
X-ray diffraction of a gram-negative bacterial membrane 
mimetic. 

by 

Panteha Razavi 

A THESIS SUBMITTED IN PARTIAL FULFILMENT OF 
THE REQUIREMENTS FOR THE DEGREE OF 

MASTER OF SCIENCE 

in 

The Faculty of Mathematics and Sciences 

Department of Physics 

O BROCK UNIVERSITY 

June 23, 2009 

2009 © Panteha Razavi 



Ab~ tract 11 

Abstract 

This thesis applies x-ray diffraction to measure he membrane structure of lipopolysaccharides and 

to develop a better model of a LPS bacterial melilbrane that can be used for biophysical research on 

antibiotics that attack cell membranes. \iVe ha'e Inodified the Physics department x-ray machine 

for use 3.'3 a thin film diffractometer, and have lesigned a new temperature and relative humidity 

controlled sample cell.\Ve tested the sample eel: by measuring the one-dimensional electron density 

profiles of bilayers of pope with 0%, 1%, 1G :VcJ, and 100% by weight lipo-polysaccharide from 

Pse'udo'lTwna aeTuginosa. 

Background 

VVe now know that traditional p,ntibiotics ,I,re losing their effectiveness against ever-evolving 

bacteria. This is because traditional antibiotic: work against specific targets within the bacterial 

cell, and with genetic mutations over time, themtibiotic no longer works. 

One possible solution are antimicrobial peptides. These are short proteins that are part of the 

immune systems of many animals, and some of them attack bacteria directly at the membrane of 

the cell, causing the bacterium to rupture and die. Since the membranes of most bacteria share 

common structural features, and these featuret, are unlikely to evolve very much, these peptides 

should effectively kill many types of bacteria wi Lhout much evolved resistance. 

But why do these peptides kill bacterial cel: '3 , but not the cells of the host animal? For gram

negative bacteria, the most likely reason is that t Ileir outer membrane is made of lipopolysaccharides 

(LPS), which is very different from an animal :;ell membrane. Up to now, what we knovv about 

how these peptides work was likely done with r !10spholipid models of animal cell membranes, and 

not with the more complex lipopolysa,echaricies, If we want to make better pepticies, ones that we 

can use to fight all types of infection, we need a more accurate molecular picture of how they \vork. 

This will hopefully be one step forward to the ( esign of better treatments for bacterial infections. 
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Chapter 1 

Introduction 

The purpose of this study is to design and tcs a possibly useful model of the lipopolysaccha.ride 

outer membrane of gram negative bacteria. tho t can, in future, be used to study the a.ctions of 

antibiotics such as antimicrobial peptidcs. rrhe ·~-raymachine in the Physics Department was used 

to rneasure the properties of the thin rnembrm e films. Hovvever, in order to study hydrated thin 

films, especially biological membranes, some h2 I~(hvare and software design and testing, as "vell as 

building a sample cell was necessary. The deta Is on characteristics of t.he sample cell and its use 

with the x-ray machine is explained in Met.hods :.ection. The results of the x-ray diffraction analysis 

of our new membrane model is given in the Res IItS section. The remainder of the Introduction will 

bc a tutorial on lipopolysaccharides, (LPS) and ,he llse of x-rays to study membrane structure. 

1.1 History of lipopolysaccharides 

Rietschcl and vVestphal recently documented he history of lipopolysaccharide [4]. The history 

began in the eighteen century with search for he reasons behind fever and was thought to be a 

putrid poison or toxin. In 1872, Klebs, a Germm ba.cteriologist related most of the death during war 

to living microorganisms that he named "IvIicn sporon septicum" [36]. Two years later, Panum, a 

Danish pathologist. obtained a water-soluble all< heat-resistant toxin from putrid matter. Later on, 

Koch developed pure-culture techniques and conluded that different diseases were caused by specific 

bact.eria. In 1892, Pfeiffer, from the same lab( 'ratory, reported that the agent. of cholera,VibTio 

cholcmc, can produce a. non-secreted toxin ths was heat-sta.ble and he caHed it an "endotoxin". 

Later on, endotoxins were shown to be the rE xesentative of outer membrane of gram negative 

bacteria [2]. 

Although today we know that not all end( toxins arc fatally toxic, the term IS still used for 
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lipopolysaccharide molecules. The first structUJ ;11 studies of the molecules were done in 1930s and 

1940s. At that time, researchers noticed that th, membrane consists of a lipid a.nci protein part, and 

the.v called t.he lipids lipopolysaccharides. The basic structure of the lipid has been defined since 

1954. By 1970 the biochemistry synthesis and s1 ructure analysis of Escherichia coli and Salm.onella 

were well determined as the best complex LPS examples in nature. At present, x-ray diffraction, 

NJ\!IR and mass spectrometry have important rc '.es in the studies of properties of LPS molecules [4]. 

1.2 The importance of bact erial lipopolysaccharides 

Previously, the reasons behind most of the stl' :ctural analysis were done on LPS molecules were 

medical or veterinary. In many cases, bacteria that were not considered to be human pathogens 

were still found in sick patients. In other cases, bacteria that were pathogenic for animals, became 

pathogens for humans and vice versa. The anf ITer to these strange cases lies in t.he fact that the 

fever-inducing agent was not the bacteria iisel. but LPS, \vhich is common to all gram-negative 

bacteria [24]. 

Presently, lipopolysaccharide studies are fc;used on the LPS of gram negative bacteria and 

nitrogen fixing bacteria that are not normally pathogenic [5]. Although LPS is not released by 

the bacterium, cell division can pass small amo 1nt of the molecule into the host organism. Larger 

amounts of LPS can enter into the bloodstream Nhen bacteria aTe killed by antibiotics or treatment 

with divalent cation [13]. Small amount of CPS in an infected patient can be protective by 

stimulating the immune system and can be use 1 to shrink tumours. However large release of LPS 

in a cell could be fatal. It can cause high fever, in Tease heart rate, and lead to septic shock and death 

by lung and kidney failure, intravascular coagu'Ltion, and systemic inflammatory response [29, 5] . 

1.3 Properties of bacterial. ipopolysaccharides 

LPS molecules cornbine with other lipids and pr< teins to make the outer membrane of gram negative 

bacteria. In solution, they can form aggregat~s with different morphologies, however, chemical 

treatment such as removing the divalent metal 'ations or treatment with surfactants can eliminate 
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the aggregation [5]. LPS molecules are anionic and they can interact with cationic antimicrobial 

molecules. These molecules are affected by their surrounding conditions; they can go through 

molecular changes and produce various supramolecular structures. There is a possibility of a phase 

transition between gel and liquid crystalline states for LPS molecules [10]. 

The components of LPS molecules, going from the bacterial membrane toward the outside in 

order are: lipid A, linked to the core oligosaccharide, itself linked to the 0 chain or O-specific 

antigen, if any, which consists of a sequence of repetitive subunits. Figure 1.1 shows the membrane 

of E. coli bacteria. 

LPS 

Oantlgen 
repeal 

Glucose Outer 
Heptose } 

core 
Galaelo e 

HeptoSe } Inner 
core 

I Lipid A I 

Peptidoglycan 

~ MOO 

~~o~w ~~ ~ Phospholipids 

~~- ~ Protein 

Figure 1.1: Structure of LPS molecule. Membranes of E. coli K-12 bacteria shows the Inner 
membrane, Peri plasmic membrane and Outer membrane of LPS molecules [31]. 
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1.3.1 Lipid J\ 

Lipid A is the proximal region of bacterial mellbrane and connects LPS to the outer membrane. 

Since the 1950s there has been evidence that tl at lipid A is the reason for endotoxic properties of 

gram negative bacteria.. rrhe endotoxills were rE :2ognized as the properties of the external leaflet of 

the bacterial outer membrane. Lipid A is the m lin component by mass (45 (It;) and occupies '"'-'75 % 

of the surface of the bacterium [5]. 

Lipid A is water insoluble and chloroform sc uble, and can be formed as free lipid A and chemi-

cally synthesized. In 1985, it was demonstrated Jlat both forms of lipid A from LPS of E. coli have 

identical structures and enclotoxic characteristi< :j. Free lipid A is produced by mild acid hydrolysis 

of lipid moiety separated from a LPS molecule [,]. lVlany enzymes of lipid A. biosynthesis like LpxC 

have been validated as targets for development )f new antibiotics [25]. 

The backbone of lipid A is mostly conser'ed in bacteria from various species . In classical 

LPS, the backbone of lipid A is a p - 1, 6-linl ed disaccharide of 2-arnino 2-deoxy D-glucose (D-

glucosamine, D-GlcN) to which fatty acids, typi ·ally ~)-hydroxyalkanoic acids, are attached by ester 

or amide linkage. Lipid A is hydroptlObic; but, i [ links to polar region through phospho ester. Lipid 

A has significant variations in its carbon chain Figure 1.2 shows a drawing of lipid A. In a large 

number of bacterial species, GleN in the lipid J backbone is partly or totally replaced by its dose 

relative 2,3-diamino-2,:j-dideoxy-D-glucose (Glc ..J~~N) 

.. 1 

Figure 1.2: Lipid A .The general structure of ,:;lassical lipid A. Shown are the two glucosamine 
groups where C-1 and C-4' are th( polar parts linked to lipid A via O-P- boncl. 2, 
3, 2' ,3' axe mostly hydrophobic Cn JH or CnOCm groups. The groups a.re varied in 
different species. X represent Oxyg( n or Nitrogen atoms [5]. 
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Figure 1.3: Lipid A of Pseudomona aerugiJ !.osa. Structure of non classica.l lipid A from PSCll

dOTlwna aCTll.ginosa with its polar bmdgroup [28]. 

1.3.2 Core Oligosaccharide 

In so-ca.lled "smooth" LPS, the cor~ oligosacchE I.'ides are divided into two regions: inner core (lipid 

A) and outer core. The outer core region pI wides C1. connection site for O-polysaccharide, or 

otherwise called the O-antigen. The role of the i mer core is to maintain the structure and functions 

of the outer membrane. 

The inner core has a conserved composition ,vith branched structure. The core domains of LPS 

lnolecules usually contain a few repeats of :3-( eoxy-Dma.nno-oct-2-ulosonic acid (KDO) <1t their 

inner end, and an addition of non stoichiometrc: heptose which some times carry phosphorylated 

component. '1'he 1(DO is the only ccnnponentound in all the cores. In some cores D-glycero-D-

talo-oct-ulosollic acid (1(0), a derivative of KD ) is also present [31]. Heptose is a Inonosaccharidc 

with seven carbon atoms. 

The inner region of the core oligosaccharide i ; ionized . KDO, phosphate, and other acid residues 

make the anionic functions of the core. LPS cha !'ged groups, like the polar groups of phospholipids, 

are importa.nt to the molecula.r structure and fWlction of the bacterial outer rnelnbrane. In bacteria 

f1'0111 different species, the inner core usually 1'e nains the same. In Tnany cases, only the structure 
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of the carbohydrate backbone is known for a gh ,m core oligosa.ccharide, and the extent of phospho-

rylation and nonstoichiometric additions are un mown [31] . This is one of the difficulties in studies 

of structural analyses. 

The outer core has more structural diversi.y because of the exposure to host responses and 

environmental stresses. However, the extent of f !:ruetural differences in core oligosaccharides within 

a given species are still limited. The structural ;rnitation for a given genus, make the core oligosac-

charide an interesting target to produce therap· 'utic antibodies. 

1.3.3 o side chain 

The O-side chain consists of a single, neutral )olyrner of repeating oligosaccharide units that is 

attached to outer core of oligosaccharide througl covalent bonds . The O-side chain is the hydrophilic 

and antigenic part of LPS. 

LPS molecules are described as different type) regarding to the variations of 0 side chain: S-type 

LPS or smooth LPS, consists of molecules v'lith tiEferen! degrees of polymerisation of the O-specific 

side chain; SR-types are LPS mold:ules with C Ily a single repeating unit; R-type or rough LPS, 

are molecules without any side chain; and core lefedive R-types, or molecules with an incomplete 

core oligosaccharide. R-type and core defectedLPS are sometimes called lipo-oligosaccharides or 

glycolipids, reflecting their molecula.r size. Son :~ organisms have short 0 side chains, which allow 

them to have intimate interaction with host CE I membrane. Some others do not even need an 0 

side chain because their surface is covered by a .;hick layer of capsular polysa.ccharide. 

There is a large structural diversity for the 0 side chain and biological specificity is achieved 

though chemical diversity. In nature there an lots of SR-LPS that contains only one unit, the 

abundance of LPS lllolecuies decreases as the.umber of units increase to about 15 units, above 

that the number of molecules increases again 0 reach the maximum limit size vvhich is usually 

from 25 to 30 0 units per molecules [34]. Thc.3e maximum limits are specific for the strain and 

the growth temperature of the molecules. The abundance of the molecule decreases sharply after 

reaching the maximum limits of 0 units. 
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1.4 Pseudomonas Aerugino 3a 

The LPS used in the experiment was from Pse i.dornonas aeT'uginosa serotype 010. P. aeTllg1//l0Sa 

is an adaptable organism, living in moist env ronments and even in distilled water . It is very 

resistant to chemical disinfecting solutions and 31tibiotics [26]. This organism is one of the top three 

pathogens responsible for sepsis due to gram nq ative bacteria with morta.lity rate of 60 % [~~5]. The 

LPS from this organism is capable of overstiml lating the immune system [8]. This organism can 

be isolated as opportunistic pathogen in recurr nt infections patients . P. (J,e'rnginosCl is the major 

cl1.use of mortality in pa.tients with compromisec, immunity, including those with cystic fibrosis CF, 

neutropenia, extended burs and AIDS [17, 30]. 

P. aCTllginosCl is composed of two chemica :y and antigenically distinct forms of LPS knovvn 

as the A band and the B band [3:3]. The A 1 and LPS is made of common 0 antigen of short 

chains. These 0 antigens are rnostly neutral lomopolymel's [6]. The chains are composed of 70 

D-rhamnose (D-Rha) residues arranged as 23 t isaccharide repeating units [43]. The A band can 

be a contributing factor in the persistence of inlarnmatory processes and lung damage in the host. 

with CF [6]. 

rrhe B band LPS is made of 0 speciflc antig 'n. These antigens carry heteropolymer of negative 

charge. They are made of more than 50 rep( :-tting units of di- to penta-saccharide of different 

monosaccharides [18, 20]. The B band LPS I ;etermines the serotype of the bacterium. There 

are twenty serotype strains of P. CleTuginos([" tl e so called International Ant.igenic Typing Syst.em 

(IATS) st.rains [21, 22], alt.hough it seems likely j hat. additional serogroups are present. in the natural 

environment [35]. Similar unlinked elements are respollsible for serotype differences between strains 

in a given sequence group [32]. Different. strai 'lS may have sin1ilar resistance patterns, however, 

sequential clinical isolates of t.he same strain rna) produce different ant.ibiotic susceptibility forms [:3]. 

The serotype 010 that was used in the experin ents is made of the following repeating units: 010 

: [-:.n-a-L-Rha-(1-4)-a-L-GaINAcA-(1-3)-a-D-Q liNAc-(l- ] [27]. Table 1.1 shows more information 

on these abbreviations. 



Abbreviation 
Rha 
GalNAcA 
QuiNAc 
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ITJPAC Nan \e Formula Weight (-!!;;;) 
~----~~~~~~-+--~~~~~ 

R-6-metyloxane-2,31,5-tetrol C6H120 5 164.16 
N-acetylghlcosE mine C S H 15 NOt} 221.208 

G-deoxy-N-acetylgh ::osamine CSH15N012 in 7.204 ________ L-_~~~~~L-________ ~ 

8 

Table 1.1: JVJolecular formula. .1\lolecular ; lentification of rhamnose (Rha) of A banel a.nd 
serotype 010 of B band in Pseudom' mas Aeruginosa 

1.5 Membrane diffraction 

X-ray and neutron diffraction has been used sin< e the early 1960s to study the struct ural and phase 

properties of lipid systems [23] . A large am01nt of structural detail has been determined from 

diffraction and scattering experiments. F()I' exal 1ple, some early, important papers are listed in the 

references [44, '11, 42]. A typical method of I-di mensional diffraction is shown in Figure lA, where 

the structural profile is measured only in the diI~ction of the perpendicular to the membrane plane. 

The sample consists of aligned membrane stack ', with water in the in-between Inembrane spaces. 

Structure detennination of lipid bilayers is ( JUlplicated by the disorder of the bilayers, which is 

because of the high 1110bility of molecules in all directions, as well as fluctuat.ions of the lliembra.ne 

it.self. Consequently, the measured lstructural r wfile of the bilayer in the direction normal to the 

plane of the bilayer, be it from X-rays (elect I'< n density) or neutrons (scattering length density, 

SLD), is of lower resolution. Higher resolution )rofiles can be gained through partial dehydrat.ion 

and alignment of the bilayers on a flat substrate such as shown in Fig. 1.4. However , the commonly 

understood crysta.llographic definition of resoh. don is dl hmax , where d is the size of the unit cell 

sta.cks of lipid bilayers, and hmax is the m~.L'{iml '11 order of the crysta.llographic Bragg peaks. rrhis 

value is typically on the order of 6-11 A, whicll means that two objects closer than this cannot be 

resolved. Although we cannot have atomic reSt lution, it will be shown in the results sectioll that 

many structural features can be identified with l]igh precision. 

X-ray and neutron diffraction have been US! d to determine the structure of LPS before [7, 10, 

15, 16], however no experiment. of P. aervgin( ,a could be found in the literature. Also , nearly 

all experiments were done with "deep-rough" 1 PS, where most of the core saccharide region was 

removed. This Inakes the LPS in t.hese experim 'nts little different from just lipid A. In these LPS, 

for example that from Salrnonella minnesota, it ' i'as found to have a. bilayer structure much like rnost 
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Incident Diffracted 

Figure 1.4: Drawing of I-dimensional diffraction from aligned stacks of lipid bilayers. 

other bilayer forming phospholipids such as the phosphatidylcholines, as well as a hydrocarbon gel 

pha..'le, and it is easy to determine the head-to-head distance and thus the bilayer thickness [7, lOJ. 

These lipids may give good structural detail by diffraction experiments, but they do not really make 

a good model of a bacterial membrantJ, because antimicrobial peptides are not really encountering 

a polysaccharide domain, just lipid A. 

An important early study that made the comparison ofLPS from Salmonella minnesota, Salmonella 

typhirnl1Til1m and EscheTichia coli shows that it is difficult to see much structural detail with LPS 

that has more of the core saccharide region [16J. Even though the lipid A hydrocarbon region is the 

same, for LPS with more of the core region still attached, there is much less detail in the electron 

density profiles in all parts of the bilayer. First the headgroup position, normally located by the 

phosphate high electron density peak becomes less distinct, to the point where it is too hard to say 

what the bilayer thickness is. Second, there is much less order in the hydrocarbon region. 

Therefore, in order to build a good structural model that has more of the core saccharide region, 

and still gives good structral detail in diffraction experiment, we add small amounts of rough LPS 

with most of the core region in place, to a phospholipid that is known to form high resolution 

bilayers. 
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Chapter 2 

Methods 

Much of my research time was spent adapting tl: •. ~ use of the Physics Department x-ray single crystal 

machine for use in diffraction of thin filIns anc biologica.l materials. The challenge of measuring 

biological samples with x-ray diffraction is mai Itaining the sample in a correct equilibrium concli

tions. The biological samples used in these se s of experiments were made of lipids that can be 

found inside a living organism. To be able to'un the experiments under the conditions close to 

those in vivo, the samples have to be in an aqu(JUs environment. A new sample cell was designed 

and constructer to overcome this challenge. X ray diffraction can give reasonable measurements 

only if the environmental factors affecting the simple are under control. In the case of membranes 

these factors are primarily tenlpera,t.ure a.nd Imnidity. Tn these sets of experiments the change in 

the temperature was monitored using a tempera me controller made in the electronic shop at Brock 

university, specifically for the purpose of our e: :periments. The level of humidity is controlled by 

using saturated salt solutions. The next challen ;e \vas the positioning the thin film sample and the 

sample cell in the direction of the x-ray and reI (JrCling the diffraction data. These challenges were 

resolved b,v introducing a stage controller that roves the sa.mple cell and aligning the sample inside 

the cell. 

More details on sample cell properties, Sal 1ple preparation, and alignment of t.he sample is 

described in this chapter. Also in this chapt T, specifications of the x-ray diffractometer, and 

various steps in running the experiment and da a analysis are explained. 

2.1 Sample cell 

The sample cell was designed according to expel mental needs and then \vas made in the mechanica.l 

shop at Brock University. Figure 2.1 shows var;,ms part of the sample cell . 
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The main part of the sample cell is the sam: lIe box. The sample box provides a closed environ-

ment to control humidity and temperature of tll sample. The sample box is a hollow (4 x 3 x 4) em:' 

with 0.2 cm wall thickness. It has a removable tit ted lid and a removable tray so that it holds the 

saturated salt solutions. The box is made of ahminum which is light weight and easy to machine. 

The sample box has two 1 x 1 cm2 windows p: raIle! on its side walls, covered with Kapton tape. 

Kapton tape is a good shield because when the x-ray beam passes through, there would be only a 

very small loss in intensity. The x-ray beam can pass the windows at angles of a minimum 0 degrees 

to a maximum of 38.66 degrees. 

'J'here is a hole on the rear wall of the sa1npl( box. T'his hole is tightly fitted with a copper plate, 

on which the sample lies flat. The copper plate also links the sample box to the rest of the cell. A 

thermocouple with platinum probe is connecte< \ to the copper plate and to a peltier temperature 

controller device to measure the accurate tempE :ature of the sample. The benefit of using a copper 

plate instead of aluminum is the higher therm,J conductivity of copper: 401vVm-1K- 1 at 25°C 

[38]. 

'r he copper pla.te is attached t(j a peltier, )1' thermoelectric cooler (l'EC). A TEC is a. heat 

purnp rnade of numerous junctions of two cliffe, ent metals. IVIost TEC are made from alternating 

p-type and n-type semiconductor elements [1]. When DC current passes through the junctions, to 

maintain a uniform temperature, it is necessary that heat is emitted at one junction and absorbed 

at the other junction, creating hot and cold si, i.es. The direction of heat transfer depends of the 

direction of a.pplied current. The FrEC used t ) build the sample cell is "Thermoelectric Cooler 

CP2-31-1O" and was purchased from]\Jelcore. r 'able 2.1 shows the specifications of the 'rEC. 'rIlE' 

'rEC is connected to a heat sink which absorbE the heat a.nd provides the cold side of TEC with a 

low temperature. The heat sink is a (5 x 1.2 x :,) cm3 copper box with a U shape hole through it. 

The holes are connected to a £lowing cold water '30urce. The heat sink and the copper plate make a 

sandwich that holds the TEC in place by long . ilastic screws, so that heat can not diffuse through 

screws. 

The heat sink is joined to two linear pOSil loning stages. The positioning stage is manually 

operated and oriented at right angles to each (::her. Assuming that the x-ray beam points in the 

X direction and the normal to the sarnple plam lies in the y' direction, then according to the right 
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Figure 2.1: Sample Cell. All partslof the sample cell are shown in this picture. Sample box, 
sample holder, peltier and heat sink are connected to a travel stage which is attached 
to linear stage though a L shape holder. 

Hot Side Temperature (OC) 25°C 50°C 
Qmax (Watts) 18.8 21.4 
Delta Tmax (OC) 67 77 
Imax (Amps) 9.0 9.0 
Vmax (Volts) 3.75 4.00 
Module Resistance (Ohms) 0.35 0.40 

Ceramic Material: Alumina (AI20 3 ) 

Solder Construction: 138°C, Bismuth Tin (BiSn) 
Max Operating Temperature: 80°C 

Table 2.1: Peltier performance specifications [39J. 
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Travel Range: 
lVIinimum Increment<11 l\!Iotion: 
Load Capacity: 
!vIotor: 
Guaranteed Uni-directional Repea ability: 
Guaranteed Accuracy: 
Resolution: 
!vIa.xinmm Speed: 

25 mm 
0.1 11m 
50 N 

DC servo motor UEl724SR 
O.3/1111 
811m 

0.0175 11m 
2.5 mrn/s 

Table 2.2: Linear st 1ge specification [40]. 

'1') ,) 

ha.nd rule, the Z vector would be pointed to 1.. I.e laboratory ceiling. In this case, the positioning 

stage can move the sample box up to 13 nun in both X and Z directions. The positioning stage is 

"460A series bw-profile integrated ball bearing linear stage" purchased from Newport Inc. 

The sample cell assembly is attached to a I ··shaped. stainless steel connector, which holds the 

sample cell and connects it to another linear st 'Lge. This linear stage consists of a motor-mounted 

rotary encoder, an integrated gear box and a s; luple stage. 'rhe DC motor allows the sa.lnple cell 

to move in the Y directiol1\vith 100 nm sensitivity. The miniature linear stage was purcllased from 

Newport company and belongs to MFA-CC serj~s. The properties of the linear stage are explained 
l 

in Table 2.2. The control of the motorized posit ,ming stage was added to the x-ray control software 

by the Brock electronics shop. 

Finally, an attachment mechanism based (n. the design of a standard goniometer head \vas 

connected to the bottom of the motorized stagE so the whole sample cell device could be rnollnted 

on a goniometer. The attachment mecha.nism '3 made of brass and adds 1 cm to the sample cell 

hight. 

2.2 Sample preparation 

Several pieces of a single crystal wafer of silicon were cut into 1 x 1 cm2 pieces to be used as sample 

substrates. The pieces were washed with \VatE', methanol and chloroform and then air dried to 

erase fingerprints. 

I-palmitol-2-o1eoyl-sn-glycero<~-phosphocho ;ne (POPC) and 

1,2-dimyristoyl-sn-glycerc-3-phosphocholine (D ,1IPe) were bought from Avanti Pola.r Lipids (Al-
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abaster, Alabama) . POPC is hygroscopic as IJ lphilized powder. Cholesterol and lipopolysaccha

rides (LPS) were purchased from Sigma (St. Louis, lvlissouri). LPS were from species of the 

Pseudomonas ae'r'uginos(J, serotype 010, purifiec by phenol extraction with less than ~i% protein by 

weight as possible irnpurities. All materials wer: used as supplied , without further purification. 

In the experiments different samples were llS( Ii; 20% by molar cholesterol in DMPC; pure POPC; 

mixtures of 1(;{" 10% and pure LPS in POPC. ~I 'he desired amounts of samples were measured and 

dissolved in a 3:1 mixture of methanol:chlorofor n solvent. A few drops of water were added to 10% 

and 100% LPS samples solution to make a smo( Lh homogeneous sample and prevent aggregation of 

the solution. Droplets of solution were put ever lyon the substrate until the substrate was covered 

with all the sample solution. Samples were air ( '~ied and then vacuum dried for an hour, so that all 

the solvent would be evaporated. 

Before putting the sample on the sample he ider , a saturated salt solution was made inside the 

sample tray by filling the tray with salt and a. i.ding few drops of water. Satmated salt solutions 

were used to control the humidity level insidl the sample box. In the experiments potassium 

nitrate, potassium sulfat.e and potc)ssilLll1 chlo] ide were used. Salts \vere ACS Grade, with 99% 

purity and were purchased from V\VR Internat 100ml CMississauga, Ont). One of the experimental 

difficulties arise from dealing with saturated sal solutions. The salts tend to cI',ystallize at the edge 

of the sample box and the crystal allows sol uti III to rise by capillarity and crystallize further up. 

This caused problems in moving and washing C lIt the sample tray during replacement with a ne\v 

saturated salt. solution. If the capillary crystals all out of the sample cell box, they may even make 

problems in rotation of the axes gears in the x-ay diffra.ctometer. 

Lipid samples should adjust themselves and each the equilibriulll with temperature and humid-

ity before any measurements can be run. At ( :wilibriulll, measurements should be reproducible. 

The equilibria was obtained within a few hours of keeping the sample in the sample cell. 
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2.3 X-rays 

2.3.1 X-ray production 

X-rays are electrolna,gnetic radiation that is pr"duced by accelerating electrons in order to collide 

with a metal target. In the lab, a Picker hi~ 11 voltage generator vvith an Enraf-Nonius CAD4 

goniometer and Siemens sealed copper anode xray tube was used to produce the x-ray beam. In 

the x-ray tube, the electron falls through a. P itential difference of V and obtains energy of eY' 

electron volts. When the electron slows down into the anode, this energy converted to photons, 

producing a spectrum of x-rays known as Bren sstrahlung radiation , with a minimum wavelengt.h 

of A: 
he 

A-
eV 

(2.1 ) 

'fhe electron collisions in copper , generally i [creases atomic vibrations a.nd so generat.es heat in 

the copper. About 0.1% ofthe incident electron ~nergy is usefully converted into x-ray radiation and 

the rest appears as heat. The heat is removed rom the system by flow of water passing thorough 
~ 

the x-ray tube. If the voltage applied to an x-ra} tube is large enough, then t.he accelerating electron 

can have sufllcient energy to remove an electrc)j from inner shell of the copper atoms. As a result 

other electron from higher energy level fills up the vacancy. If the energy difference between the 

two electrons in different shell levels is 2-.E the] the wavelength of x-ray emissioIl would be: 

(2.2) 

In the case of copper, the spectrum consists :)1' t.wo pronounced wavelengths of Key with /\ 

1.542 A and [(8 with A = 1.392 A [19]. 

A graphite crystall1l0nochrometer is used t( remove the Bremsstrahlung and [(i1 line by Bra.gg 

diffra.ction, which is explained below. 
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2.3.2 Crystallography 

In a crystal structure, atoms repeat with symrr~tric units. l'hese units are made of evenly spaced 

pa.raJlel planes which set the position and orient;tion of the atoms. \Vhen the x-ray beam is incident 

on these planes some bemlls reflect from the at IllS and the rest penetrate t.hrough crystal and hit. 

t.he a.toms of t.he adjacent plane and then refl!Ct . The beams that reflect from different planes 

travel different path lengths, and will then inte Jere with one anot.her . The interference is at least 

partially destructive unless t.he path difference s an integer multiple of their wavelengt.hs. Bragg's 

law simply expla.ins the path difference for comructive reflect.ed beams. 

AI d = 2 sin (()) (23) 

where d is the distance between the atom plane:, and () is the angle the x-ray bea.m lnakes vvith the 

atom planes. 

The constructive beams that have the higJ est intensity produce diffraction patterns. If the 

Bragg equat.ion is satisfied, x-ray beams scatter :d by adjacent unit cells will be in phase. 
) 

The geomet.rical description of scattering ,nd diffraction is based on the idea of reciprocal 

space. An incident beam of photons scatters fro n atoms within the sample. The spatial correlation 

of atoms from each other gives rise to construe ive and destructive interference in the direction of 

the detector. All scattering instruments create .learns with well defined direction of incidence k~, a 

vector in the laboratory frame of reference whos ; length is Ik~ I = 271/ A, where A is the wavelength of 

the x-ray. The x-ray detector measures the intclsity of the interaction with Inatter at well defined 

directions k~·. 

'rhe change in Illoment.urn of t.he scattered photons due to their interaction with the sample 

can be defined as q = k f - ki · In this case, aJJ scattering is mapped into reciprocal space by the 

scat tering function 1m = loIF(ilJI2. In here, 1m 3 the measured intensity of radiation in a direction 

k~, and 10 is the incident intensity. When the d( I~ cctor is in the direction where the reciprocal space 

vector (] is made parallel with spatially correh I;ed atoms, constructive interference results and a 

higher intensity is recorded as symmetry a.llowt' 
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The form factor F(q) is given by 

F(q) = ,~ II: fiC i(Tr-f 
'l i 

(2.4) 

where the sum is over all N atoms in the Sal tple located at positions .r;. The strength of the 

interaction between atom and probe is expreSSE 1 via the term fi ' vvhich for x-rays is the Thomson 

scattering factor whereby the atom's electroni are considered to be moving freely in douds of 

electron density. 

1'he location of scattering at0111S -r; from E'lllation 2.4 can be rewritten in terms of the atom 

layers representing a repeating structural unit For example, if a one-dimensional fundamental 

structural motif has a repeating size d, the tota' sample may have N repeating layers of this motif, 

for a total thickness of N . d. An atom locate. I. at position Ri in the first unit is repeated in all 

units , and it is found at the location within lay'l' h at 

(2 .5) 

In this case, the sum of Eqn. 2.4 becomes 

I: fi eiij.>'!. = :2 ~ fnCiij.fi; I: e ihifJ, (2.6) 
r. h 

where the first sum is over all atoms in just om structural motif. This term modulates the second 

sum which now takes in to account the total lUmber of repeating units making up the sample. 

The second term can have a very strong maxil nun when q . d = 11,211, which is Bra.gg's law when 

I ill = I/~ - k~ I = 411 sin e / A. Therefore, struct.Ui al motifs in lipid dispersions that repeat with well 

defined correlation lengths give rise to extremel . strong constructive interference. 

'fhe incident waves have the same wavelengh and frequency but with difFerent mnplitucle and 

phase as the resultant scattered beam. The p lase and amplitude of the reflected beam has the 

information to determine the structure of unit :ell. The important part of the x-ray rneasurcment 

would be determining these values. The intensi y of a sca.ttered beam is proportional to the square 

of the amplitude of the beam and it is expres~ eel in terms of the intensity of the ben.Ill reflected 
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from unit cell. This int.ensity also depends on : ,eometrical factors of the crystal and experirnental 

conditions. The experimental measurements f, '1' the phase of the reflected beam is not possible 

because after taking the square root of the mesured intensity to get the values of Equation 2.4 , 

any phase information eie/ f ; is lost [19]. 

Luckily for the case of lipid membranes, th' central symrnetry of the unit cell means that the 

phase of Fh will be eit.her 0 or 11 . Therefore aft! r taking the square root of the measured intensity, 

and correcting for experimental factors, the onl' unknown would he the sign of Fh . 

2.4 Correction Factors 

vVhen a x-ray beam hits the electron in the sallple its energy can be tra.nsferred in various ways. 

The loss of energy can be measured as the ra "io of intensity of the incident to intensity of the 

scattered beam. This ratio depends on the pOlE "izatioll, Lorentz and absorption factors . 

2.4.1 Lorentz Factor 

vVhen a. sample crystal is rotating at a constan1 angular velocity, reciprocal lattice points can pass 

through the conclitions of reflection at different 1 'ltes and so they would have different times of when 

they are in the condition of Bragg's law [19] . 1 Vhen x-ray beam is normal to the rotation axis of 

the fOllr circle difi'ractometer,Lorentz factor ca l. be derived as L = 1/ sin(28). 

2.4.2 Polarization Factor 

Originally, the beam is unpolarized from the )-ray tube. The x-ray beam is an electromagnetic 

wave and has both electric <1.lld magnetic vect, ,r components. vVhen the x-ray beam is ernittecl, 

its electric vectors ha.ve random direction.Eac i. of these electric vector can be recognized by two 

components perpendicular to each other. The i Itensity of the unpolarized x-ray beam depends on 

the sum of all these random vectors. 

vVhen the beam reflects from any plane su- face, the electric field vector perpendicular to t he 

surface is absorbed more than when it is para ieI. Therefore, after reflection, the bea.m becomes 
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partially polaTized parallel to the surface. This loss of intensity must be taken into account. 

For the CAD4 goniometer, the beam becor Les partially polarized in the vertical direction be-

cause of the horizontal graphite monitor. The] this beam is partially polarized in the horizontal 

direction after hitting the vertical sample. The polarization factor depends on Bragg angle for the 

monochromator and the geometry of the appal' tus. 

2.4.3 Perfect and bnperfect Crys/;als 

Smnples can be perfect or imperfect crystals. 11 perfect crystals atoms lie on parallel planes inside 

the unit celL In this case there is a 'iT /2 phase E :lift at ea,ch reflection and the intensity of reflected 

beam from all the layers are the same. 

In imperfect crystals instead of parallel plan 's, atoms lie on the mosaic of misaligned blocks . In 

this case when the x-ray beam hit the first 1a.p r of atoms, there may not be another atom in the 

proper position in the lovver layer. In this caSt most of the incident intensity '\vould be reflected 

fronl the first layer and just small amount of th, ' x-ray penetrate inside the crystal and retIed from 

the lower layer so intensity of the incident and reflected beam for each layer are different. In an 

imperfect crystal because of large size of the mo! aie blocks there would be rnultiple scattering inside 

each block. MUltiple scattering would cause ir ::erferences between the incident and all the other 

scattereel beam. In the case of double reflecte,) beam the phase difference between incident and 

retIected beam is If. The biological samples tl at were llsed in the sets of experiments, were all 

considered as imperfect crystals [19]. 

2.4.4 Absorption Factor 

Absorption of x-ray in a sample can happen in wo different \vays [19, :37] : The energy of t.he x-ray 

photon, (jE' absorbed c:ornpletely to remove a,L electron from the atorn of the crysta1. l'his is a, 

strong absorption and is called Photoelectric a,b: ,orption. The x-ray bernn scatters frOlu the plane of 

atoms inside the crystal. Scattering processes Cf tl happen in two different ways: Compton modified 

scattering, or scattering with loss of energy and! .J with an increase in the wavelength of the reflected 

beam. The other scattering process is Rayleig L, or unmodified scattering. In this scattering the 
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energy and wavelength of incident and reflected beam stays the same. Bragg reflection is the basis 

for the Rayleigh scattering. 

However, according to characteristics of thelmperfect crystal, there is a small reduction in the 

intensity of reflected beam in umnodified scattc jng. 

2.5 CAD 4 Geometry 

The x-ray diffractometer is an Enraf-Nonious C AD4 goniometer, mounted to a,Picker x-ra.)' gener-

ator, 'vvith a copper anode. The x-ray gencratoJ was typically nm at 600 VV power. A new copper 

tube was purchased from Bruker AXS (J\!IadisOl, 'VI, U.S.A) and aligned carefully. 

Figure 2.2 shows the geometry of goniometer The CAD4 is a four-circle, single crystal goniomc-

tel' in the Kappa-orientation . The Kappa goni' ,meter holds the goniometer head which keeps the 

samples in the center of diffractometer. The KLppa goniometer consists of three axes of rotation, 

as seen in Figure 2.2. All the axes meet togetheJ in t he center of diffractometer. A standard sa,mple 

goniometer head (or the sample cell described; bove) is placed on Phi axes which is supported by 
) 

Kappa block. Kappa block rotates the Kappa a:is, which is at a fixed angle to the Phi axis. vVhen 

Kappa is at zero degrees, the Phi axis runs VE l"tieally in the laboratory frame of reference. The 

Kappa axis is mounted on Omega block. The C mega block rotates Omega axis which is carried by 

base plate of difIractometer. This plate is mOllT ,:ed on detector and supports the detector rotation 

through the 2'rheta angle. As a result, the 2Th "ta axis coincides with the Omega axis. 

The plane that is perpendicular to all the ax :"s and passes though the center of diffractometer is 

called horizontal scattering plane. The primar.Y x-ray beam is in this plane and points toward the 

center of diffractometer, where the sample cell i; located. The detector also measures the intensity 

and position of diffracted beam in the saIne pI me_ X Y and Z cornponent. of Cartesian rotation 

are assumed to be in a.nd perpendicular to this plane respectively. 

An analyzer or motion controller controls a I the axes of the goniometer and "vas built by the 

Brock electronics shop. There was some diHie Illty in the reliability of the control softwa.re and 

rnany revisions a.nd repairs ,vere made. One im] ortant revision involved the zero reference point of 

the angles. The zero angle is determined by thf direct beam, although there are mechanical angle 



Chapter 2. Methods 21 

Figure 2.2: Diagram of the four axis of the CAD4 goniometer. Data collection were usually 
taken with the fixed angles of Phi=90, Kappa=O. This orientation keeps the axis of 
Phi, Omega, and 2Theta coincident. 



Chapter 2. Methods 22 

counters attached to the CAD4 goniometer. Working with the electronics shop, the software was 

changed to allow offset values to be applied to the motion of the angles so that arbitrary zero points 

could be used in the alignment. Figure 2.3 shows the connection between the sample cell, goniometer 

and computer. The devices colored in orange, were built and modified specifically for purpose of our 

experiments. As it can be seen from the picture, detector is connected directly to goniometer and 

the analyzer while the sample cell is connected to goniometer, stage and temperature controller. The 

count controller monitors the intensity at a given time frame and record them through computer. 

Figure 2.3: Connection from sample cell and CAD4 to computer. The diagram shows 
that the x-ray detector is monitored by CAD4 goniometer and the analyzer through 
computer. The sample cell is under the control of temperature and stage controller 
while is connected to goniometer. 

2.6 Aligning the sample 

Alignment is one of the major steps to achieve a reasonable data, which consists of two main steps in 

these sets of experiments: 1- Alignment after replacing the x-ray tube, which includes the alignment 

of position of focal spot and center of the detector. 2- Alignment of the center of the primary x-ray 
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beam with respect to axes of diHractometer a Ld the receiving aperture. T'his alignment should 

be done before running each set of experiment:. The Phi angle was adjusted to a constant value 

of 90° for all sets of experiments. According t) experiment.al setting, at t his value of Phi, x-ray 

beam is perpendicular to the sample cell windn c. There are six other adjustments to find the best 

alignments for rotating axes: aligning 2Theta, a\ Ijusting sample position, adjusting Omega, aligning 

Kappa, aligning sample stage position and final aligning of Omega value. 

The key to aligning the Theta value is to adj .1st the zero degree point. At this point x-ray beam 

was passed through the Kapton tape window wi hout hitting the sample. The detector collects data 

by moving the Theta axis from a positive to a r~gative number while Omega and Kappel "vere kept 

at zero. Theta adjustment can be measured b' fitting the data on a gaussian graph with center 

at zero degree. The important point at this s age is when the reflected beam is very small, e.g 

20 < 0.80 , the main beam will have a very higl. intensity. To prevent damaging the detector, the 

intensity absorbed by detector should be almos less than 10,000 counts per second . As Et. result , if 

an x-ray beam is passing straight through the I, 'l.pton tape or when the beam is hitting the sample 

with a low angle, the beam intensity.should be d,creased experimentally. The low counts per second 

can be obtained by keeping attenuator on and, xJding Alurninum sheets in front of detector. 

The next step in alignment is to adjust posi ion of the sample. In this step all angles were kept 

at zero and experiment runs by changing the 'ample stage position. The position that detector 

measures half the intensity of straight beam, if considered to be the position to keep the sample. 

In this step attenuator and aluminum sheets shmld still shield the detector. 

The fIrst act in adjusting the Omega value i~ to find the first Zl'heta peal\:. rrhis can be clone by 

measuring intensity verses change in 21'heta an( keeping Omega and l(nppa constant. Then fitting 

the data into a gaussian curve and finding the 'enter of 2Theta peak. The second part is keeping 

2Theta constant at the measured value with I' appa at zero and changing the Omega. Offset of 

Omega value is measured when center of Omq a curve is assigned to be half of the 2'rheta value. 

Next step is aligning Kappa. Data were collect, (1 by changing Kappa versus intensity and keeping 

2Theta and Omega at the peak values. Data w :re then gaussian fitted. 

After measuring the pea.k values for all the axes, the sample stage was then aligned with the 

measured values. A curve of intensity versus san iple stage position were measured and fined position 
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of sample sta.ge were obtained. Moving the sar tple stage can have effects on Omega adjustments, 

so there would be need for a final alignment () .' Omega. At this point 2Theta, Kappa and stage 

position were kept at their peak value and cent, ·1' peak for Omega were rneasured. 

Now that sample is aligned with all l~he a. :es, the experiments can be run. Detector starts 

moving 2Theta axis from 0.80 to 14° and Omq a follows the change in Theta values starting from 

o A (> to 7°, while Kappa stays constant at the rm. dsured value. The collimator used in measurements 

is a fine focus colIirnator with beam diameter c' 1.:3 nun . Depending on the samples and strength 

of its peaks, the experiment can be divide into ~ or 3 parts. Usually the first peak or the first order 

reflection is much lllore intense than the higher reflection peaks, in this case attenuator were kept 

on and 1 second would be consider as time cor ·,tant between each taken data . Then for the next 

two or three peaks time constant were change'.:> 10 second. For the rest of the peaks 100 second 

would be consider as time constant. Each sarnI Ie were run at set of various temperatures. 

2.7 Calculations 

The goal of calculation is to obtain the electro 1. density profile. To do so, the corrected intensity 

for each peak should be calculated. This valUE can be measured form the experimental intensity 

[,,:!:p, and correction factors such as Polarization P, Absorption A and Lorentz L factors. 

Iem' = 1, ';p x 
PxA 

L 
(2.7) 

Data collected by x-ray diffractometer at e, ,eh specific temperature is intensity versus change 

in 2Theta and Omega. Ea.ch data set consists )f different number of peaks, depending on sample 

properties. Each peak was analyzed by a Gauss;l.n curve and a linear back ground to determine the 

parameters such as area, center of the peak an 1 peak width. Background subtraction of the area 

underneath each peak gives the experimental in ensity of that peak. Correction factor formulas are 

as foHm\!: 

The polarization correction for partially pol: rized bealn and a perfect monochromator material 
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p = cos(2e ,J+ (cos(2e))2 
1 .- cos(2()'m) 

where (1m = 13.3075 is the Bragg angle for mon,chromator. 

1'he absorption correction is 

1 sine [. . ..... (-2/I.d)] 
I = -- 1 --- e:cp --. 

2/Ld . sine 

25 

(2.8) 

where d is the path length of x-ray through t t; ) material or the thickness of the sample which is 

0.0009 cm and II is the linear absorption coeffi. 'ient. rrhis value is calculated by summing over Ii 

of each element (cm2 Ig) multiplied by the maSE density of that element(g/cnl:~). l\-1ass absorption 

coefficients for each element at K:x eu wavelel gth of 1.5418 A are obtained from International 

tables for x-ra.y crystallography. 

The inverse of the Lorentz factor IlL is: 

1 

L 

1 
sin (2()) 

Structure factor graphs can be calculated H,' a function of Fh vs. q; 

h 2sin() 
q=-=--

d A 

(2 .10) 

(2.11 ) 

where A is the vvavc1ength of copper Ka spectn m and h is the number of the peak order and d is 

the size of the unit. cell in Z direction, also calk.l the lamellar spacing. 

F=::J1x if . Ii, V J cor (2 .12) 

The coefficient value of ±l depends on the phao and the order of the peak. 

This uncertainty of the sign of the coefficif nt, is called the phase problem, because the sign 

of the phase can not be measured experiment tIly. This value can be assumed theoretically by 

comparing the shape of the structure factor PI' .file and the electron density profile of the sarnple 

with previously known phospholipid bilayers. T [() coefficient used in this experiment were typically 
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(-1,-1 ,1,-1) starting with -1 vaIue for the firs t re !ection. There are similar sets of coefficient used in 

measurements of lipopolysaccharide of Salmonc la l'vlinnesota [10] . 

The error for each order of structural factor an be rneasured through polynomial of order three 

as a function of q. After measuring the structur tl factor for each sample, the Fourier transform can 

be calculated for each and every environmental change in the sample by using: 

sin[K(q'l) -- h)] 
F", 1) K\!J'l) - I 

(2 .1:3) 

here q' is an arbitrary value between 0 to 5( (11 1) . 

Graphs of F(q') and graph of Fh v.s q were plc ted . Errors of B'ollrier transform can be measured 

using variant and co va.riant matrix and least S( ,uarc multiple regression and equation: 

t'or(F ') -- )- V "N 'L" .(i+j-2 ' . h - ~ =l LJj"cl lJ 1 (2. 14) 

oFh = II uar(Fh)).1/2 (2.15 ) 

(2 .16) , / 

where Vij is the element in the i-th row and j-th:olumn of variant covariant matrix. t is the student 

factor value, in these experinlents the confidenc .~ limit were measured for 95% confidence limit. In 

these experiments the values were fitted into p )lynomial of order three so the vaIue of ]V used is 

]V = 3+ 1 

Finally the electron density profile is calcuh. I:ed through: 

\ 2nh .. , (2KhX) !)(:J: I = . ,2.., ." .. n .. , .r F cos --
/ h""'·· h .. . .D (2 .17) 

where p(x) is the scattering density, ;r is the dist :mce from origin of unit cell. Again 95% confidence 

limit were measured using: 

')~ll 'Y' f[ ' ... )]_ '2 r"h",0",[ '(·F' \]2, ,)(~" "-',]0.5 () p(.L -[u17==1 .' . h) C(),~ ---y-;-J (2.18) 
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Chapter 3 

Results 

X-ray diffraction patterns of () - 2() scans was I ,~corded for every sample at different temperatures 

and hydration level. In each sample, the first :ea.ks ha,ve the highest 111lmber of the counts. I'he 

number of the counts for these peaks were meas l.redusing an attenuator so tha.(, the count numbers 

decreases under 10,000 cps. The time base for he diffraction pattern for each sample was divided 

into three sections to produce clear peaks and save time during the experiments: first peak has 

time constant of 1 sec. The second, third and ft ,rth peak have time constant of 10 sec and the rest 

of the peaks were measured using time constaJ t of 100 sec. Figure :3,1 shows an example of raw 

data on a logarithmic scale. The sample is PO)C llsing saturated salt solution of KN03 at .'lOGC 

corresponding to relative humidity of 89%. Th;; sample has 8 Bragg peaks , T'he number of order 
) 

values are difIerent for each sample, t hey also an be varied by changing the temperature within 

a sample. After analyzing the data, the struct Ire factor and the electron density profile for each 

sample are measured and graphed, This chaptf r explains the graphs and what was learned about 

the structures of the samples. 

3.1 DMPC with 20% chole: ;.terol 

3.1.1 Structure factors 

Initially DMPC samples were made 1Il a solut ,on of 40% molar cholesterol concentration which 

is similar to the molar concentration of the (tlo1esterol inside many plasma membranes in t.he 

body, including the nerves [9]. I'he graphs c F difIraction patterns of this sample includes the 

pea.ks belonging to the cholesterol in crystalliJ e phase, that were produced through a too high 

concentra.tion of the cholesterol in the solutions [L4]. Therefore for the further set of experiments the 
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Figure :3.1: X-ray IVI:embrane Diffraction X- 'ay diffraction patt.ern of pope multilayer at. 4l}°C. 
The pattern is a function of counts versus scattering angle of () - 2(). The position of 
the 8 peaks a.re clearly shown in log. rithrnic scale within three different time base at an 
angle of 2.42 A ancl7.44 A. 
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concentration of cholesterol was decreased to 2C X; inside the sample solution. The x-ray diffraction 

peaks in this solution are positioned at the ex J(~cted angle and lamellar spacing. The data were 

collected in six sets at different ternperaturewi ,hin the range of 18 °C to 28 °C with the lamellar 

spacing in the range of 56.45 A to 58JJ2 A usi 19 KNO:l as saturated salt solution. 

Arnplitudes, obtained by taking the squar, ~ root of the corrected intensities, are plotted in 

figure :~.2 as a function of the q = 47rsin() / A In· each order of h. Each value represents a peak 

in the raw-data graph of counts versus scatter IIg angle of 2() . Nine order values of Dl'vIPC, 20% 

cholesterol can be seen in this graph. 'rhe res( Jrch done by Hung et a1 [14] also shows the same 

number of order values for the solution of DJ'vIP(; with 17% cholesterol at temperature of 30°C with 

the relative humidity of 91.8%. This research slows that the DMPC solutions with more than 17% 

cholesterol concentration are in gel phase at w ,·ious temperatures a,nd humidity levels. Referring 

to this research and the x-ray diffraction plots ( f DMPC with 20% cholesterol concentration at the 

temperature range of 18 °C to 28 DC, it can be c mclude that the sample was in the gel phase during 

the experiments at all the temperatures. 

In the figure :3.2, the line of the be~t fit for eat ill sets of order value were measured by least squares 

third order polynomial curve. The shape of th( structure factors can be clarified by graphing the 

Fourier transform at minimum temperature of L8° C and rnaximurn temperature of 28° C in blue 

and yellow lines respectively. These Fourier trar '3forms were measured by giving q a set of 50 values 

between 0 to 1 and calculating Fq as described i l equation 2.1:3. These graphs show that the orders 

fall on (1, single Fourier transform curve. The daa points for each single order also fall on a smooth 

curve of a third order polynomial and are shmv j with black. 

ero find out whether changes in the tempen Lure would cause a significant change in the struc

ture factor , the 95% confidence limit of Fouriel transform at minimum temperature of 18° C and 

maximum temperature of 28° C were calculatf d. The confidence limit were measured using the 

variance-covariance matrix and equation 2.14. rhese graphs were plotted in the top panel at fig

ure 3.3. A comparison between this plot and th' structure factor graph 3.2, shows that a change in 

the structure factor appears at fourth order valleS. 

The shape of these graphs were c:ornparcd w iJl a single curve of Fourier transform at Frank and 

Lieb study [9] in the bottom panel of figure ~).; '. In their study, the effect of change of hydration 
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Figure 3.2: Structure factors of DMPC with 20% cholesterol. Each of the nine sets colorful 
dots, are the indication of the structure factor at a specific order value of h, starting 
with lime color dots as h = 1. The line of the best fit for each set is shown in black. 
The blue and yellow curves represent the Fourier transform at 18°C and 28°C degree. 
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level on structure factor of dirnyristoyl lecithin n 40% cholesterol solution with confidence lirnit of 

95% were measured. To be able to plot the gra]h, the data were fitted in to the F(q') formula and 

the error equation. The hydration graph has a lamellar spacing of 51.79 A and a temperature of 

23° C. Our Fc)Urier transform graph at 18°C ,md 28°C have lamellar spacing of 57.749 A and 

56.472 A respectively. 

The shape of the strw:ture factor graph car be compared with figure :3.4: The x-ray structure 

factor as a. function of reciprocal lattice spacin~ of dimyristoyl lecithin in 40% cholesterol solution 

from Frank and Lieb paper [9], 'rhis graph ,va,: obtained by cha.nging the humidity level between 

32% and 100% while the lamellar spacing were changed between 47.90 A and 57.51 A. 'rhe data 

for each set of order number fall on a smooth pcynomial curve, as does our data, and this indicates 

that structural change of the sample is continu< us [9]. 

A three dimensional Fourier transform grapl were plotted in the appendix in Fig. A.8 for easier 

visualization of the structure factor. The plot i~ a function of F(q) versus q and ternperature. The 

q values are 50 numbers in the range of 0 to 1 iud temperature are in the range of 18° C to 28° C 

degree. 'rhe changes in Fourier trn1l4orrn grn.pl are very smooth. 

3.1.2 Electron density profile 

Electron density profiles are shown in figure :3.: · for the 6 temperatures \vithin the range of 18 DC 

to 28 DC. The profiles have offsets in the vertic 11 direction for clarity of presentation . The m~l.ior 

peaks in the electron density graph at about~' 20 A correspond t.o the phosphate group of the 

DMPC ulOlecule and the trough at the rniddle c' the graph corresponds to the center of bilayer E\.nd 

the methyl group. By cornpaTing the plot.s for ( .'1.('11 temperature, it can be seen that by increasing 

the temperature the peak position become close' to each other. Also by increasing the temperature 

the lattice spacing decreases and t.he plot.s bee ,m e more condensed which means the lipids order 

increases at the higher temperature. At the ')wer temperature the electron density profile are 

smoother which is another indication of iucrea: ing the order of the hydrocarbon chains at higher 

temperat.ures. 

The 95% confidence limit for the minimuHl 'nd maxirnUHl t.emperature electron density profile 
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Figure 3.3: Fourier transform of DMPC with 20% cholesterol. The top panel shows the 95% 
confidence limit of Fourier transform at minimum and maximum temperature measured 
in the experiment. The bottom panel describes the Fourier transform of hydration graph 
at 23°C. The data was taken from Frank and Lieb paper [9]. 
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\ 

Figure :3.4: Structure factor of lecithin with 40% cholesterol. The structure factor of climyris
toyl lecithin in 40% cholesterol sol1tion from Frank and Lieb paper [9] as a function 
of reciprocal lattice spacing. This graph indicates a cont inues change in tIll', sample 
structure. 
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Figure 3.5: Electron density profile of DMPC with 20% cholesterol. The electron density 
is a function of temperature and has equal offset in vertical direction. 
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were plotted in figure 3.6. The confidence limit profiles prove that the change in electron density for 

18°C and 28 °C is minor. The effect of temperature change is more significant with respect to 95% 

confidence limit in the electron density profile compared to the Fourier transform graph, meanwhile, 

both results confirm each other. This effect shows that there is a some structural change within the 

temperature range: the bilayer thickness decreases as seen in the decrease in the distance between 

the phosphate peaks at "-'19 A. The structure at the center of the membrane changes very little. 

-30 -20 
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T = 18C, 95% C.L 

T= 18C 
T = 28C, 95% C.L 
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T=28C 

DMPC, 20% Cholesterol 
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Figure 3.6: C.L of electron density profile at DMPC with 20% cholesterol. The electron 
density profile with 95% confidence limit for the minimum and maximum temperature 
plots of DMPC 20% cholesterol. 

A comparison between the electron density profile of DMPC with 20% cholesterol at temperature 

22°C and 40% cholesterol in lecithin solution at temperature 23 °C are shown in the figure 3.7. The 

40% cholesterol in lecithin graph were plotted using the data from Frank and Lieb's paper [9] with 
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95% confidence limit . In the lecithin hydration plot, the lamellar spacing is at D =--= 51.79 A anel 

there are 13 h values, while DMPC graph has ) order values at lamel1aT spacing of D = 57.4:3 A. 

The plot and its 95% confidence limit of electro!' density profile of lecithin with 40% cholesterol are 

multiplied by a factor 100, to put onthe same s,.a1e as our data. 

The dominant component of one sample is D \lIPC and the other is lecithin. This variant cause a 

structural difference in the two sample, however. because the molecular formula of both components 

are similar to each other, the profiles can be COl lparable. A comparison between these two profiles 

show that the electron density plots of I}i\[PC ::0% cholesterol solution sample aTe smoother than 

lecithin 40% cholesterol solution. rrhere are few reasons explaining the smoothness of the plot: The 

graph shows that by increasing the concentrati( 11 of cholesterol, there would be more details in the 

electron density profile [14]. \Vhich is because it higher concentration of cholesterol, the structure 

of choiesterollllolecule also appears in the electr. n density profile. Another reason is that the higher 

order number in x-ray diffraction pattern vvonld cause a better resolution in electron density profile. 

In the 20% cholesterol sample the order numbe . is 9, while the 40% cholesterol solution has order 

value of up to 13. 

To keep the analysis as simple as possible n garding the change in bilayer thickness, Figure :3.8 

is graphed as a function of temperature. WheT ~ d is half of the distance across the bilayer, dpp is 

the distance from bilayer center to the phosphae groups, which is half of the distance between the 

highest peaks in the bilayer and d", is half of 1 he water layer thickness dw = d - dpp . d and dpp 

indicate the measure of lamellar spacing and tiJ) thickness of the bilayer [10]. 

'1'he figure :3.8 agrees with previous result~. that with increasing the temperature, the order 

decreases in the bilayer. However the decrease in order does not effect the molecular distance 

between the lipid linearly. The lamella.r spacing and the bila.yer thickness decreases with increasing 

temperature while the water thickness inside t' .e lipids only fluctuates . The graph indicates that 

at this temperature range, the disorder betwecl the lipid molecules occurs Inostly in hydrocarbon 

region of DI'vlPC and cholesterol rather than hy Jrophilic region of the molecule. 

Table 3.1.2 shows the la.lnellar spacing for [ bilayer Di\lPC sample with 20% Cholesterol COll-

centratiol1. In the table, the larnellar spacing ell is the distance across the bilayer d' = 2d. 
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Figure 3.7: Electron density profile comparison. Comparison between electron density profile 
of DMPC 20% cholesterol at 22° C and 40% cholesterol in lecithin solution at 23° C, 
both with 95% confidence limits. 

Temp (OC) / Sample DMPC, 20% Cholesterol (A) 
18 57.75 
20 57.38 
22 56.91 
24 56.71 
26 56.40 
28 55.85 

Table 3.1: Lamellar spacing of bilayer DMPC. The lamellar spacing of DMPC sample with 
20% Cholesterol concentration using saturated salt solution of KNO:3. The units of 
lamellar spacing are Angstrom. 
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TemPi Sample POPC, K2S04 POPC, KN03 POPC, KCI 
. 15°C 95.41 ± 0.96 
20°C 97.59 ± 0.53 94.62 ± 0.66 85.11 ± 0.29 
25°C 97.30 ± 0.45 93.58 ± 0.55 84.34 ± 0.26 
30°C 97.00 ± 0.4 92.31 ± 0.60 83.62± 0.25 
40°C 89.03 ± l.2 

Table 3.2: Relative humidity of saturated salt Relative humidity of the saturated salt solutions 
with respect to the temperature range used in the experiments [12]. 

3.2 pope 

In this section the effect of temperature and hydration on POPC samples are determined. POPC 

is 1-palmitoyl-2-0Ieoyl-sn-glycero-3-phosphocholine bilayers. The effect of the temperature can be 

measured by keeping the hydration constant. However change in the temperature has direct effect 

on hydration level. Minimizing this effect, specific salts were chosen to provide the least humidity 

change within the experimental temperature range. The saturated salt solutions of Potassium 

Sulfate, Potassium Nitrate and Potassium Chloride were used to control the hydration in the range 

of 83.6% to 97.6% relative humidity. Table 3.2 shows the relative humidity of these saturated salts 
, 

at temperatures used in the experimental sets. In the hydration experiments, the temperature 

range used are within the range of 22°C to 32 DC. The change in the relative humidity of the three 

saturated salt solution within the range are about 2% and is negligible. 

3.2.1 Structure factors 

Structure factors for five orders of PO PC with saturated salt solution ofK2S04 is shown in figure 3.9. 

In the figure, blue and yellow lines represent the Fourier transform at the minimum and maximum 

temperature of 22° C and 32° C respectively. The structure factors are indicated with separate 

sets of colored dots and the black lines show the third order polynomial fit of each set of structure 

factor. The graph shows that four out of five structure factors are lined between Fourier transform 

of the minimum and maximum temperature and the change in the structure factors are smooth. 

The significant change of the Fourier transform profile for the POPC sample with K2S04 satu-
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Figure 3.9: Structure factors of pope with K2S04 • Each sets of colorful dots show the 
structure factor for a specific order value. The black lines are the polynomial fit for 
the structure factors. The blue and yellow line are the plots of Fourier transform at 
minimum and maximum temperature range. 
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rated salt is shown in figure 3.10. The graph shows the minimum and maximum temperature with 

blue and yellow lines and their 95% confidence limit with red and black lines respectively. The 95% 

confidence limit of the two temperature are separated from each other mostly in the first order, 

which means the change in the molecular structure of POPC sample within the temperature range 

are significant. 
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Figure 3.10: Fourier transform of pope with K 2S04 • Fourier transform graph of 22° C and 
32° C of POPC sample with K 2S04 saturated salt at 95% confidence limit 

Fourier transform in three dimensions for PO PC is shown in the appendix in Fig. A.9 as a 

funetion of temperature in the range of 22° C to 32° C, reciprocal lattice and amplitude. The 

change in the Fourier transform profile is smooth, however a structural change around temperature 

of 28° C can be verified. 
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p o pe with Kel 

The x-ray diffraction profile of POPC sample with saturated salt solution of KCI has 6 order values. 

The structure factor of these 6 orders, their polynomial fit and the Fourier transform of minimum 

and maximum temperature of 22° C and 32° C can be seen in figure 3.11. 

POPC,KCl 
30 

20 

10 

~ 
'"d 0 ;::::$ ....... . ...... ........ 
0.. 
S 
< 

- 10 

- 20 

-30 

-40 
0 0.2 0.4 0.6 0.8 1 

Reciprocal Spacing (A-I) 

Figure 3.11: Structure factors of pope with KeI. The structure factors of six order value 
of PO PC with KCI saturated salt are shown in different colors, while the best fit for 
each order value is shown with black line. The Fourier transform line of minimum 
and maximum temperature at 22° C and 32° C are shown with blue and yellow line 
respectively. 

Fourier transforms for the minimum and maximum temperature with their 95% confidence limit 

is plotted in the figure 3.12. Yellow and blue lines are the maximum and minimum temperatures 

and black and red lines are the 95% confidence limit respectively. A comparison between this 

graph and the structure factor graph shows that for the first and second order values, the change 
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in the temperature is not significant, however, by increasing the lamellar peaks the change in the 

temperature become more significant. 
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Figure 3.12: Fourier transform of P OPC wit h KCl. Fourier transform plots at minimum and 
maximum temperature of 22° C and 32° C with 95% confidence limit for POPC sample 
with KCL salt solution. 

The three dimensional plots of Fourier transform for POPC sample with KCI saturated salt at 

the temperature range of 22° C to 32° C is graphed in the figure A.10 in appendix. The plot is 

very smooth which shows that all the changes happen during the temperature range are steady and 

continuous. 
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POPC with KN03 

The POPC sample with KNOa salt solution were measured at temperature range of 16° C to 40° 

C so that it can also be used for further experiments. Eight order values for salt solution of KNOa 

can be seen in the figure 3.13. The figure shows that most of the structure faetor values are lie on 

the plot of Fourier transform at 40° C. 
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Figure 3.13: Structure factors of pOPC with K NOa• Fourier Transform at 16° C and 40° Cis 
seen with blue and yellow line respectively. There are eight order values for structure 
factors of this salt, starting with h=l for lime color and end with tan color for h=8. 
Line of best fit for each structure factor value is graphed with black. 

Fourier transform functions of POPC sample with salt solution of KNOa at temperature of 16°C 

and 40 °c with their 95% confidence limit is graphed in figured 3.14. The graph shows that the 

change in the temperature range is significant, especially in the first three orders. 
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Figure 3.14: Fourier transform of pope with KN0 3• Fourier transform and 95% confidence 
limit at the minimum and maximum temperature of pope sample with KN03 salt 
solution show the significant change within the temperature range. 
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The three dimensional profile A.ll of POPC with KN03 salt shows that beside a sudden change 

in structure factor at temperature 24°C the Fourier transform changes are smooth and continuous. 

3.2.2 Electron density profiles 

Scattering length density profile of POPC sample with K2SO.i saturated solution is shown in the 

figure 3.15. The panel is at temperature range of 22°C to 32 DC, with lamellar spacing of 53.748 A to 

52.099 A. The panel has an equal offset in the y direction for temperatures higher than 22°C to 

achieve a better visibility. The graph represents the humidity level of 97%. The panel shows that 

by increasing the temperature the lamellar spacing is decreasing. 

To find out if there is any change in electron density profile within the temperature range, the 

95% confidence limit for the minimum and maximum temperature were plotted in figure 3.16. The 

figure shows that the 95% confidence limit of the two temperature are completely different from 

each other, which means there is a significant change within the temperature range. The electron 
) 

density profile is broader in the center of the bilayer at higher temperature. 

Figure 3.17 shows the effect of temperature on the lattice spacing. As it showed in the figure 3.16 

and 3.15 at higher temperature, the lamellar spacing between the bilayer decreases. In the POPC 

sample with K2S04 saturated salt by increasing the temperature in the range of 22°C to 32 °C 

the spacing between the phosphates dJYP did not change, while the spacing between water molecules 

decreased. This means the sample had a structural change within the interbilayer water area. The 

decrease in lamellar spacing is caused by decreases in the molecule disorder .vith increasing the 

temperature at a constant humidity level of 97%. This also explains the large change in the first 

order values seen in figure 3.13. 

POPC with KCI 

Electron density figure of the POPC sample with saturated salt solution of KCl is graphed in 

figure 3.18. The panel shows the electron densities profile for temperature of 22° C to 32°C with 

arbitraty values in y directions. The panel shows that the POPC sample at the lowest temperature 
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Figure 3.15: Electron density profile of pope with K2S04 The electron density profile is at 
temperature range of 22° C to 32° C. 
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Figure 3.16: C.L of electron density profile of POPC with K 2S04 • Electron density profile 
at temperature of 22 °e e and 32 °e for pope sample with K 2S04 saturated salt at 
with 95% confidence limit. 
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Figure 3.17: Lattice spacing of pope with K 2S0 4 • Change in lamellar spacing with increasing 
the temperature. d is bilayer spacing from center, dpp is the lamellar spacing from center 
of bilayer to the phosphate group and dw is the half of the water thickness. 
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of 22° C has the longest lamellar spacing. 
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Figure 3.18: Electron density profile of POPC wit h K CI. Electron density panel of POPC 
sample with KCl saturated salt solution within the temperature range of 22° C and 
32°. Beside the plot for the lowest temperature of 22° C, the profile has equal offsets 
in Y direction for all other temperatures. 

Figure 3.19 shows the electron density and 95% confidence limits for the minimum and maximum 

temperatures of the POPC sample with KCI solution. The graph shows that the confidence limits 

of the two temperatures are separated from each other, although the significance of the change is 

not always very clear. 

Changes in the lamellar spacing of the POPC samples at temperature range of 22°C and 32 °C 

is graphed in figure 3.20. The temperature range with saturated salt solution of KCI correspond to 

humidity levels of 85 to 83 %. The graph shows that the change happens only in the temperature 

of 24°C, which include the change in lamellar spacing of the bilayer and the bilayer thickness or 
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Figure 3.19: C.L of electron density profile at POP C with KCI. The change in the electron 
density profile with respect to the lamellar spacing of the POPC sample with KCl salt 
solution at temperature 22°C and 32 cC. The change in the profile is represented with 
95% confidence limit lines for the two temperatures. 
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the distance between the center of the bilayer to phosphate groups. 
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Figure 3.20: Lattice spacing of pOPC with KCl. The graph shows the relation between lamel
lar spacing and increasing the temperature of POPC sample with KCl salt solution. 
Where d is half of the lamellar spacing, dpp is the bilayer thickness and dw is the half 
of the water thickness. 

POPC with KN03 

A graph of the scattering length density of the POPC sample with saturated salt of KN03 is plotted 

in figure 3.21. The temperature range for the plot is between 16°C to 40 °c, corresponding to 

humidity level of 95.41 ± 0.96 to 89.03 ± 1.2. The graph shows that with increasing temperature, 

the lattice spacing is decreasing from 54 A to 51 A. 

In panel 3.22 the graph of electron density of POPC sample with KN03 salt solution at 95% 

confidence limit is plotted. The top panel shows the confidence limit between the temperature of 
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Figure 3,21: Electron density profile of pope with KN03• Electron density profile is within 
the temperature range of 16° C to 40° C, with equal offsets in y direction. 
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20°C and 32 °C corresponding to humidity level of 94.62 ± 0.66 to 92.31 ± 0.60 %, thus it can be 

compared with POPC sample of other saturated salt profile. In the bottom panel, the comparison 

is between the temperature at 16°C and 40 °c. This panel includes a higher temperature range 

so the changes are more distinguishable. The panel confirms that with increasing the temperature 

the lattice spacing is decreasing. The plot also has more details at higher temperatures which is a 

reason for decrease in disorder of bilayer. 

Figure 3.23 shows the relation between lattice spacing and temperature of POPC sample with 

KN03 salt solution. Although the temperature range is between 16°C and 40 °c, it is easy to see 

that even within temperature range of 20°C and 32 °C, with increasing the temperature the lattice 

spacing from center of bilayer to the edge of bilayer and also from center to the phosphate group in 

the bilayer is decreasing. As a result the lamellar spacing and bilayer thickness is decreasing with 

increase the temperature however, the water thickness is only fluctuating within the temperature 

range. 

Figure 3.24 shows the electron density profile of POPC sample at three different hydration 

levels at constant temperature. poPq sample with saturated salt solution of K2804 , KN03 and 

KCl at temperature of 32° C have relative humidity level of about 97%, 91% and 83% respectively. 

The K2804 and KCl profile were multiplied by a factor of 4.5 for a better clarity in comparison. 

The plot shows that the electron density profile of POPC sample at the lowest hydration level has 

the most details and has the smallest lamellar spacing. The peak in the hydrocarbon region is due 

to the fixed configuration of the double-bond on the oleoyl chain, which has been seen before in 

two-chain oleoyl PC lipids [41 , 42]. At higher hydrations, increased disorder in the hydrocarbon 

chains smooths this part of the electron density profiles. Also note that the head group and inter

bilayer water is thicker at the less hydrated condition. There is much less difference in the strucutre 

of POPC between from hydratoin of 91 % relative humidty and higher. 

Table 3.2.2 shows the lamellar spacing of POPC sample with saturated salt solutions that were 

measured. Where lamellar spacing is the distance between the edge of the bilayer and is equal to 

2d. 
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Figure 3.22: C.L of electron density profile a t pope with KN03 • The top panel shows the 
electron density profile and the 95% confidence limit for temperature of 20°C and 32°C, 
while the bottom panel is the electron density profile comparison at the temperature 
of 16°C and 40°C. 
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Figure 3.23: Lattice spacing of popc with KNOa. The relation between lamellar spacing and 
increasing the temperature of POPC sample with KN03 salt solution. While, d is half 
of the lamellar spacing, dpp is the bilayer t hickness and dw is the half of the water 
t hickness. 

Temp (0C)/ Sample P OPC, K2S0 4 (A) POPC, KN0 3 (A) POPC, KCI (A) 
22°C 53.75 51.84 
24°C 53.20 50.18 51.76 
26°C 53.06 51.54 
28°C 53.46 49.91 51.12 
30°C 52.45 50.67 
32°C 52.lO 5l.46 50.92 

Table 3.3: Lamellar spacing of POPC bilayer. Lamellar spacing of POPC samples with differ
ent salt solution within t he temperature range of 22°C to 32°C. 



Chapter 3. Results 57 

POPC, T =32C 

-30 -20 -10 0 10 20 30 
o 

Lattice Spacing (A) 

Figure 3.24: Comparison of electron density profile of POPC at different hydration. The 
electron density profile of POPC sample at three different hydration level K2S04 : 97%, 
KN03 :91 % and KCl at 83%. The plots for saturated salt solution of K2S04 and KCl 
were multiplied by a factor of 4.5 
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3.3 LPS profile 

Lipopolysaccharide samples extracted from Pseudomonas aeruginosa were made at three different 

concentrations of 1 %, 10% and 100% w /w with POPC. 

In order to obtain the best alignment for samples, rocking curves were measured. In the rocking 

curve the detector or the 28 value were fixed at the first Bragg position while the sample, or the 

omega value, is changing. Figure 3.25 shows the rocking curve for POPC with 1 %, 10% LPS and 

pure LPS solution. The figure shows that in all three samples, a large number of LPS molecules are 

well aligned into a multilayer form. The broadness of the peaks that are produced by low intensity 

bands extended on both sides of the main peaks represents the misaligned, or powdered, part of 

the sample. The 10% LPS solution has the broadest peak and thus the highest mosaic spread in 

alignment. 

Structural factors and electron density profiles of these samples were measured using KN03 

saturated salt solution within the temperature range of 16° C to 40° C. 

3.3.1 Structure Factor profile 

1% LPS 

Structure factor profiles of the POPC sample with 1% LPS concentration is graphed in figure 3.26. 

The graph shows that the six structure factors are placed between the profiles of the Fourier trans

form at the minimum and maximum temperature ranges of the experiment. 

The 95% confidence limit of the Fourier transform profile for the minimum and the maximum 

temperature range are plotted in figure 3.27. The graph shows that only at higher values of order 

number the changes are significant. 

Three dimensional Fourier transform as a function of amplitude, reciprocal lattice spacing and 

temperature are plotted in appendix. The change in Fourier transform with respect to temperature 

for 1 % LPS concentration are smooth and continuous. A comparison between the plots at low and 

high temperature shows that with increasing the temperature the plot becomes much smoother. 
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Figure 3.25: LPS Rocking curve. Rocking curve for three different concentration of LPS is 
shown in logarithmic ba..'les, Here the detector is fixed at Bragg position while sample 
is rotating. 
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Figure 3.26: Structure factors of pope with 1 % LPS. Structure factor profile as a function of 
reciprocal lattice spacing for POPC and 1% LPS concentration sample. Fourier trans
form at temperature 16° C and 40° C is graphed with blue and yellow line respectively. 
The graph shows the six structure factors with colorful dots starting with h=l in lime 
color. The black lines are the line of the best fit for each structure factors. 
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Figure 3.27: Fourier transform of pope with 1% LP S. Fourier transform graph at 16° C and 
40° C with 95% confidence limit for concentration of 1 % LPS in POPC sample. 
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10% LPS 

Structure factor profile of 10% LPS for four order values 'with Fourier transform at 16°C and 40 °C 

C is graphed in figure 3.28. Structure factors of order value of 2, 3, and 4 are placed between 

the Fourier transform plots. At h = 1, the order values for temperature 16°C and 40 °C Care 

positioned on their Fourier transform, however, the structure factors for the rest of the temperatures 

are located in wider range. 
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Figure 3.28: Structure factors of pope wit h 10% LPS. Fourier transform graph of POPC 
sample with 10% LPS concentration, at 16°C and 40 °C are plotted with blue and 
yellow line respectively. The structure factors of order 1, 2, 3 and 4 are positioned 
with colorful dots of lime, pink, aqua and orange with black line as their line of best 
fits. 

Fourier transform and 95% confidence limits at minimum and maximum temperature of POPC 

sample with 10% LPS concentration are plotted in figure 3.29. The plot shows a clear change in 
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structure factor at these two temperatures. Comparing this graph with figure 3.28, shows that 

the change in amplitude is significant for all orders, which means that the structure is changing 

significantly with temperature. 
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Figure 3.29: Fourier transform of pope with 10% LPS. Fourier transform graph at 16 °C 
and 40 °C and their 95% confidence limit for 10% LPS concentration. 

The three dimensions Fourier transform shows that beside the Fourier functions at temperature 

16° C and 20° C, the rest of the plots have smooth and continues changes in their structures. 

100% LPS 

Structure factors of pure LPS sample for three orders of h is graphed in figure 3.30. At h = 1 order 

value, the structure factors for different temperature do not fit between the Fourier transform of 

16 °C and 40 °C, same as the structure factors in 10% LPS concentration, which indicates a structral 
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change between these temperatures, Comparing the structure factors of the three concentration of 

LPS sample, it is clear that by increasing the concentration of LPS, the h order value, or the 

number of the intensity peake; in x-ray diffraction pattern, are decreasing, Also, by increasing the 

LPS concentration the strength of the intensity of these peaks, or the amplitude of the structure 

factor , are decreasing, These changes represents a significant molecular structure change within the 

sample, 
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Figure 3,30: Structure factors of pure LPS. Fourier transform graph for pure LPS sample at 
16 DC and 40 DC are plotted in blue and yellow line respectively, Three orders of 
structural factors are plotted with lime, pink and aqua colors, The line of best fit for 
each structural factors are plotted with black coloI', 

The Fourier transform of pure LPS sample at their 95% confidence limit for temperature 16 DC 

and 40 DC are plotted in figure 3,3L The fourier transform of the confidence limit at temperature 

of 16D C has a different structure specially at higher order values, The three dimensional Fourier 
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transform for pure LPS sample indicates smooth and continuous changes within the temperature 

range, however the Fourier plot at 16° C has different structure compared to the rest of the plots. 

T=40C 
T = 40C, 95% C.L 
T = 40C, 95% C.L 

T = 16C 
T = 16C, 95% C.L 
T = 16C 95% C.L 

100% LPS 
10 

5 

~ 
0 

'"0 
~ -5 ~ ...... -a -10 

<r: 
- 15 

-20 

-25 
0 0.2 0.4 0.6 0.8 1 

Reciprocal Spacing (A-I) 

Figure 3.31: Fourier transform of pure LPS. Fourier transform and 95% confidence limit at 16° 
C and 40° C of pure LPS sample. 

3.3.2 Electron d ensity profiles 

1% LPS 

Electron density profiles of 1 % LPS sample for six temperatures in the range of 16°C to 40 °C is 

graphed in figure 3.32. The graph has equal offset in y direction for the temperatures higher than 

16 °C. The profile shows that with increasing the temperature the lamellar spacing is decreasing. 

Figure 3.33 shows that the change in the scattering length density of minimum and maximum 
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Figure 3.32: Electron density profile of pope with 1% LPS. Electron density profile of 
pope sample at 1% LPS concentration with saturated salt solution of KN03 . 
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temperature for 1% LPS concentration is not significant in the center of the bilayer. However, it 

is very clear that lattice spacing is changed and also there are more details in the 40 °C electron 

density profile, including a peak in the hydrocarbon region, similar to the double bond peak seen 

in pure POPC. 
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Figure 3.33: C.L of electron density profile of POPC with 1 % LPS. Scattering length density 
at minimum and maximum temperature of 16° C to 40° C with their 95% confidence 
limit for 1% LPS concentration. 

The change in lattice spacing of PO PC sample at 1% LPSconcentration with respect to tem

perature is graphed in figure 3.34 with KN03 as saturated salt solution. The graph confirms the 

electron density profile, which is with increasing the temperature the lamellar spacing is decreasing. 

The graph also shows that water thickness decreases with increasing the temperature while there 

is no significant change within the bilayer thickness. 
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Figure 3.34: Lattice spacing of pope with 1% LPS. Change in lattice spacing 3..<; a function 
of temperature for 1 % concentration of LPS within POPC sample. Distance between 
center of bilayer to the edge of bilayer is represented with d, while bilayer thickness or 
dpp is the distance from center to the phosphate group and dw is the thickness of water 
molecule. 
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10% LPS 

The scattering length density of POPC sample with 10% LPS concentration for temperature range 

of 16° C to 40° C, is graphed in figure 3.35 with equal offset in the y direction. Although, the 

electron density profiles do not follow a continuous smooth change within the temperature range 

but the decrease in lamellar spacing of the sample with respect to temperature is very clear from 

the graph. 

Importantly, the phophate peak is become less distinct, and is shifted to the outside of the unit 

cell. vVe may even question if this peak is still due to the phosphate region, or more to the electron 

density of the core region. The similarity in shape to the previous electron density profiles means 

that we can still define a bilayer thickness using these two peaks. This is important for looking for 

structure changes when other moleculaes or proteins are included in the membrane. 

The electron density profile for minimum and ma.,ximum temperature with 95% confidence limit 

is graphed in figure 3.36. The profile verifies the change in scattering length density of POPC 

sample with 10% LPS concentration. The graph clearly shows that lamellar spacing is smaller at 

40 ac. 
Figure 3.37 shows the change in the lattice spacing with respect to increase the temperature 

for PO PC sample with 10% LPS concentration. The temperature range of 16°C and 40 °c with 

KN03 saturated salt solution corresponds to humidity level of 95.41 ± 0.96 to 89.03 ± l.2. The 

graph confirms that the lamellar spacing is decreasing with increasing the temperature. The graph 

also shows that the bilayer thickness does not change significantly and it just fluctuates, while the 

water thickness in 10% LPS sample decreases with increasing the temperature. 

100% LPS 

The electron density profile of pure LPS sample is graphed in figure 3.38 for the temperature range 

of 16° C to 40° C with equal offset in the y direction. The graphs are very broad, the broadness of 

the graphs are in the way that even the phosphate peaks are smoothed out and the details on the 

plots can not easily be recognized. At temperature of 24° C the smoothness of the peak was in the 

way that the edge of the bilayer was not distinct. 
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Figure 3.35: Electron density profile of pope with 10% LPS. Change in electron density 
profile as a function of lamellar spacing within the temperature range of 16°C to 40°C. 
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Figure 3.36: C.L of electron density profile at pope with 10% LPS. Electron density profile 
for pope sample at temperature 16 DC and 40 °C with their 95% confidence limit. 
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Figure 3.37: Lattice spacing of pope with 10% LPS. The figure shows the change in the 
distance of the lamellar spacing from the center d, bilayer thickness from the center 
dpp and water thickness dw for pope sample with 10% LPS concentration as a function 
of temperature. 



-20 

Chapter 3. Results 

T= 16C 
T=20C 
T=24C 
T=28C 
T=32C 
T=36C 
T=40C 

100% LPS 

-10 0 10 
o 

Lattice Spacing (A) 

73 

20 

Figure 3.38: Electron density profile of pure LPS. Scattering length density profile of pure 
LPS sample as a function of lattice spacing of the bilayer with saturated salt solution 
of KN03 . 
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Figure 3.39 shows the scattering length density of the minimum and maximum temperature and 

their 95% confidence limit of the pure LPS sample. The graph shows that the confidence limits of 

16° C and 40° C are overlapping each other. As the result the electron density change of pure LPS 

sample within this range is not significant. 
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Figure 3.39: C.L of electron density profile at pure LPS. Scattering length density of minimum 
and maximum temperature of 16° C to 40° C with their 95% confidence limit for sample 
of pure LPS. 

The change in lattice spacing of pure LPS sample is graphed in figure 3.40, within the temper

ature range of 16° C to 40° C, however the data at the temperature of 24° C was not available 

as a results of broadness of its electron density plot . The extra smoothness and the broadness of 

the electron density profile caused a fluctuation in change of lattice spacing distance, especially the 

lamellar spacing and bilayer thickness of the pure LPS sample in the temperature range. 
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Figure 3.40: Lattice spacing of pure LPS. Change in lattice spacing as a function of temper
ature for pure LPS sample. Distance between center of bilayer to the edge of bilayer 
represented with d, while bilayer thickness or dpp is the distance from center to the 
phosphate group in the bilayer and dw is the thickness of water molecule. 
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I\~ll1p( ° C) / Sample POPC 100% (A) iPS 1% (A) LPS 10% (A) LPS 100% (A) 
16°C 50.79 5:'5.52 54.29 41.89 
20°C 50.84 52.89 5:3 .75 4:HH 
24°C 50.19 53.29 52. 10 42.98 
28°C 49.91 51.50 51.54 43.18 
:32°C 51.46 51.12 51.08 11:3.:36 
36°C 50.88 50.8:~ 5UJ4 Ln:36 
,woe 50.67 50. 31 50.63 43.27 

'rable 3.4: Lamellar spacing of bilayer LPS. Lamellar spa.cing at different concentration of LPS 
samples, with saturated salt solution of I(N03 . 

Table 3.3.2 shows the lamellaT spacing for p Ire POPC, 1% and 10% concentration of LPS and 

pure LPS sample with saturated salt solution,f KNO:1. In the table the lamellar spacing is the 

distance across the bilayer. 

3.3.3 Summary of LPS results 

Figure :3.41 shows the comparison between the e :~ctron density profile of pure POPC sa.mple, POPC 

with 1 % a.nd 10% LPS concentration and pure LPS sample. The top and bottom panel show the 

1 
compaTison at millimmn and ma .. ximum temperaures corresponding to humidity level of95.41±0.96 

and 89.cn ± 1.2 respectively. For a clear comrnu ;son the electron density of the 1 %, 10% and 100% 

LPS sample "vere multiplied by a factor of 4, 8 mel 16 respectively. 

From the two panels it 's easy to recognize · hat with increasing the concentration of LPS, the 

profiles become smoother and broader. Also tl e lamellar spacing of the pure LPS is significantly 

smaller than the lamellar spacing of the other funples. Meanwhile, there is no remarkable change 

in the lattice spacing of the other sa.rnple a.t th . similar temperature. The larnellar spacing of the 

pure LPS is in order of 5 A smaller than the I me POPC or pope with 1 % LPS. There is nmch 

loss of detail, as the resolution decreases and tl >2 disorder increases with more LPS concentration. 

A.lso, the electron density at the edges of the un t cell increases to snch a point, that the phosphate 

peak cannot be recognized anymore. 
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Figure 3.41: Electron density profile of different LPS concentrations. The top panel shows 
the electron density profile of pure pope, pope with 1 % and 10% LPS concentrations 
and pure LPS sample at temperature of 16 ee, while the bottom panel show the same 
comparison at temperature of 40 ee. Samples with LPS concentration were multiplied 
by appropriate factor for comparability reasons. 
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Chapter 4 

Conclusions 

X-ray diffraction patterns of DMPC with 20% d )lesterol, POPC samples at variolls hydration levels 

and clitlerent concentrations of LP8 samples wer .! measured across specific temperature ranges. The 

position and the amplitude of the lamellar cli1 fraction peaks were used to specify the structure 

factors. The continuous Fourier transforms of he electron density profiles were constructed from 

the diffraction amplitudes measured at each tell1perature level. The structure factors phases were 

chosen in the \vay that the Fourier transform pl,ts can pass through the order values. The electroll 

density profiles of the bilayer were determined from a Fourier sum of the structure factors. The 

accuracy of the order diffracted measurements were obtained from the third order polynomial of 

line of best fit to each order, with a 95% confid mce interval. 

The significant effect of the temperature dIEt nges on the structure of the sarnple molecules were 

determined through 95(ft, confidence limit at III nimum and maximum temperature range for both 

the structure factors and electron density pro :Ie. Then the temperature effect on the lamellar 

spacing and decomposition of the spacing into .;he structural components of bilayer thickness and 

wa,ter thickness were verified. The lipid bilayer: are centrosymrnctric thus the measurements were 

expressed in terms of a Inonolayer spa.cing. 

4.1 DMPC and cholesterol 

The structure factor of DMPC with 20% choiesterol were measured because we wished to test 

the department x-ray machine with a known an well respected 111easurement frOlu the literature. 

\Ale expected that a significant fra.ction of choLsterol in DMPC would increase the ordering and 

allignment of the lipid bilayers, which results in stronger signal. 

Indeed, within a ternperature range of 18 DC to 28°C using KN03 saturated salt solution 
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(representing the humidity levels of around 94% to 92% and lamellar spacing of 57.75 A to 55 .85 A), 

there were nine strong Bragg peaks found in tlese ranges. The number of Bragg peaks and the 

position of these peaks corresponds to DMPC cholesterol solution in the L ;J gel phase which is 

confinned by research done by Hung et al [14]. "he change in the Fourier transform plots were very 

smooth and continuous for all the temperaturer'. 

The Fourier transform plots express more ,letail in the electron density profile at the higher 

temperature as a result of the more orders. Th·~ lattice spacing graphs confirm that by increasing 

the temperature, the lamellar spacing and the bilayer thickness is decreasing together while the 

water layer thickness remains the same. 

The characteristics of the DMPC with 20% cholesterol were compared with previous research 

and held as a base reference for the other sets of the experiments. The gel phase of the sample 

confirms with the DMPC solution at 17C;;;) cholE,terol concentration within the specified range and 

the number of the diffracted orders is similar w th 17% cholesterol concentration at 30°C with the 

relative humidity of 91.8% [14]. Also the struct 1re factor and electron density profile of the sample 

at 22°C were compared with 40% cho,lesterol in lecithin sC11nple at 23°C [9] . 

4.2 pope and LPS 

For future melnbrane biophysics studies that Ie Jk at the effects of antibiotics and other ITlolecules 

on the membranes of granl-negative bacteria, w' want to have a bet.ter model of those mcrnbranes, 

which irlcludc lipopolysaccharides. LPS is a larg ,~ lipid molecule, and we expect that it \vill not form 

well alligned bilayers that are good for x-ray dif ·raction. If we incorporate LPS into a phospholipid 

that does form well aligned bilayers, we may 111.: ire a better model system for study. 

A comparison between the pure POPC sarL pIe, POPC with 1%, 10% LPS concent ration, and 

pure LPS samples, shows a remarkable chang! in molecular structure with increasing theLPS 

concentration and smoothness of the profile. 

The electron density profiles of POPC ScUllrles with RH controlled by saturated salt solutions 

of K2804 (-v 97%-R.H), KNCh (cv 93%-R.H) and KCl(o-v 84%-RH)\vere compared within the 

temperature range of 22°C to :32 DC. The higl est number of Bragg peaks, eight, which indicates 
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the best lipid allingment, came with KN03 . A , higher hydration, closer to 100% there were only 

5 Bragg pea.ks, and at much dryer conditions here were only 6. In each case, the phosphate to 

phosphate bilayer thickness was easy to rneaSl re, and the internal structure of the hydrocarbon 

region, such as the location ofthe oleoyl double f)(md was clea.rly indicated [41, 42]. Clearly, POPC 

likes to form lamellar bilayers that are easy to cblractereize with x-ray diffraction at high resolution. 

In the POPC sample with high humidty K ;,S04 salt solution, the significant effect of change 

in temperature is shown in the electron densitj graphs. Although the changes are smooth within 

the temperature range but three dimensional pI )t shows that there is a kink at tempcraturc 28°C. 

In the POPC sample with KC] saturatcd salt the significa.nt changes in Fourier transfonn and 

electron density profiles belong to higher struct Inti orders. The Fourier transform plots within the 

t emperature range changes smoothly and contil1uously. 

In the POPC sample vvith KNO:3, the Fourif r transform graph were plotted within the temper

ature range of 16°C to 40 ac. The structure of the graph changes smoothly for the last three and 

the first four temperatures, with a kink at ten ,perature of 24 ac. This would cause a significant 

difference in Fourier transform plotsfl.t tempen.ture of 16°C and 40 °c. However, it is not easy 

to see the significant of the change in the scaU l)ring length density profile for the temperature of 

16°C and 40 °C or 20 °C and ~)2 DC. Still, the )lots clearly shows that the electron density profile 

at higher temperature has more detail and bett :~r resolution. 

At the temperature range of 20 °C to 32 DC, ':he K2S04 solution with the highest humidity level 

has the longest lan1cllar spa.cing. \Vithin thc emperature range, the lamellar spacing of POPC 

with saturated salt solution ofK2S01 and KG are decreasing fro111 53.7 A to 52 .1 A and from 

51.8 A to 50.9 A respcctively, while the lam lIar spacing of POPC with KNO:3 solution is just 

fluctuating. 

vVithin the temperature range, in POPC Sallllie with K2S0 1 salt solution, the bilayer thickness 

is constant , while the water thickness is decreasi Jg as a results of drying the sample. The R.R in the 

sample cell is at 97%, which is very sensitive to temperature, and there is likely to be condensation 

on any cool spots like the cell windows. The bitTer thickness is decreasing in the sam pic with KCl 

saturated salt. solution, while the water thickne,s is constant for this experiments. This is becuase 

increasing temperature adds thermal order to th~ hydrocarbon chains, while the n.R in the sample 
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cell remains more steady. In every case, there w: s no phase change due to temperature or hydration 

changes, and the sarnple was in the liquid crystLlline La phase [11]. 

The POPC samples with 1% and 10% LP~ concentration, and the pure LPS sarnplc have 6, 

4 and i3 diffraction orders respectively. As ex] 'ected, although the rocking curves indicates that 

the LPS does forms well alligned bilayers, the '2 is little correlated strncutre in the LPS bilayer. 

Typically, four diffraction orders arc required or accurate Fourier reconstruction of the electron 

density profile [9], which may not be possible f( t much more than 10% LPS. 

rrhe change in three dimensional fourier trElsform of the samples are very smooth and contin-

uous for the temperature range of 16°C to 400l.~. In 1 % and 10%, LPS concentration sa.mples, the 

structural changes are significant at higher orchr values for scattering length density and Fourier 

transform graphs. However, in pure LPS samplE: the typical profile of a phospholipid bilayer is lost, 

and there was little structural change in the el(" ;tron density profile across the temperature range. 

The electron density profile of the pure Psev(j ornonas aeruginosa sample shows that this molecule 

is a bilayer with a phosphate groups on the out ,ide and two chains facing each other at the center 

of the bilayer. J' ust like theDJ\IPC and POP<: samples. However, the smoothness and la.ck of 
'" ' ) 

details in the scattering length density profile oj pure Pseudomonas aeruginosa sample implies that 

the large head group prevents the lipids from reaching the degree of stacking order achievable 

by phospholipids. Especially at the lower tem perature, the core oligosaccharide and the 0 side 

chain of the LPS molecule can easily and freel ,' mix with the water molecules and create a high 

electron density region. As a result the numbc/ of discernible order values reduces from 1 <]{, LPS 

concentration to pure LPS sC11nple. 

Increasing the temperature caused the blll'11a1' spacing of 1% LPS concentration to decrease 

from 5:3 .52 A to 5()':31 A, and the lamellar sp l,cing for 10% LPS concentration to decrease from 

54.29 A to 50.6i3 A. The bilayer thickness of the POPC samples ,'lith LPS concentration 'were 

fluctuating \vhile the water thickness were decrE'1sing within the temperature range, which shows a 

loss of water while heating the sample. 

In the pure LPS sample, it is difficult to a ;sign a value to the bilayer thickness, because the 

position of the phosphate cannot be easilty d~termined. There is disorder, in terms of bilayer 

fluctuations, the 0 side chain, as well as hydro,:arbon chain disorder, ill the pure LPS samples to 
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say \vith certainty what part of the electron del s ity curve is represented by what chemical group. 

However the lamellar spacing of about 43 A and three diffracted order values confirm that the 

pure LPS solution is at Lo gel phase [7]. 

The lamellar spacing of the pure POPC sa nple, POPC with 1% and 10% LPS solutions are 

all decreasing with increasing the temperaturE within the range of 16 °C to 40 °C with I\:NO:, 

saturated salt solution. Comparing these three solutions, increasing the LPS concentration , cause 

the lamellar spacing to increase. \Vhich means probably the LPS concentration formed separates 

domains of Bragg peaks, representing two diffe ent unit cells. Also there is a. phase change in the 

ra.nge of pure POPC to pure LPS concentratiOJ. This could be another rea.son for huge change in 

lamellar spacing of pure LPS solution. 

The phosphate peaks are identifiable in the el~ctron density profiles, which means we can monitor 

the membrane structure as conditions change, such as temperature, hydration , or in the future, 

adding antibiotics and other molecules. \Vith ;ls much as 10% LPS , a significant fraction of the 

membrane area. is now covered by saccharide (ligomers, which may change how other molecules 

intera.ct with lipid bilayers in way t.h1't can be ~ I.udied. This new sample of POPC and 1 % to 10% 

LPS is a good new 1110del membrane that can 1 e used for future biophysics studies . 
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First Appendix 

A.I C.L of Structure Facto:' profile 

Details on third order polynomial fit of the strUC1:ure factors are shown in the following figures . The 

structure fa.ctor for third lamellar peale h = 3, w· th the best polynomia.l fit and 95S{] confidence limit 

are graphed. Each of the aqua clots represent the structure factor at a specific temperature. '1'11e 

figures show that all the experimental values 0 ': structure factors at third order values are within 

the 95(/() confidence limit. 

A.I.1 DMPC and POPC 

A.I.2 LPS 

A.2 Three din'lensional profile of structure factors 

'rhe following three dimensional graphs show tl e changes in Fourier 'Transform plots as a function 

of t emperature, reciprocal lattice. 

A.2.1 DJ\1PC and POPC 

A.2.2 LPS 
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Figure A.I: Order value of DMPC with 20% cholesterol.The level of confidence analysis of 
the structure factor for order value of h = 3. Third order polynomial curve and 
%95 confidence limit shows in the picture. The experiment is done by changing the 
temperature in the range of 18°C and 28°C degree. 



26.4 

26.2 

26 

25 .8 
Q) 

'"d 25.6 ;::::i ....... . ,...., 
25.4 .-

S 25.2 
~ 

25 

24 .8 

24 .6 

24.4 
0 .35 

Appendix A. First Appendix 

h=3 • 
Best fit 

95% C.L 
95% C.L 

• 

~----------. --
• • 

• 
-------------------------~-,*------------

0.352 0.354 0.356 0.358 0.36 0.362 0.364 0.366 0 .368 

Reciprocal Spacing (A-I) 

85 

Figure A.2: Order value of pope with K 2S0 4 Structure factors of third order value for pope 
sample with 1(2S04 saturated salt . Each blue dots is a third lamellar peak at a 
specific temperature. The black line is the line of best fit and the red lines show the 
95% confidence limit of the structure factor 
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Figure A.3: Order value of POPC with KCI. The third order structure factor of POPC with 
KCI salt. The experimental data are shown with jade blue dots, polynomial fit is shown 
in black and 95% confidence limits are shown in red. 
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Figure A.4: Structure factor of pope with KN03 • Seven structure factors corresponding to 
equal interval in temperature range of 16° C to 40° C for POPC with KN03 solution. 
The structure factors, line of best fit and 95% confidence limit is shown for third order 
value. 
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Figure A.5: Order value of pope with 1% LPS. Structure factor profile for h=3. Line of 
the best fit and the 95% confidence limit shows the accuracy of the experimental data 
plotted with aqua color. 
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Figure A.6: Order value of pope with 10% LPS. Structure factors at order value of h=3, 
with 9,5% confidence limit and line of the best fit. 
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Figure A.7: Order value of pure LPS. Structure factor at third oder value. 95% confidence limit 
and line of the best fit are also plotted. 
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Figure A.8: Three dimensional plot of DMPC with 20% cholesterol. The three dimensional 
Fourier transform plot of DMPC with 20% cholesterol. The temperature range is 
between 18° C to 28° C degree. 
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Figure A.9: Three dimensional plot of pope with K2S04 Three dimensional Fourier trans
form graph of pope with K2S0 4 saturated salt as a function of temperature, amplitude 
and reciprocal lattice 
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Figure A.IO: Three dimensional plot of POPC with KCl. Fourier transform plots at t hree 
dimension for POPC sample with saturated salt solution of KCl. 



AppeIldix A. First AppeIldix 94 

POPC,KN03 

100 

100 
50 

50 0 

Amplitude 0 
-50 

- 100 -50 
-100 -150 

-150 -200 
-200 

Temperature (C) 

Reciprocal Spacing 

Figure A.ll: Three dimensional plot of pope with KN03 • Three dimensional graph of 
Fourier transform of pope sample with KN03 salt solution. 
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Figure A.12: Three dimensional plot of pope with 1% LPS. A three dimensional Fourier 
transform graph at temperature range of 16° C to 40° C for concentration of 1 % LPS 
in POPC sample. 
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Figure A.13: Three dimensional plot of pope with 10% LPS. Fourier transform graphs of 
10% LPS concentration in three dimension at temperature range of 16° C to 40° C 
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Figure A.14: Three dimensional plot of pure LPS. Three dimensional Fourier transform plots 
for pure LPS sample at temperature range of 16° C to 40° C 
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