,1) 
Cubic 

(2,2,0) 
Cubic 

(2,1,1) 
Cubic 

(3,0) 
Bilayer 

qpeak (Å-1) 0.105 0.168 0.209 0.238 0.294 0.318 
d-spacing 
(Å) 59.6 53.0 60.1 52.1 52.7 52.4 59.3 
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Table 7.2  Average d versus Temperature for DSPS-d70:XTC2 

Temperature 
(°C) 

Bilayer d-
spacing (Å) 

Cubic d-
spacing 
Heating (Å) 

Cubic d-
spacing 
Cooling (Å) 

11.6 59.7 54.1 54.1 

15.2 59.7 54.2 52.9 
18.9 59.7 54.2 52.6 
22.5 59.7 52.6  

26.1 59.6 52.5  

29.7 59.5 52.3  

33.3 59.5 52.1  

 

 

Figure 7.2 d-spacings for DSPS-d70:XTC2  
The d-spacings as a function of temperature for DSPS-d70:XTC2 (1:1) are presented for bilayer 
(green) and cubic (blue) phases. At low temperature there is a large difference between the 
heating (dark blue) and cooling (light blue) experiments hence both results are shown. Both 
phases show a gradual decrease as temperature increases. Error bars are given from the 
standard deviation of repeated temperature values hence no error bars are present for cubic 
phase below 22.5°C. 



66 

7.2. DSPS-d70:XTC2:Chol (45:45:10) at pH 4.7 

The SAXS scattering patterns for DSPS-d70:XTC2:Chol (45:45:10) as a function 

of temperature are shown in Figure 7.4. The first three peaks of the HII phase are 

present and remain sharp over the entire temperature range. At temperatures greater 

than 22.5°C the (2,1) and (3,0) peaks appear. The existence of a single HII phase agrees 

with the 2H NMR data at high-temperatures. At temperatures below 22.5°C there is no 

detectable bilayer peaks, however a crystalline cholesterol monohydrate peak is 

observed at q = 0.36 Å-1; this is indicated by the black arrows in Figure 7.3.51 Peak q-

values, and corresponding d-spacings are given in Table 7.3 for the three visible HII 

peaks at 22.5°C after 1-hour equilibration. The average across the single scattering 

pattern is 57.1 ± 0.1 Å.  

The average values of the d-spacing from all recorded SAXS curves at 

temperatures from 11.6-37.0°C are given in Table 7.4 and plotted in Figure 7.4. The d-

spacing reduces almost linearly with increasing temperature from 59.1 Å at 11.6°C to 

53.8 Å at 37°C. The d values are larger than those of the cubic phase for DSPS-

d70:XTC2 (1:1) but smaller than those for the bilayer (Figure 7.2), but change much 

more dramatically with temperature. 
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Figure 7.3 DSPS-d70:XTC2:Chol (45:45:10) Scattering Curves 
The SAXS scattering curves are shown for DSPS-d70:XTC2:Chol (45:45:10) at pH 4.7 as a 
function of temperature. The peak spacings correspond to the HII phase. At higher temperatures 
the (2,1) and (3,0) peaks are present on the spectrum. The black arrows indicate the crystalline 
cholesterol monohydrate peak at q = 0.36 Å-1. 
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Table 7.3 Peak q and d for DSPS-d70:XTC2:Chol (45:45:10) at 22.5°C 

 (1,0) HII (1,1) HII  (2,0) HII 

qpeak (Å-1) 0.109 0.191 0.221 
d-spacing 
(Å) 57.1 57.1 56.9 

Table 7.4  Average d versus Temperature for DSPS-d70:XTC2:Chol (45:45:10) 

Temperature (°C) d-spacing (Å) 

37.0 59.1 

33.3 58.7 

29.7 57.9 

26.1 57.0 

22.5 55.9 

18.9 55.1 

15.2 54.4 

11.6 53.8 

 

Figure 7.4 d-spacings for DSPS-d70:XTC2:Chol (45:45:10) 
The d-spacings for the HII phase are presented as a function of temperature for DSPS-
d70:XTC2:Chol (45:45:10). There is an almost linear decrease in d as temperature increases. 
Error bars are given from the standard deviation of repeated temperature values. 
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7.3. DSPS-d70:XTC2:Chol (35:35:30) at pH 4.7 

The SAXS scattering patterns for DSPS-d70:XTC2:Chol (35:35:30) as a function 

of temperature are shown in Figure 7.5 from 11.6°C to 26.1°C. Over this temperature 

range, the three first observable peaks have the characteristic peak spacings of the HII 

phase whilst the peak at q = 0.36 Å-1, shown by the black arrows, is indicative of 

crystalline cholesterol monohydrate. Peak q-values, and corresponding d-spacings are 

given in Table 7.5 for the three visible HII peaks at 22.5°C after 1-hour equilibration. The 

average across the single scattering curve is 57.0 ± 0.1 Å. 

At 26.1°C an extra peak appears at q = 0.09 Å-1, marking the start of a transition. 

This is shown by a red arrow in Figure 7.5. Figure 7.6 shows the transition from the HII 

phase into a mixture of Pn3m cubic (h,k,l) and bilayer (h,0) phases. In Table 7.6 the 

post-transition qpeak and d-spacing values are given at 33.3°C after 1-hour equilibration. 

The average d-spacings for the single scattering curve for the bilayer and Pn3m cubic 

phase are 63.7 ± 0.1 Å and 55.6 ± 0.1 Å respectively. 

The average d-spacings from all recorded SAXS curves at temperatures from 

11.6-37.0°C are given in Table 7.7 and plotted in Figure 7.7. The d-spacing of the HII 

phase (red) reduces with increasing temperature until the phase transition at 29.9°C. 

After this point the d-spacing of the Pn3m cubic phase (blue) takes a similar value to that 

of the HII phase while the bilayer d-spacing (green) is much higher. Again both decrease 

with increasing temperature. The decrease in HII phase between 11.6°C and 26.1°C 

from 59.9 Å to 56.35 Å is very similar in magnitude to that seen in the 10 mol% 

cholesterol sample (section 7.2), whilst the separation between the cubic and bilayer 

phase is similar to that seen for DSPS-d70:XTC2 (1:1) sample (section 7.1).  
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Figure 7.5 DSPS-d70:XTC2:Chol (35:35:30) Low-Temperature Scattering Curves 
The SAXS Scattering Curves are shown for DSPS-d70:XTC2:Chol (35:35:30) at pH 4.7 as a 
function of temperature from 11.6-26.1°C. Over this temperature range the peak spacings are 
predominantly HII phase. At 26.1°C an extra peak appears at low q shown with the red arrow 
marking the start of the transition. The black arrows indicate the crystalline cholesterol 
monohydrate peak at q = 0.36 Å-1. 
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Table 7.5 Peak q and d for Low-Temperature DSPS-d70:XTC2:Chol (35:35:30) 
at 22.5°C 

 (1,0) HII (1,1) HII (2,0) HII 

qpeak (Å-1) 0.110 0.191 0.221 
d-spacing 
(Å) 57.1 57.0 57.0 

 

 

Figure 7.6 DSPS-d70:XTC2:Chol (35:35:30) High-Temperature Scattering 
Curves 

The SAXS Scattering Curves are shown for DSPS-d70:XTC2:Chol (35:35:30) at pH 4.7 as a 
function of temperature from 26.1-33.3°C. Over this temperature range a transition occurs from 
HII phase into Pn3m cubic and bilayer phases. 
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Table 7.6 Peak q and d for High-Temperature DSPS-d70:XTC2:Chol (35:35:30) 

 (1,0) 
Bilayer 

(1,1,0) 
Cubic 

(1,1,1) 
Cubic 

(2,0) 
Bilayer 

(2,1,1) 
Cubic 

(3,0) 
Bilayer 

(2,2,2) 
Cubic 

(4,0) 
Bilayer 

qpeak (Å-

1) 0.099 0.159 0.197 0.275 0.295 0.393 
d-
spacing 
(Å) 63.2 55.8 55.3 63.9 56.0 63.9 55.4 63.9 

 

Table 7.7 Average d versus Temperature for DSPS-d70:XTC2:Chol (35:35:30) 

Temperature 
(°C) 

HII d-spacing 
(Å)   

11.6 59.9   

15.2 58.5   

18.9 57.7   

22.5 57.2   

26.1 56.4   

  
Bilayer d-
spacing (Å) 

Cubic d-
spacing (Å) 

29.7 64.2 56.1 

33.3 63.7 55.5 
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Figure 7.7 d-spacings for DSPS-d70:XTC2:Chol (35:35:30) 
The d-spacings as a function of temperature for DSPS-d70:XTC2:Chol (35:35:30) are presented 
for the HII (red), bilayer (green) and Pn3m cubic (blue) phases. For all phases there is a decrease 
in the d-spacing as temperature increases. Error bars are given from the standard deviation of 
repeated temperature values. 



74 

Chapter 8.  
 
Discussion 

8.1. DSPS-d70, XTC2 and Cholesterol Non-Lamellar Phases 

One of the goals of this project was to determine the effect of cholesterol on the 

phase behavior of DSPS-d70:XTC2 (1:1) at pH 4.7. Firstly using 2H NMR, the phase 

transitions of systems containing 0, 10 and 30 mol% yielded interesting results. Without 

cholesterol the sample transitioned from predominantly gel (Lβ), HII and cubic phases, to 

inverted hexagonal (HII) though small cubic and Lβ components persisted even at 40°C 

(Figure 6.4). The transition temperature was determined to be TH = 16.5 ± 0.5°C, which 

agrees with that obtained by Wang, S. but is lower than that observed using differential 

scanning calorimetry (DSC) in Semple et al. where TH = 20°C.2,5  

For the DSPS-d70:XTC2 samples with 10 and 30 mol% cholesterol, the 

formation of a solid phase is seen at low-temperature in the 2H NMR spectra (Figures 

6.9 and 6.12). For the 10 mol% cholesterol sample, 61% of the DSPS-d70 was trapped 

in the solid phase at 5°C (Figure 6,10). Similarly, for the 30 mol% sample, the solid 

component plateaued at 55% (Figure 6.13). As temperature was increased, this 

percentage decreased until 24°C where the solid was completely eradicated for both 

samples. At low-temperature a cubic phase component was seen for both samples, but 

unlike the cholesterol-free sample, this was eradicated at 15°C and 12°C for the 10 and 

30 mol% cholesterol samples respectively. Above the transition, the lipids were almost 

entirely in the HII phase with a small Lβ component for the 10 mol% cholesterol sample 

and a small LO component for the 30 mol% cholesterol sample. This change from Lβ to 

LO reflects the disordering effect of cholesterol on the Lβ phase. The bulky ring structure 

and small polar headgroup of cholesterol acts as a lattice breaker preventing lipids in the 

bilayer from packing as tightly and allowing lateral diffusion across the bilayer plane. 

This result is advantageous for in vivo applications since the release of siRNA requires 

LNP and endosomal membrane destabilization.  

Cholesterol concentration also influenced the transition temperature of the 

samples. For the 10 mol% cholesterol sample there was a small increase in the 

transition temperature with TH = 17.2 ± 0.1°C. This is perhaps due to the formation of the 
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solid phase at low-temperature, and the increased thermal energy required to transition 

into the HII phase. For the 30 mol% cholesterol sample, the transition temperature 

decreased to TH = 15.1 ± 0.2°C below the 0 and 10 mol% samples. This reduction was 

expected from experimental data of other HII-forming lipids such as POPE and DEPE, 

where the addition of cholesterol caused a decrease in TH. This effect stems from the 

destabilization effect of cholesterol on the Lβ phase and stabilizing effect on the HII 

phase.33,35 These results suggest two interplaying factors on the model system affect TH 

depending on the concentration of cholesterol.  

The ordering effect of cholesterol on the DSPS-d70 acyl chains in the HII phase is 

directly observable from the smoothed order parameter (SCD) profiles of the three 

samples at 35°C (Figure 6.15). There is a small increase in SCD throughout the entire 

lipid chain between the 0 and 10 mol% cholesterol samples. This increase is much 

greater between the 10 mol% and 30 mol% sample, indicating that ordering effect is 

concentration dependent. A schematic of the packing of cholesterol in the HII phase is 

shown for DEPE in Figure 2.10. The molecular shape of cholesterol allows it to pack 

between the phospholipid tails, increasing the spontaneous membrane curvature and 

decreasing the intrinsic radius of curvature of the HII cylinders. This has been observed 

previously by Chen, Z. et al. in DOPE and dioleoylphosphatidylcholine (DOPC) systems 

with cholesterol.52 The ordering effect of cholesterol acts to stabilize the HII phase, which 

is potentially beneficial for release of siRNA from LNPs in vivo.  

Interestingly, when comparing SAXS and 2H NMR data, the observed lipid 

phases were not always consistent even though the same sample was used across both 

experiments. For DSPS-d70:XTC2 (1:1) at pH 4.7 from 11.6°C to 33.3°C, SAXS 

scattering curves showed a mixture of cubic and bilayer peaks (page 63, Figure 7.1). 

Throughout all temperatures the bilayer peaks remain sharp, however the cubic peaks 

only appear or become sharper as temperature increases. At low-temperatures below 

22.5°C there is a large difference between the heating and cooling experiments, this 

could be due to the lipids transitioning out of the cubic phase as they are held at low 

temperature. Both phases have a small decrease in their d-spacing as temperature 

increases. This is expected since the lipid tails can move more freely at higher 

temperature. The presence of the bilayer and cubic peaks is consistent with 2H NMR 

data, since at all temperatures both components were observed in the spectra even 
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above the HII transition. In contrast, no HII peaks were observed in the SAXS scattering 

curves at any temperature.  

For the DSPS-d70:XTC2 sample with 10 mol% cholesterol, the SAXS scattering 

patterns over temperatures between 11.6°C and 37.0°C showed HII phase (Figure 7.3). 

At temperatures below 22.5°C, three HII peaks are present with a crystalline cholesterol 

monohydrate peak at q = 0.36 Å-1. Above 22.5°C the peak at q = 0.36 Å-1 disappears 

and two additional HII peaks appear at higher q. The d-spacing of the HII phase 

decreases almost linearly as a function of temperature from 59.1 Å at 11.6°C to 53.8 Å 

at 37.0°C. The observation of the HII phase at all temperatures agrees with the high-

temperature 2H NMR data, however, no bilayer or cubic peaks are observed in the SAXS 

scattering curves despite the presence of both components in the low-temperature 2H 

NMR. The formation of solid phase at temperatures below 24°C explains the presence of 

the crystalline cholesterol monohydrate peak.  

Remarkably, the DSPS-d70:XTC2:Chol (35:35:30) scattering curves were a 

mixture of the phases seen across the 0 and 10 mol% cholesterol samples. Below 

26.1°C, the SAXS scattering patterns were purely HII with a d-spacing which decreased 

from 59.9 Å at 11.6°C to 56.4 Å at 26.1°C (Figure 7.5). A small cholesterol monohydrate 

peak can once again be seen in the low-temperature spectra at q = 0.36 Å-1. At 26.1°C a 

small bilayer peak appears at q = 0.09 Å-1, signalling the start of a phase transition 

(Figure 7.6). By 33.3°C the sample transitions into a mixture of bilayer and Pn3m cubic 

phases. Interestingly the d-spacing for the cubic phase follows along the trend of the HII 

phase whilst the bilayer d-spacing is much larger (Figure 7.7). This split was also 

observed for the cholesterol-free sample, however the d-spacing is several angstroms 

smaller without cholesterol for both the bilayer and cubic phases at 29.7°C and 33.3°C. 

For the HII phase between 11.6°C and 26.1°C, the increase between the 10 and 30 

mol% sample is ~0.7 Å throughout. The increased d-spacing as cholesterol increases is 

expected due to the acyl chains becoming more extended as the cholesterol molecules 

pack between them. The HII peaks observed in the scattering curves for DSPS-

d70:XTC2:Chol (35:35:30) was expected due to the HII component observed in the 2H 

NMR spectra. On the other hand, the transition into bilayer and cubic starting at 26.1°C 

was completely unanticipated. Whilst a small bilayer component was visible at all 

temperatures in the 2H NMR data, cubic phase was only observed below 12°,C hence 

the transition is inconsistent between methods. 
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Considering that 2H NMR quantitatively represents all deuterons in the sample 

while x-ray scattering requires correlated stacked structures, there are several possible 

theories for these conflicting results. The absence of expected phases in the SAXS 

scattering curves could be a lack of correlated structures within the sample, particularly if 

there is a charge imbalance causing repulsion between structures. Another probable 

explanation is kinetic phase metastability between cubic and HII phases, since the 

formation of cubic intermediates between lamellar and HII phases has been seen in other 

systems such as PS/monoolein, and PE lipids.53,54 These cubic phases have 

intermediate membrane curvatures and typically form at temperatures or pH ranges in-

between those for lamellar and HII. The addition of cholesterol could promote increased 

spontaneous membrane curvature from the packing of the molecules between the lipid 

tails, stabilizing the HII phase and reducing temperature required to transition into the HII 

phase. This agrees with the 2H NMR data since the transition from cubic to HII phase 

decreases in temperature with increasing cholesterol. However, this theory does not 

explain the anomalous phase transition from HII to Pn3m cubic phase at 26.1°C in the 

SAXS scattering curves for the 30 mol% cholesterol sample. Since 2H NMR observes 

the phase behavior of DSPS-d70, this could suggest that the cubic phase is formed from 

predominantly XTC2 and cholesterol, however if this were the case the excess charge 

within the structure would likely prohibit sharp peaks on the scattering curves, due to 

repulsion between structures. Another potential explanation arises from the shape of the 

water channels within cubic structures as they appear to form cylindrical regions (Figure 

2.2). If the DSPS-d70 molecules were somehow trapped within these cylindrical regions, 

hypothetically this could explain why their NMR dynamics appear HII whereas the SAXS 

data appears cubic. Whilst there is no evidence for this, similar conflicting results 

between 31P NMR and SAXS were observed for lysobisphosphatidic acid (LBPA) with 

XTC2 (1:1) at pH 4.8 by Bashe, B.49  

8.2. DSPS-d70 and Cholesterol Solid Phase 

One of the unexpected results from the addition of cholesterol into the DSPS-

d70:XTC2 (1:1) system was the formation of the solid phase at low-temperatures. To 

confirm whether this was due to the combination of DSPS-d70 and cholesterol, a 70:30 

molar ratio sample in ddw was held at 10°C for several hours before testing with 2H 

NMR. The spectrum obtained at 10°C appeared almost entirely solid phase, with further 
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analysis revealing that ~80% of the DSPS-d70 was in the solid phase (Figure 6.16). On 

increasing temperature, the solid phase melts and the lipids transition into the liquid 

ordered LO phase with TM = 33.0 ± 0.3°C. In agreement with this, McMullen, T. studied 

DSPS/cholesterol phase transitions using DSC and found that above 20 mol% 

cholesterol a low-temperature endotherm appears at 32°C and grows with increasing 

cholesterol.29 This peak only appears in the heating scans where the sample was held at 

2°C for 1 day prior, hence allowing sufficient time for formation of the solid phase. In the 

paper they ascribed this peak to a solid phase transition from thermally-induced 

mixing/de-mixing of cholesterol with the phospholipid matrix.29 PS lipids exhibit 

enhanced inter-headgroup hydrogen bonding compared to their PC counterparts, 

allowing tighter packing and the formation of highly ordered systems, particularly at low-

temperatures. This reduces the miscibility of cholesterol particularly at high-cholesterol 

concentrations and causes lateral phase exclusion of cholesterol within the phospholipid 

bilayer. The enhanced phospholipid-phospholipid interactions in the cholesterol-poor PS 

domains allows formation of highly ordered crystalline phases seen in both the 2H NMR 

and DSC. 
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Chapter 9.  
 
Continuing and Future Work 

9.1. LNP-siRNA Structure 

There is still some debate about the structures which potentially form between 

the siRNA and cationic lipid within LNPs. Possible theories include multilamellar 

structures, inverted micelles and pooling of the amino-lipid.17 In collaboration with the 

NanoMedicine Research group at the University of British Columbia (UBC), the 

morphology of LNPs was studied with cryo-TEM and SAXS in an attempt to determine 

their internal structure. Preliminary results are presented in this chapter. The formulation 

of LNPs and cryo-TEM experiments were carried out by Jayesh Kulkarni at UBC.  

9.1.1. N/P Experiments 

LNPs composed of DLin-KC2-DMA, DSPC, Chol and PEG-dimyristoylglycerol 

(DMG) at a molar composition of 50:10:38.5:1.5 were formulated at various charge ratios 

(no siRNA, nitrogen-to-phosphate (N/P) = 1, 2, 3, or 6). Component lipids (ionisable-

amino-lipids, DSPC, cholesterol, and PEG-DMG) were dissolved in ethanol at 

appropriate ratios to a final concentration of 10-15 mM total lipid. Nucleic acids were 

dissolved in 25 mM sodium acetate pH 4 buffer. The aqueous and organic solutions 

were mixed using a T-junction mixer. Cryo-TEM was performed immediately upon 

mixing after dialysing the resulting mixture against pH 7.4 (phosphate-buffered saline 

(PBS)) to neutralise the amino-lipid; the results can be seen in Figure 9.1. From cryo-

TEM, empty LNPs display bilayer structure with a largely electron-dense core structure 

at pH 7.4. This was also observed for LNP-siRNA (N/P = 3 or 6). In contrast, at N/P = 1 

LNPs formed multilamellar structures with concentric rings, which can be seen more 

clearly in Figure 9.2.  
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Figure 9.1 Cryo-TEM images for LNPs with various N/P ratios 
The cryo-TEM images are shown for LNPs with N/P ratios of 1, 3 and 6, as well as empty LNPs 
at pH 7.4 in PBS buffer. For N/P=3, 6 and empty LNPs the images show an electron-dense core 
with no visible internal structure. For N/P=1 there is a visible multilamellar structure which forms. 
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Figure 9.2 Zoomed-in cryo-TEM for LNPs with N/P=1 

To support the cryo-TEM, SAXS experiments were carried out on the LNPs at a 

sample concentration of ~30 mg/ml and at 22.5°C. The results are shown in Figure 9.3. 

At N/P=1 there is a clear peak at q = 0.11Å-1 which would correspond to a d-spacing of 

57 ± 1 Å for a (1,0) peak. In comparison, from manual inspection of cryo-TEM over 30 

bilayer spacings the d-spacing was estimated to be 55 ± 7 Å. Whilst the scattering curve 

only displays a single peak, the agreement between the two methods is highly indicative 

of a periodically spaced multilamellar system formed from the RNA molecules and 

cationic lipid. As the N/P ratio is increased, the peak in the scattering curve gradually 

broadens and reduces to an almost flat line for the empty LNPs, indicating a reduction in 

the multilamellar structure which gradually transitions into the structure of an empty LNP. 

A schematic of this structure is shown in Figure 9.4, showing the multilamellar structures 

formed between the protonated XTC2 and siRNA close to the external bilayer with the 

pooling of excess XTC2 at the centre.  

Two controls were carried out to aid in explaining the shape of the scattering 

curves (Figure 9.5). To ensure peak-broadening of N/P = 3 formulations was not a result 

of the dilution of bilayer structures with empty LNPs, a mixture of N/P = 1 and empty 
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LNPs was generated at a ratio of 1:2, respectively. This mixture contains a lipid-to-

siRNA ratio equal to an LNP-siRNA formulation generated at N/P = 3. The resulting 

spectrum showed a decreased signal intensity without peak-broadening commensurate 

with infrequent bilayer structures. To determine whether the XTC2 was trapped within 

the particle bilayer, a control oil-in-water emulsion composed of 1-palmitoyl-2-oleoyl-sn-

glycero-3-phosphocholine (POPC)/triolein/PEG-distearoyl (DSG) (25:72:1 mol%) was 

formulated and investigated using SAXS. The resulting scattering profile closely matches 

empty LNPs, suggesting that the XTC2 (in oil) is contained at the centre of the LNP, in a 

similar way to triolein. 

 

Figure 9.3 Scattering Curves for LNPs with Varying N/P Ratios 
Scattering curves are shown for LNPs with N/P ratios from 1 to 6 and for empty LNPs. As N/P 
ratio increases, the peak at q = 0.11Å-1 becomes broader and less defined, indicating a reduction 
in the multilamellar structure.  
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Figure 9.4  LNP Internal Structure for N/P > 1 
The proposed LNP internal structure for N/P > 1 with siRNA and protonated XTC2 forming 
multilamellar structures close to the external bilayer and excess (neutral) XTC2 pooling at the 
center.  

 

 

Figure 9.5 Scattering Curves for LNP Control Experiments 
Scattering curves for control experiments POPC:Triolein:PEG-DSG (25:72:1 mol%) and N/P=1 
combined with empty LNPs in a (1:2) ratio. For comparison, the results from the LNPs with N/P=1 
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is included. The POPC:Triolein:PEG-DSG scattering pattern is very similar to that for empty LNPs 
(Figure 9.3), whilst the combination of empty LNPs with N/P=1 shows a reduced peak compared 
to N/P=1 with no peak broadening. 

9.2. DSPC:Chol:PEG-DSPE (55:44:1) 

To compare the LNP scattering patterns to those for a neutral unilamellar system, 

liposomes were formulated with DSPC, cholesterol and PEG-

distearoylphosphoethanolamine (DSPE) in a 55:44:1 molar ratio in both isotonic and 

hypertonic conditions. For the isotonic sample the liposomes were prepared in 25 mM 

NaOAc pH 4. For the hypertonic sample, liposomes were prepared in 25 mM NaOAc pH 

4 and dialyzed into PBS pH 7.4. The resulting particles were concentrated and imaged 

by cryo-TEM. Figure 9.6a shows the unilamellar vesicle (ULV) structures which form in 

isotonic conditions at pH 4. After dialyzing into PBS at pH 7.4, the lipids form bilamellar 

structures, shown in Figure 9.6b. Between the two conditions, the difference in ionic 

strength is believed to be the driving force which changes the exterior structure from a 

single to double bilayer. SAXS experiments were conducted on both samples as a 

function of temperature to study the scattering patterns obtained by these structures. 

The results are presented in sections 9.2.1 and 9.2.2. 

 

Figure 9.6 Cryo-TEM images for DSPC:Chol:PEG-DSPE Liposomes 
Cryo-EM images are shown for DSPC:Chol:PEG-DSPE (55:44:1) liposomes. a) In isotonic 
conditions the structures formed are unilamellar vesicles. b) In hypertonic conditions the 
structures become bilamellar.  
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9.2.1. Unilamellar Vesicles at pH 4 

SAXS experiments were carried out on the DSPC:Chol:PEG-DSPE (55:44:1) pH 

4 ULVs in the MAXS range over a temperature range from 23°C to 50°C. The resulting 

scattering pattern and peak value (q = 0.1 Å-1) did not change over all temperatures, 

though there was slight peak broadening as temperature increased. An example at 23°C 

is shown in Figure 9.7. The single broad peak at q = 0.1 Å-1 is characteristic for ULV 

systems,55,56 and corresponds to a bilayer spacing d = 63 Å.  

 

Figure 9.7 SAXS Scattering Pattern for DSPC:Chol:PEG-DSPE pH 4 
SAXS scattering pattern for ULVs at 23°C and 50°C for DSPC:Chol:PEG-DSPE (55:44:1) pH 4 in 
isotonic conditions. 

9.2.2. Bilamellar Vesicles at pH 7.4 

For the hypertonic conditions of DSPC:Chol:PEG-DSPE (55:44:1) pH 7.4, the 

SAXS scattering patterns for the bilamellar system over the temperature range of 22°C 

to 50°C are shown in Figure 9.8. From 23°C to 33°C the broad double peak is 

suggestive of two separate d-spacings, which could be a result of two overlapping 

phases. At 34°C the lipids transition into a single phase with two visible peaks which 

become sharper as temperature increases. For these peaks at 34°C the d-spacing is 

65.1 ± 0.1 Å, which decreases to 62.1 ± 0.1 Å as the temperature is increased to 50°C. 

Figure 9.9 shows the phase diagram for DSPC and cholesterol as a function of 
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temperature, taken from Lui, J. et al.57 From this diagram we can see that with 40% 

cholesterol, DSPC is expected to be at the phase boundary between a mixture of Lβ 

(SO)/LO and pure LO. Hence, we can assume that the transition observed at 34°C in the 

SAXS data is from SO/LO coexistence to pure LO phase.  

 

Figure 9.8 SAXS Scattering Pattern for DSPC:Chol:PEG-DSPE pH 7.4 
SAXS scattering patterns from bilamellar structures consisting of DSPC:Chol:PEG-DSPE 
(55:44:1) pH 7.4 in hypertonic conditions. At 34°C a phase transition occurs from possible Lβ (SO) 
and LO coexistence into a single phase.  
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Figure 9.9 Phase Diagram for Binary DSPC and Cholesterol Mixtures 
Taken from Lui, J. et al.57  

9.3. Future Work 

9.3.1. DSPS and LNPs 

The aim of this project was to characterise the structural behavior of a model 

LNP release system using a crude model of DSPS as our anionic endosomal lipid, XTC2 

as our ionizable cationic lipid and cholesterol which is an important structural component 

in LNPs. However, LNPs contain many components and are prepared very differently for 

in vivo applications. Initial experiments studying LNPs using SAXS and cryo-TEM 

(section 9.1) have yielded interesting results on their potential internal structure, however 

it does not enhance our understanding of the release method. One way of creating a 

more extensive model would be to combine LNPs with a hydrated anionic lipid such as 

DSPS. By using equimolar amounts of XTC2 present in the LNP with DSPS we can 

maximise potential electrostatic interactions which may drive structural phase changes. 

Using SAXS the phase behavior of the system can be studied over time to see if the 

structure of the LNPs is disrupted in the presence of an anionic lipid bilayer. By 

conducting these experiments at 37°C under two pH conditions 7.4 and 4, we can more 

closely mimic the conditions of LNPs in the blood and endosome respectively. Ideally, if 

non-lamellar phases are formed between the XTC2 and DSPS we would be able to 

detect this from the scattering patterns using SAXS. Whilst testing this system with 2H 
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NMR could also provide interesting results, we would require large amounts of 

deuterated lipid to provide sufficient signal and therefore highly concentrated LNP 

samples. Concentrating to this level and preparing lipids in deuterium depleted buffers is 

expensive, making it a less viable experiment.  

9.3.2. LBPA Experiments 

For this project, DSPS-d70 was chosen to model anionic lipids found in maturing 

endosomal membranes. However, DSPS is not a native lipid in the body and the 

formation of solid phase with cholesterol at low-temperature is an unfavourable and 

unrealistic property. Instead, an improvement to the project would be to use a lipid such 

as lysobisphosphatidic acid (LBPA), which is found in high percentages (13.8 ± 0.02%) 

in late endosomes. 31P NMR and SAXS experiments have already been conducted on 

equimolar ratios of LBPA and XTC2 at pH 7.4 and 4.8 by Bashe, B and showed the 

presence of non-lamellar phases in both pH conditions.49 Extensions to this could 

include the incorporation of cholesterol at different molar ratios, to determine the effect 

on the structural phases and transitions which occur over 10°C to 40°C. To do this we 

could once again use SAXS and 31P NMR, or by deuterating regions of LBPA we could 

employ 2H NMR, which would provide greater detail on the dynamics of the lipid tails. 

Whilst this would be an interesting experiment to do, LBPA is an expensive lipid, hence 

obtaining a deuterated homolog would be exceptionally costly. Finally, as described in 

section 9.3.1, a more developed model would combine XTC2 containing LNPs and 

LBPA at pH 7.4 and pH 4. Using SAXS we could examine the structures which form over 

time as the system is held at physiological temperature (37°C). 
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Chapter 10.  
 
Conclusions 

This project involved the study of a model LNP release system consisting of 

DSPS-d70 with XTC2 and varying levels of cholesterol at pH 4.7. In the absence of 

cholesterol, 2H NMR data indicated that DSPS-d70:XTC2 undergoes a transition from 

primarily gel (Lβ) and cubic phase to inverted hexagonal (HII) though small Lβ and cubic 

components persist at 40°C. SAXS data showed a mixture of bilayer and cubic phase 

over the same temperature range with no HII present; this discrepancy between 

techniques is not yet fully understood.  

At 10 and 30 mol% cholesterol the low-temperature 2H NMR data contained an 

unexpected solid component which was found to be a result of interactions between the 

DSPS-d70 and cholesterol. This altered the transition to solid, cubic and Lβ to HII phase 

and consequently the transition temperature (TH). At 10 mol% cholesterol, TH increased 

marginally, possible due to the change in the phase transition and the extra energy 

required to remove the solid phase. Unlike the cholesterol-free sample the cubic phase 

component was eradicated at 15°C. The addition of cholesterol increases the 

spontaneous membrane curvature and stabilizes the HII phase, enabling the transition 

from cubic to HII phase. At 30 mol%, TH reduced to its lowest value, and the cubic phase 

was eradicated at 12°C. This was expected due to the disruptive effect of cholesterol in 

the Lβ phase and stabilization of the HII phase.  

The increase in cholesterol also caused an increase in order for the lipids in the 

HII phase due to the packing of the molecule between the acyl chains. SAXS data for the 

10 and 30 mol% cholesterol samples showed HII scattering patterns with a lattice 

spacing which increased with cholesterol content and decreased with temperature. The 

ordering effect of cholesterol causes an extension in the acyl chains and hence an 

increase in the lattice spacing. In contrast, increased temperature reduces the lattice 

spacing as the chains are less rigid and have more freedom to move. Whilst the 10 

mol% sample remained HII over the entire temperature range, the scattering curves from 

the 30 mol% sample showed a transition at 26.1°C into Pn3m cubic and bilayer 

coexistence. Whilst cubic phase was observed in the 2H NMR data at low-temperature, it 
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was only observed in the 30 mol% cholesterol SAXS data at high-temperature. The 

inconsistency between these two techniques is not completely understood, but possible 

theories include kinetic metastability between non-lamellar phases or a variability of 

correlations in each phase. 

Despite the unexpected results and differences between 2H NMR and SAXS 

data, the goal of the project was to investigate the non-lamellar phases which potentially 

form due to interactions between XTC2, cholesterol and anionic lipids in the endosomal 

membrane. Whether the resulting structures are HII or cubic, both are favourable 

structures to allow membrane destabilization and release of siRNA from LNPs. By 

pairing this work with computational simulations, we can hopefully develop a more 

realistic model of the structures necessary to allow siRNA release, with an eventual goal 

of improving LNP formulations for more efficient RNA interference therapeutics in the 

future.  
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