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Abstract 

The  production of vesicles, spherical shtlls formed from lipid bilayers, is an impor- 

tant aspect of recen 

popular production 

t application of these systems to drug delivery t,echnologies. One 

method involves pushing a li{id suspension through the cylin- 

drical pores of polycarbonate filters. However, the actual mechanism by which the 

polydisperse, n~ultilamellar lipid suspension break's up  into a relat,ively monodisperse r 

population of vesicles is not well understood. We have characterized vesicles produced 

under different extrusion parameters and from different lipids. We find that  the es- 

truded vesicles are only produced above a certain threshold extrusion pressure and 

have sizes which depend on the extrusion pressure. The  flowrate of lipid solutions of 

concentrations of 1 rng/mt t.hrough the pores, after being corrected for the viscosity 

of water. is independent of lipid properties. The m i n h u m  pressure appears to  he 

associated with the Iysis tension of the lipid bilayer rather than any bending rnodu!us 

of the system. 
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Chapter 1 

Introduction 

The method of preparing samples of large (> 100 n m )  unilamellar vesicles by extrusion 

through small pores [l]  is widely used in research and pharmaceutical applications. In 
* 

this process, solut.ions containing extremely large (> 1 p m ) ,  multi-laniellar ve+cles 

arc forced or extiuded through pores with diameters on the order of 100 nm using 

either a pressurized gas [1] or a syringe-based plunger system [2]. 

M'liile the method of production is in common use, the current s tate  of understand- 

i ~ t g  of the actual mechanism by which the large, polydisperse multilamellar vesicles 

llreak up into smaller, uni'modal distributions of vesicles is poor. Description of this 

mechanism should lead to  an understanding of why various factors including extru- 

sion parameters and lipid properties affect the size and polydispersity of the  extruded 

sam plcs. Several recent theoretical studies have examined vesicles in pores or under 

shear. A possi blc mechanism for vcsicic format ion hypothesized recently by (Ilerc 

and 'I'hompson [3] is based on the breakup of the cylindrical phospholipid bilayer 

structures of radius R outside the pores into smaller cylindrical structures of length 

A, where X = 3rR  which then reform into vesicles. However, this leads in general t o  

vesicles which are larger than those observed and does not account for variations of 

vesicle size with extrusidn pressure or lipid properties. Gompper and Kroll [ill look 

a t  <he mobility of vesicles in pores as a function of a driving field. The  model vesicles 

c-onsidcred are larger than the pore diameter and must deform t o  enter the pore. De- 

forniation is assumed to  be governed hy bending energy only. Bruinsma 151 focuses . 



on the  flow of vesicles after they have entered the  pore and shape deformations cvliich 

might occur in the  pore. Kraus e t  a l .  [6] study vesicle deformation as  a result. of 

applying shear, but  t he  situation examined does not apply directly t o  the  problerii 

of cxt,r~ision. Of these studies, only tha t  of ~ l e r r  and Thompson takes the  possible 

rupture of t,he vesi'cles into account, a necessary condition for the  untlerstandi~ig of 

(Wrusion. _. 
We lia\.c prepared vesicles c o n r p d e t ~  of several types of phospholipids by mtrrision 

t.hrough polycarhonate filters at  a constant concentration of 1 mg/ni t .  Thc volulnc. 

flowratc of these samples and the  number of times the  sample was cxtrudetl t,o achieve 
i" 

a constant flowrate was measured for ea.ch,sample. T h e  sizc and polydispcrsit,y of 

t l i e  saniplrs mew measured us- dynamic and static liglit scattkring techniques. It  

was ol~scrvr(l  that tllcrc is a mibimoni pressure required t,o force vesicles t ~ i r o u g ~ i  

t l l c .  ~mlycarbonatc  filters below which extrusion was not possible. Tlic size o f  t,hc 

(,st r ~ i d ( ~ l  \,csiclcs was dcpmdent  on t2he extrusion prcssurc. Thc flowrate of t 11r vesicle 

~ t i s ~ x m i o ~ r s  through thc  filt.crs did not depend on the  lipid propcrtics. We conclutle 

that t Ilr. ~ninirri t~rn pressure is a frmction. of t,hc lysis t,ensiori of the  \rcsicles rather t hall 

t 1ic 1)cwdirlg nnodulus of thc  lipid bilayer. 

Sunnri~arizing tlic. co~i tcn ts  of t.his t hcsis, (Ihaptcr 2 discusses the  t.ticory of light 

scat tcring. ilicluding dynamic and static liglit scattering tecli!iiyucs and  the. anglysis of 

da t a  from such cspwi~i icn ts .  ('hapter 3 includes a. basic tiescript.ion of phospholipids 

i l l ~ ( l  vesicles, tllcn goes om to  look at tlic productio~i of vesicles by cxtrlision and 

current ideas of t , l l r b  mcthod of vesiclta forrilatio:i 1 1 ~ 7  t,his tcchniquc. I u  ('tiaptcr 4 ,  the  
r 7 t .slwril~icr~t al apparatus.  materials. and procectl~rc arc described. I tic cxpc.rinlcntal 

r , rc'srilts a rc  also tlescribccl i r i  ( 'haptcr 4. 1 Iic discussion arid analysis of tlic rcs11lt.s arc  

p r w e ~ ~ t ( ~ l  iri  ('liaptcr 5. ('liaptcr 6 s l~r~imariscs  t he rt~slilts and stiggcsts directions for 

f l i t  11r.c t~spc~r i rnc~i t  s. 



Chapter 2 

Laser L-ight Scattering Theory and . 

Techniques 

I 

/ 

'I'l~is chapter assumes tha t  the  reader has a t  least a passing familiarity with the  fun&- 

n ~ e n t a l s  of electromagnetic radiation and its interaction with mat te r .  Recause of tliis, 

st~vera-11 cquat ions arid relations will he introduced without derivatiori. For readers 

~ i r~c l i t i g  t o  Imrri o r  rcfresli their knowledge of elcctroniagnctisrn, I rwornrricnd "Elcc- 

t ror11agric.t ic Field ' I ' l i rw~"  hy .Jack \'anclerlintle 171. .4n overview of light scat tcring 

can Iw f o ~ ~ t i d  i l l  ,JoIrr~sor~ and Gabriel [S]. Basic dynarnic light scattering thcory is 

c~ovcwtl hy I3er11c and I'ccora [9]. 
r' 

:Is a further note t.o the rcader, all the results here Iiave heen developed with 

tlic ass~l r i~pt ion  tliat the scatterers are sniall comparcd t o  t hc  wavelength of light 

and isotropic. 7'liat is. t hc t hcory has Ixwi developed wit 11 scat teririg from spherical 

vcsiclcs already i r r  riiirid. 
* 

2.1 Electromagnetic Field Theory 

T h t ~  plvsical arrarigc.ri~ent of a typical laser light scattering experiment is shown in 

I:ig. 2.1. X Ilwrn of laser light is directed through 'the scattering ccll, where. a portion 

of tliis light is scattered in directions other than thc'forward one. .A dctector placed at 

posit iorr R nicasures t lic intensity of t hc scattcrcd light at  tliat positiori. 'I'ht. volunie 
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i 

/ defined by the overlap of the scattered beam and the  incident .beam is referred to  as 

t hc scattering volume. Only the electric field of the propagating e l e c t r o n q p t i c  wave 

of light will be considered here, as the strength of'its interaction with matter  is riiucfi 

greatcr than that of the magnetic field. We will assume that  the incident laser light 

is a. plane wavc, with an electric field 

where t11e magnitude of the field is E,. n, denotes the  direction of polarizatiori of thc 
" 

field, and CL?~ is the angu!ar frequency of the field. The direction of propagation is 

given 115. thc wavc vector k,. The magnitude of the wave vector Ik,J = 'LnnIX, where 

, X is thv wavclcngth of the incident light in vacua and 11 is the index of rcfraction of 

t l i t> nlwliuni. 

Scattering volume 

h Transmitted light 

/ Scattering angle 

Detector 

~ " ~ ~ I I S C  2.1 : .I cliagrani of t he arrangcrncnt of il light scat tcring expc.rinicrlt. 

1,ight t ravelling t hrough a diclcct ric rnc4iurn is scat t crccl 1)ccausc the elect rolllag- 

rwtic field .)f t hc inciclcnt light accclcratcs tllc charges in the scat tcring vol~lnit~.  l'hcsc. 

a(-c.c.lcratcd charges form oscillating dipolcs wit I1 frcquciicy &,. 7'1ie gewral esprcssiorl 
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for the  induced dipole-is 

P = a - E  , 

where g is the  polarizahility tensor.' In general, P is not necessarily in the  same 

direction as E. However, for scatterers with isotropic polarizability, there is no depo- 

larization of the incident light, and P is in the same direction as E. 

I3ectromagnetic theory says that  an oscillating dipole emits  radiation. It can be 
> 

sllo\rn that a t  a position R far from the  dipole, where R >> A, the  radiated field is 

proportional t o  dLP/d t2 .  For gases. this results in a scattered field that  is proportional 

to ttlc inverse square of the wavelength, A, and to the  polarizability a. Since the 

intc~nsity of light is 

I = CE,IE(~ , ( 2 . 3 )  

where c is thc speed of light in zwcuo, the intensity of the scattered light is inversely 

proportional to  t he fourth power of the wavelength, as first shown by Lord Raylcigh. 

'I'hc sit.uation is not quite so sirnple for scattering from condensed phases of matter.  

In t h t w  riieclia. the intensity of scattered light can bc reduced because of destructive 

ir~tcrftwrlcc.. For c~sarnple. for every point in a uniform niediunl it is always possihlc to  

find a1iott1c.r point whose scattered field at the detector is 180' o u t  of phase with that  

o f  tlic first point  and equal i l l  arnplit,utfc. resulting in complct,c destructive intcrfcrcncc 

arid no scat t i v t l  light. iiariat ions i l l  the dielectric constant can changc t hc alnplit udcs 
I 

of ttic scattered ficld so that the sum is not zero. For example, light can only be 

scat ti~-ctl from a crystalline solid when the Rragg condition sin(8,/2) = nA/'Ld. whcrc 

if is t tic. distance sc*parating scattering planes. is satisfied. Wavelengths that are much 

larger t I ~ a n  t l  arc not scat ter td,  but t hosc X which arc coniparable tb  (1 are scat tcrcd 
r 7 at t lie anglc specific(1 l)y t tic 13ragg relat ion. 1 h.us, crystals h a w  a diclect ric co~ist ant 

ivhic-h varies regularly in space. 

In  liq~litl phases. t h c  scattering cent rcs are not stat,ionary, hut move a lmi t  ra,~i- 

ctor~ily as t h v  undergo Brow~ian  niotion. ' l k  diclectric constant of tht- nicdiulii 

' It can tw shown from c~lectroniagntt ic field theory t h a t  g = z , i + a ,  where (1 is t he  polarizability 
tensor of a ~ n c d i u m  with dielectric constant g and 5, is the  p e r m i t t i v i t . ~  of free space.  Thus ,  t he  
polarizahility differs from thr dielectric constant hy a const.ant only. Fur thermore ,  it  follows from 
th is  tha t  b g  = bg. T h a t  is, t i i t  dielectric fluctuations an, identical t o  t h e  polariza1)ility fluctuations. 
I will t lirrt4orc. use, cig and 6g in tcrchangat ) i~ .  
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f i c t u a t e s  in space and time a,nd can be written 

w h q e   is the  average dielectric constant of t.he medium, 64r,  t )  is the  dielectric 

fluctuation tensor a t  position r and time t ,  and 1 is the  second-rank unit tensor. T h e  

exact form-of the scattered field depends on the physical characteristics of the  system 

under examinationand on the arrangement of the experimental apparatus. Only two 

relevant cases will be considered here, those regarding the  time averaged intensity 

arid the  time-correlated intensity fluctuations. In both cases, the  size of the particle 

t h ? t  is being studied is smaller than the wavelength of light in the  medium, but largcr 

t lian approximately A /  10. 

2.1.1 Static Light Scattering 

:Is showr~ i n  Appendix .A, the magnitude of the c o m p o n e n t ~ f  the  scattered electric 

field with polarization n j  atid frequency uj propagating in direction kj  is 

' 1 7 ~  volume integral is taken over the  entire scattering volume. The  scattering angle 0, 

arid t h ~  incident w a ~ ~  vector k,  together define the scattering wave vector q. 'I'hesc 

ql1antitir.s are illustrated in Fig. 2.2. 'The scattering wave vector is the  differcmcc 

Iwtwetn the wave vectors of the incitlerit and scattered light. i.c. .. q = k, - kj, where 

k j  points from the scattering volume to  the detector. In ge~wral ,  k, and k j  are not 

r i c ~ ~ w a r i l y  of the same magnitude. However, most light scattering experiments arc. 

coriductcd at wavelengths far from resonances of the sample. The  wavelength of the  

scattered light is not significantly different from that  of the incident light. i n  which 

case Ik, I = lkjl. The. ~iiagriitudc of t he scattering wave vector q is t hen 

T h c  scattcrcd wa\+ i w t o r  q is irivcrscly proportional to  the size of the ohjcct or the 

\vavclcrigt h of the fluctuation which is prol>etl using light scattering. Hy varying t he 

\va\x+wgt h or the scat tcring angle. t hc size of features prohctl is changed. 
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Figure 2.2: Vcctor diagram of geometry of scattering ecper i~ncnt  

Equation 2.5 can be simplified by replacing the dielectric fIuct,riatiori tcrisor with 

its spat,ial Fourier t rarisform 

and workir~g out tafC cross products. so that 

111 rtyuircs the  use of the vcctor identity a x ( b  x c )  = (a*c)b - (a-b)c 

afid t hc  fact that the  direction of polarization of light must bc perpendicular t o  the  

clirc3ction of propagafion. that is. n j - k f  = 0. I t  should also he noted that .  since tlicrc 

is no change in the  direction of polarization of t h e  light for isotropic scattcrcrs. n f  

and ti, arcb parallel anti ili.6g(q. f ) e n ,  = h^:,,(q, t ). 
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Although the  electric field of the  scattered light has been derived, this is not 

what is measured experimentally. Light detectors (most commonly phot,omult.iplier 

tubes in light scattering experiments) measure t.he intensity of light incident on t.hc 

detector. The  instantaneous intensity of the scat,tered light is related t o  the  electric 

field hy Eq. 2.3. The  cycle-averaged. or time-averaged, intensity is equal t o  112 the  

instantaneous intensity. so the  tirne-averaged ~ c a t ~ t e r e d  intensity and incident intensity 

arc. resj>ectiv<4y, 

L 
i v l i c w  ( h ~ , , ( q ) )  is the  cycle average of the square'of thc dielectric fluctlrations. Thc  

ot11c.r t c r ~ n ,  t h r .  square of tlic a\,cragcx of tlie fluctuations, is identically equal t o  zero. 

'I'lic. ratio of t lit. scat tcrcd intensity to  the incident intensity is 

r - I llus, tlic t i~~ic-aiw-aged scattered intensity is a source of inbrr~iatiori on the  mean 

square polarizal~ility fluctuations in the sample. The observctf scat terel  intensity is 

irivcrsc.ly j)roportional to A'. as is expected. Note that this assumes that  t he scattercrs 

are much ~ l i ~ a l l c r  t1ia11 thc wavelength of the laser light. I f  this were not the case, the 

phase of t he light wave would vary significantly over the  scatterer, arid t h t  derivat i o ~ i  

of .lppcndis X would he invalid, i~istead requiring the  use of the more irivolvcc-1 Mic 

t licory. 

'I'l 'hc criterion for-tlic validity of thc Raylcigh-(;ans-I)ebyc approxirriatiori is 

~ . l i c ~ e  X is t l i v  \va\-c~l(~igtti of light r n  ~ n c u o ,  lr' is a charactvristic dirnmsion of the  

particlc. arid 1 1 2  is the ratio of the refractive index of the  particle to that of thc 

s ~ ~ s p c ~ i d i r i g  n i c d i ~ ~ m .  .Is j ~ ~ s t  stated nbovc. this rc4ation implies that tlie phase of 

a light ivavc crossing the particle is not significantly changed by thc particlc. This 
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approximation breaEs down when the  diameter of the  particle is of t he  same order of 

magnitude as  t,he wavelength of light, and  when the particle is very different optically 

from t h e  surrounding medium [9]. Now, our  scat terersare  smaller t han  the  wavelength 

of light, being on the  order of 100 n m  in diameter. However, t h e  ratio of indices of 
-C' 

refraction is 1.05. Upon evaluation we find tha t  the  left hand side of Eq. 213  is 0.13, 

which is less than  1 so that  Rayleigh-Gans theory is appropr ide .  

Due t o  the  size of the  particles, the  path difference for light from two points  in 

t he  scatterer may be large enough t o  cause measurable interference effects. These 

will cause a decrease in the  scattered intensity. This decrease in intensity varies with 

thc  size and shape of t he  particle, revealing information about  these properties of the  

particles. T h e  dependence of t he  scattered intensity on these factors is contained in * 

a multiplicative correction factor known as the  form factor P ( q ) ,  where 

scattered intensity a t  0, 
(2.14) 

P(q) = scattered intensity a,t 6, = 0 ' 

'[his assuriic~s that t he  particles are  non-interacting. This  condition is t rue  in t hc  limit 

of low ~iunihc~r  densities of scatterers. Tha t  is, there must be few enough scattcrers 

that  they a r t  almost never close enough t o  interact with each other.  This  distancc. 

clepmdcnt on t hc D e h y  length in the  solution and the  surface charge of t he  scatter- 

crs (a rno~ig  ot her things),  is an cxperi~nentallj.-controllable parameter.  ( T h c  second 

co~ltfition has been shown t o  he t rue for vesicles by Strawbridge ct  nl  [ l o ] . )  If  the  

particles do  interact with each other,  an additional correction " . ' (q ) ,  callcd the  struc- 

t i ~ r e  factor, is necessary. Interacting scatterers can form semi-regular arrangements 

of particles, s i~ni la r  t o  a cq-stal .  Tlic result is that a very broad b u m p  will appear 

i l l  t 11c 5pect rum corrc~sponding t o  the average distancc o f  separation of t he  scat tcririg 

ccntrcs. l ' h c  Groad~itw of tlic bump is due to  the fact that  t hc  scattcrers arc  not sta- 

t icmary. so t hat t he  rclat i ~ e  intermoleclilar distancc is constantly changing. altering * 

the  posit ion of the  construct ivc interference peak in rnomentum space a t  t he  same 
r 
t lrnt.  This  burnp in t he  spectrum is analagous but not identical t o  t h e  Rragg peak 

seen in t he scat tcring spcct ra  of crystals. T h e  informat ion about both P(q) arid .s'(q) 

is contained in t he  dielectric fluctuation term 6 ~ ( q ,  t ) .  

t'onsitlcrat ion o f  the  phase difference of light scat tcrcd from differcr~t points of a 
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single particle averaged o d r  all ~r ient~at ions  of the particle yields the  general equation 

for the  form factor IS1: 

the j t h segment, and the closed brackets denote the  average &h~ all orientations. 

111 evaluating Eq. 2.15, some assuhptions must be made about the shape of the  

scattering particle. As will be discussed in Chapter 3, i t  is reasonable to  assurne.&hat 

L 1 

2 

t h e  vesicles are hollow spheres with some finite thickness. As shown in Appendix B, 

the form factor for a hollow sphere with outer radius R,, inner radius K, and thickness 

i' is 

P(q) = ( 

( )  n o  - q l (  cos qi(, - sin q ~ i  + q ~ ,  cos q H i )  1 ' . (2.16) 

I tic Inner r'ndius is related to  the outer radius by the  shell thickness, such that  K, = 

11, - 1 .  F3c~ausc t h e  vesicle is spherically symmetric, it is not necessary to  average 

ovcr all thc possihlc orientations in this case. It is important t o  note that it has 

l)ct.~i assu~ncd that all of t hc particles in the scattering volunle are iclcntical t o  orw 

ariot11c.r. I f  the scatterers are of differing sizes, P(q) bqcornes a weighted average 

over Ii. I f  tlw scattcrers vary i r i  shape. i t  is necessary to  know the  relative numbers 

of t11c cliffwent shapes, otherwise the problem of calculating the  mean form factor 

Im-onic\ intractable. In any event. unless these is some a priori knowledge of the  

popt~lation distribution. any polydisperse sample with a mean radius H appears to  IK 

a poplilation of nionodisperse spheres of some smaller radius. ' 
.I typical static light scattering experiment measures the tirne-averaged illtensity 

of t11c scattered light as a function of scattering angle. Changing the  scattering anglc 

changes the magnitude of the scattering wave vector q. as can bc secn from Eq. 2.6. 

I'lic a ~ ~ g u l a r   pacing of t h e  ~ n ~ a s ~ ~ r c r n c y t ~  varies, with smaller spacing a t  small angles. 

This i:, a tfircct result of the \ine function in the form of q; sniall changes in 8, arc 

~iiucli more important at sniall angles. It is of course desirable t o  have as great a 

raiigc' of a11glt.s as possible t o  niasinlizc the accessible values of q. A t  each angle 
1 

.>, 
- Plrl\ I +  t l u ~  In part to t l i t  range of q acccsslble to our  experlmrnts 

where ( is the number of scattering segments in the  ~ a r t i c l e , * ~ $  ii the position of 
' i 

A eyrJ 
]=I 

) . (2.15) 
m ?  
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the  intensity is measured for a specified period of time determined by the  photon 

count rate, the intensity-intensity correlation time t o  be obtained and 'the desired 

level of uncertainty in the measurement's accuracy; the  uncertainty in the  intensity 

measurement is proportional t o  the square root of the  number of counts. 

T h e  multiplicative P(q) factor has the form of a spherical ~ k s s e l  function. If a t  

all possible it is also preferable that  the ranges of scattering angle overlap a minimum 

of the Bessel function so as to  aid the fitting by providing a fixed reference point. 

Tha t  is, it is desirable t o  have a minimum of the  function within the  available range 
e 

of q vectors. It also gives the rcsearcher a good idea of the particle size with merely 

a cursory cxaniination of the data. 
r 7 I he remaining necessary corrections t o  the intensity spectrum data  are due to  

reflections froni interfaces of differing indices of refraction in the  sample chamber, e.g.. 

between the containers and the fluids contained therein. The form of these corrections 

arcB well known and can be directly incorporated in the  da ta  processing", along with 

tlie Rafleigh ratio factors. The  resulting fit to the da ta  has only the  parameters of 

the  P(q) furictio~i. thc outer radius R, and the vesicle thickni.ss t ,  as free parameters. 

2.1.2 Dynamic Light Scattering 

T h e  scatteri~ig event is almost but riot quite elastic. Any given individual scattered 
" 

$ 

photon will have its frequency Doppler-shifted because the scattering vcsiclc is moving 

with some a r h i t r a r  vclocit_v v, but the shift is so srnall that  the change in the  photon's 

cncrgy is negligible, hence the term "quasi-elastic." There is sonic broadening of the 

sptx-tral liric wi<lth. but this hroadcning is very sn~al l  comparcd t o  the frequency of tlic 

light - 10 ' '  1171. 'I'lic shift is small because the scattering centres are moving very 

slo\vly colnparctf wi th  the time requirccf for a wavelength of light to  pass the  scat tcrcr. 

St at ic. light scat tcring (SLS) uses the time averaged intensity to  st tidy t hc mcan-square 

fluct~iations in the polarizabilit~,. The SLS experiment simply measures the  sum of 

all the i~ittwsity spectrum around thc frequency of the  incident light ignoring t h e  

r 
'Thc corrcctiorls for rrflcctlons in thr sample chamber are qulte c o n ~ p l ~ x .  'l%y havr not 1)ecrl 

11rcl1rdt4 htlre as doing so would not be inforn~ativr~. and niiglit ohscure matters. 
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a 
On the other hand, dynamic light scattering (DLS) actually measures the fre- 

quency broadening of the  scattered light, the broadening being proportional t . ~  the  

diffusion coefficient of the  scatterer(s). While the intensity of light scattered from 

the scattering volume is the  sum of t)he light scattered by the  medium and that  scat-. 

tered by the  suspended particles, the density fluctuations in the  medium occur in 

times which are too small to  be measured by light scattering techniques" The total 

scattered field in a DLS experiment is then proportional only t o  the  sum of the field 

scatt.cretl from each suspended particle 4 in the scattering volume [9], 

where N is the number of scattercrs in the scattering \rolume, at is- the  avcragc po- 

larization of the t t h  particle, and rr is the position of the  4th part,icle."t is not 

ntccssary t,o consider the constants of proportionality inlplicit in Eq. 2.17 because. as 

wc  will scc short I!. we will he normalizing our results to  the  average scattcwd fields 

alld int ensitics, as appropriate. 

X normal dynamic light scattering experiment is actually a series of shortcr ob- 

scmxtiolis which are analysed individually. Each of these shorter ol~servations is con- 

tf~ictcd at a single scattering angle, a t  each of which the intensity (actually number 

pliotonscouuted) is ~neasurctl as a function of time for a period of time sufficient 

rrucli t h v  desired unccrtainfy in the mcasurcment. The miriirriunl required Icngt ti 

ti111t. I is rvlatcd t o  t h e  dcsircd uncertainty A by the expression [ I  11 

\ v l i c w  1) is the trarislatiolial diffusion cocfficicnt ( to  he discussed shortly) and q is tiit' 

niagriitudc of t he  scattering wave vcctor q. I t  will be necessary t o  consider 0,  as i t  

affect s t Iic wave v c ~ t o r  q again during thc analysis of the data. Note that  there is n o  

variation of thc mean scattcrcd intensity tfuc to  the constant scattering angle. Only 

thc variation o f  tht. intensity as a function of time is of interest.. 

"uch r1wa\11rcr11~nts wot~ld rcyuirr the usc of an irltderon~etcr, which is smsitivc. to shorter tirnr 
salt-5. 

"For cor~vc~nitwct~, I havr changrd from an intcgral notation to a summation, which is cntirtly 
c~cluivaltv~t to k:q.  2 .5  withi11 a rnultiplicativc factor. 
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T h e  variation of t h e  scattered field in Eq. ? . l f  on t ime is implicit; t he  position 

vectors r~ are  changing as  the  particles move about, randomly in Brownian motion, 

and  this means that  t h e  relative position of the scatterers is .changing in time. T h e  

variation can be well characterized by i h r  first-order t ime autocorrelation function of 

t he  scaitered field G( ' )(T).  defined as  

T h e  field autocorrelation functiori is the  t ime average of the  complex conjugate of t he  

scattercd field a t  a particular q a t  tirile t riiultiplied by the scattered field a t  t he  same 

q a t  some t imc t + T later. 'The t ime t can be replaced with zero because the  scattered 

field is varying about  an  unchanging central value. Hence, C:(')(q, T )  depends only on 

t l i t  t imc T between the  field observations, not the  t ime origin. When there is no lag 

1)ctwcm the two field olxervations, i.e. T=O, 0 )  = (I,(q)). t.ie average value of 

the  scattercd inttnsity. \'hen T is very large, there is no correlation between E,(q.  t )  

and E,7(q. I + r ) .  and ~ ; ( l ) ( q .  CG) 2 ( E s ( q ,  t ) ) 2  0. 

Siii)stituting the  form of the  scattered field in Eq. 2.17 into Eq. 2.19 gives 

Now. i f  t11c motions of the particles arc  riot correlated with each other ,  antl there is no 

c-orlpiing of trarislational antl rotational motions, the  surnrnation in Eq. 2.20 collapses 

to a multiplicative factor of .\ = ('2'). the mean number of particles in the  sca t te r i~ ig  

\ v l i c w  A is a constant co~itairiirig factors such as the field strength arid the  inverse 4th- 

po\vtr \t'avclcfigt h clcywdcnce. I t  has betn assumed that all of the  particles have the  

sarnc polarizability 0 so that the subscript C is redundant and has been dropped. Siricc 

tl~.riariiic light scattering e spc r i~nen t s  arc  conducted a t  a single afigle, t he  correlation 

frinct ions will htncefort h he w i t  tcn as function of T only. it beink understood that t he 

q clcpcritlencc~ is implicit. I t  can be secri that  the field autocorrelation funct io~i  depends 

o n  t Iic n1111iI)t~r of scat tercrs. thcir polarizability, arid their posit ions. Note tha t  t he  
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polarizability a given here is the  same as the  polarizability fluctuation Sa 65, i.e.. 

the  fluctuations in the otherwise isotropic dielectric medium are due t o  the  suspended 

As has been stated previously, light detectors measure the  scattered intensity. not - -- 

the  scattered field. Slore properly, a PMT converts photons t o  electric current pulses. 

the  number of which is related t o  the intensity of light by a multiplicative efficiency 

factor dependent on the  tube. A special instrument called a correlator calculates the 

intensity autocorrelation function G ( 2 ) ( ~ ) ,  defined as . 

In  ge~ieral,  G ( 2 ) ( ~ )  is not simply related to G( ' ) (T ) .  However. i f  the scattered field is 

a gaussian random variable, that  is, the scattered field varies about a mean field in a 

gaussia~i distribution, then the Siegert relation [8] states that C ; ( 2 ) ( ~ )  and G( ' ) (T )  are 

relat cd by 

G ( ~ ) ( T )  = ( I$ ) '  + I C ; ( * ) ( T ) / ~  . (2 .23)  

r 7 I his relati011 is generally true for suspensions a t  room temperature and concentrations 
, 
\vhert number fluctuations of scatterers in the scattering volunie are not important. 

This will always be the case in this study. It is mow us~ial t o  disctm the normalised 

corrclatiori fu~ictions g ( ' ) ( ~ )  and g ( ' ) ( ~ ) ,  defined as 

2 'I'hc actual observed correlation function will have its y(l) ( T )  component multi- 
B 

~ ) l i t d  by a factor ,j. which depends on the geonietry and apparatus of the  expcrinicntal 

setup. 'I'hus. the form of g ( ' ) ( ~ )  used experimentally is 

[:or most purpowsof this study, t hc priniar! tool of investigation has been dynamic 

light scattering. with static light scattering used to confirm the IILS results. I will 

c~orrt-sporidingly put most of t h e  ernptiasis on dynamic light scattering from this point 

011. 
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# 

2.2 Methods of Analysis , 

T h e  normalised intensity correlation f u n d o n  given in Eq. 2.26 has incorp~ra t~ed no 

assumptions about the  form of 9 ( 1 ) ( ~ ) .  The mean of the exponential in Eq. 2.21 can 

he written as the  weighted average of a distribution of exponentials, such t,hat 

is the  probability distribution giving the location of the pa.rticles in the scattering 

volume. 'I'lie vesicles under consideration are undergoing Brownian niot.ion, executing 

raridoni walks thcough the sample. For t'lmes long with respect t o  the  time to  complete 

one of the  steps of the  random walk, the  probability of finding the  particle a t  a tlistancc 

r from its starting point at a time t later is . 
a 

# 

where I )  is the  diffusion coefficient of t.he part,icle. Ilsing Eqs. 3.27 and 2.29 and 

ass~~ri i ing that  all of t hi. particles are tlic same size, Eq. 2.21 bccomcs 

I t  can he scwi that for particles undergoing Browriian motion, t h e  intensity auto- 

corrtllatio~l function g ( 2 ) ( ~ )  is a function of thc diffusion coefficient of the pa.rticlcs. 

111 particular. t h e  is a characteristic esponer~tial decay rate, ~lsua'lly denoted as 
r 7 I' = I)clL. I 11c t~sllal form of the diffusiori const ant is givcn by t he Stokcs-Ilinstcin 

ivhcrc. rl is thc. viscosity and H h  is t hc hydrofinarnic radius of the  particle. 'I'hus, 

t tic. size of t he part iclcs i r i  t h c  scattering volunic can be extracted from t hGntensi ty 

autocorrclat ion function. 
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2.2.1 Polydispersity 

I T p  t o  this point, it has been assumed tha t  all of the particles in suspension are  the 

same shape arid size. It'hile it is possible to  ensure tha t  all of t he  vesicles a re  spherical 

hy controlling t h e  osrnotic pressure across the bilayer, in general there will not be a 

sirigie size of vesicle. but a tlistrihution of sizes @( R h ) ,  t o  which there is a corresponding 

distribution of decay rates p(T). T h e  effect on the normalised field autocarrelation 

function g ( l ) ( ~ )  is given by 

I t  may l ~ c  noted that Eq. 2.32 is the Laplace t ransforn~ of p(I1).  Th~ore t ica l ly ,  it 

is possill>le to  obtain the  distribution of decay rates. arid therefore the  sizes, hy per- 

forming a I,aplAcc iiivcrsion of the  correlation function. Such an inversion, howcver, 

~ ~ c c l u i ~ ~ u i i c ~ a s ~ i r e m c r i t  of virtuallj' the  entire range of r from 0 t o  x;, which is not 

c spc r i r~~cn ta l ly  possihlc. T h e  resulting problem is therefore ill-conditioned, arid not 

f~asi l>lc  1111less sonic (1 puorr knowledge of p(1') is incorporated. 

T11c ~llost common met hod of analysing the correlation ffinction is the  nlct ltod 

of cu~ii l~lar i ts  proposc:d h!- Iioppel [12]. ('urnulant ~xparis ion Ilas the  aclvarltages of' 

ha\.irig a low nr111iher of paranietcrs and good collvergerlcc arid stability of t he. fitted 

j)aranicttw. Its clisatl\.ant age is that usc of this cspa~ision assunlcs that t he. distril,u- 

t ioli of I' is u ~ l i ~ ~ i o t l a l .  I ' 1 1 c ~  r~niniodality can bc corifirl~icd by rlsingiI,aplacc inversion 

r o ~ ~ t  incs s11c.11 as ( 'osI'I?; t o  check qualit atively for t hex possibility of mult inlodal 

tlt.cay salt3 (list r.il)lltioris. 111 gcnc~ral, t h e  crirnulant c3spansion is tlcfincd as 

'I'h(. first t hrcc cuniulants of t he expansion arc  then 
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p2(r) = < r2 > - < r > 2 ,  and - 

1 (2.3.5) 

.\Vith sufficient data, it is possible t o  fit all of the cumulants, but in general tJie range 

of r is too short. Luckily, the  higher order cumulants are usually small, so tha the - 4 
expansion can be truncated after the  first few cumulants. It is obvious that the first 

curnulant p1 is the  mean decay rate of the sample. The  second cumulant 112 is the 

variance o2 of (r), and p3 is the skewness of the distribution. The second cumulant 

divided by the  square of the mean decay rate is dimensionless and gives an indication 

of the polydispersity of the distribution of I'. It must be noted tshat this does not 

rleccssarily imply any knowledge about the distribution of the  sizes implicit in thc  

decaj- rate. If  the third cumulant is also negligible, as it usually is. then the first two 

c.uniularits describe a symmetric distribution of decay rates, which is taken to  he a 

gaussiari. 'I'hc distributions p ( I ' )  and p ( H h )  are then proportional t o  one another. 
I I I l ~ c  criliiula~~t exparision has used the assumptions that T is snlall and that p(17) 

t 
is narrow. For practical purposes, this requires that 

' 1 ' 1 1 ~  nlotlcl function that was fitted to  thc data was obtained by substitritirig t l ic l  

erpruisior~ of CJ( ' ) (T)  with only the first two cumulants into Eq. 2.26. \vllich yields 

W ( , )  = B + '&++~i' (2.37) * 

% 

\vlwre 11 = 112 is tliv variance oft he distribution. I t  was found that i t  was riot necessary 

2.2.2 Fitting Algorithm 

l ' l i c ,  intmsity corrclatior~ ~nodcl  function given in' It]. 2.37 was f i t  t o  thc. data 11si11g 

a ( '  s111)rorlt ilw known as nllsq. which stands for Non-Lincar Least SQuascs, writtcn 

1)). A .  I\(jrril)lit. I ' h c  nllsq routine takcs a sct of X data points and fits a givcn riiodcl 

f'r~~ictiori with acljr~stahlt~ paranwtcm to this . Tllc goodricss-of-fit, or riicrit furiction 
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l )~( '<( ' t  \.iiI~t(>. 

.1'11(, 111l.\q r .011t  i l l ( .  I I ~ ( ~ .  t 11o \ l a r c l ~ ~ a s ( l t  algorit I I I I I  to s( 'arcl~ 1 ; ~ r  111t' I I I ~ I I ~ I I ~ I I I I I  i l l  

t I I O  \ '  \ ~ ~ s f : l t ~ ( ~ .  . l . l~ i s  ilIgOSit 1 1 1 1 1  \ . i ~ ~ . i ( ~ s  .<1110ot  I l l > .  l ~ % t  \ V ~ Y ~ I I  t \YO ot I I ( > I .  algosit ~ I I I I S .  t 1 1 t ~  

' l ' i ~~ . lo r  ~ ~ s ~ ) ~ ~ I I s ~ ( J I I  I I I ( , ~  \ I M \  ~ I I ( I  1 gra(li(,t~t I I I ( , ~  \lo(\. ' I ' \ I ( >  gsa(l i(>t~t I I I C I  \ I O ( I  is I I S O ~ I I I  

fos s ~ l ) i c l l ! .  f i ~ ~ c l i ~ ~ g  t I I ( '  i l l ) l ) roxi~~~it t  t '  locat i o n  of t 1 1 ~ 3  I I I ~ I I ~ I I I I I I I I .  '1'11(' 'l'a>.101. v x l m ~ ~ s i o t ~  

I I I ( , ~  I I O ( I  i ,  stlit i i I ) lv  for I I S ( ~  I I ( , ~ I .  t I I Y  I I ~ ~ I I ~ I I I I I I I I .  vxpa11(1i11g t 11c 5111.fa(-t, as ( lua(lrat  ic 

;,l,orrt t I I I ~ I I ~ I I I ~ I T I I .  ' l ' l~is  i i l ~ o i . i t  11111 is ~ l i s c ~ ~ s s ( ~ ( I  1 1 1 1 1 ~ 1 1  1110r(' (.0111pI('t('I~. i l l  S I I I I I ( ' ~ ~ ( . ~ I I  

l<c~c. i1)(~~.  1)). I)s(*ss t t 111 [ l : ) ] .  



Chapter 3 

Vesicles and Extrusion 



i 
O n c  tj-pica1 niethod is extrusion; tliis technique will bc cliscussed in this chapter. 

l 'xperirnc~its hy the research group of Pictcr ( 'ullis have pioneered this field. creating 

a slibstantial empirical body of knowlcdge on cxtrudirig vesicles and thc  hiocheniical 

propert ics of t hcse vesicles. .A number of theories and hypotheses have hccn proposed 

to c'splair~ t I i c  results of t hcsc experin~ents .  t hrce of which a rc  discussed in t IIP second 

Vesicle Structure 



\.c~.sic.lt~s ~ ' O S I I I  I , ( ~ a t ~ s c ~  of t 110 l~!.cl~.o\)l~ol~ii~ v f f t ~ t .  111 I)llrc' \vatixr. c,ac.l~ \vatrss I I I O I ~ Y . I I I C  

is I~>. t l~ .ogc~~~- l )o~~i lr~cl  to i t  s forlr c.losc.st ~~c.ight>or~rs.  forming a 1c.t rahctiral 11i.t \vork. 

\ \ ' I I ( - I I  ~ ~ ~ o l c ~ ~ r ~ l i ~ s  o r  ions art. p l a c d  in s o l ~ ~ t i o n  in 1vatt.r. t1lt.y disrupt t l l c h  ~rlolr\c,u- 

Ias 11( , t  \vosk of t l i f t  isatc>r. s t d ~ ~ c i ~ ~ g  t h c ,  possi1)Ic~ 11r1111l)ckr of' arsa11gc~11(~111 s of 11y(Irog(~11 

1,011tls a ~ ~ ( l  forcing a 1 1 1 0 1 . ~  or t l twd st ruct urc. O I I  t 11c water r~~olt~c-riles. ' l ' l~is tl(~c.sc~asc~s 

t 11r. c.111 sol)!. o f  t llc. \vatc.r sril)st antiallj.  [1.1]. I'111css t h r w  is also a gain i11 c.r~c~sg>; tl11c1 

to \ s a t c ~ r - r ~ ~ o l t ~ c . ~ ~ l c ~ / i o ~ ~  ir~tc>ractior~s sr~f~iciont 1j. largi. t o  c.or~~~tc~rac.t  t 1 1 ( >  clt,c.rc'ascl i ~ )  ( , T I -  

t rol )~. .  t ~ ~ ~ o l ( ~ ( ~ ~ ~ l ( ~ s / i o ~ ~ s  will scyaratcX fro111 t11c ivatvr to I I I ~ I I ~ I I I ~ S ( \  t I I V  ( I c ( . r c ~ ~ >  i l l  

V I I ~  sol)!.. 1011s ; I I I ( ~  1110st polas I I ~ O ~ ~ T I I ~ ( ~ S  l~a\.c, at tract  i\.v intesai.1 ~ O I I S  \v i t  11 tvatcr t 11ijt 

i11.t. st s o r ~ g t ~ ~  t 11it11 t 11t' e r ~ t ~ w p i c  (mst t o  ac.co~i~oclati~ t l l c >  i o ~ ~ / r ~ ~ o l c ~ c - r l l ( ~ .  S11c.h sl)c*c,irxs 

irsc. ( .a11~~1 I ~ ! ~ d i n ~ , l / i l ~ c ~ .  a11(1 arc. cor11111or11y also I ~ j ~ ~ s o s c ~ o p i c . '  0 1 1  t hc, ot 11c.r. 11a11c1. t 

i ~ r t  t.1.iic.t i o ~ ~ s  01' 111ost n o ~ ~ - p o l a r  niolt~c~rilr~s ivi t  11 ivatclr arc3 11ot st song c>!1o11g11 t o  ovcLr- 

( - O I I I ( .  t 1 1 ( %  sol)>. 1)asric~r. and 1 1 c ~ r 1 c . c ~  t 11(,!. 11ai.i. \.c.s!. I o \ v  solrrhilit ic.5 in \vat c.r. . l ' l ~ i w ~  

I I ~ O I ( Y . I I I ( Y  arc' saicl to I,(' Irydr~ophob~c. a ~ ~ c l  t 11t . i~ I)cl~a\. ior~s o f  s ~ ) o n t a ~ ~ c ~ j ~ l s l y  s c ~ l ) a s a l i ~ ~ g  

' I l l t>r t ,  i. IIO I ~ > - t f r n p h ~ l ~ c -  tx f f~c t .  1lc,r 51,. 11 i h  > ~ r ~ i l , l y  a11 vstci115io11 of 1111. at t rnct it.1, i r ~ t  t~ract  i o ~ ~  o f  
I , ~ I I ~  ;III~ 11oIiir r ~ ~ < ~ I t ~ c u l t ~ s  IVII t i  \va~t,r 



t l ~ c ~ ~ i ~ s c l v c s  from water ( and other polar s ~ l \ . ~ r l t s )  is known as t he  h y d r - ~ p h o b i c  rffirt. 

I t  is t l l tsc two effects that  cause t he h!,tlrocarhorl tails o f  t he  phospholipids t o  s p o ~ -  

tancously p l ~ a s c  separate  from the  water, with the headgroups remaining esposccl. 

~ I ' l i c r ~ ~  is arl c>xtrnsivc literat urc on t h e  s111)jcc.t of t hc h ~ d r o p h o l ~ i c  effect; sevcral good 

rc4crcr1ccs arc  hooks IF Israelacl~vili [ I  -11, Tanford [ I  51 and Safrari [ I  61. 

Oncc. t \lo pl~ospliolipid ~~ io l ccu l c s  I1ai.c separated from the  water,  tht>y for111 st S I I C  

t II!X>S as go\.c~rnecl 1,. t I I V  pl~!.sical shapc of the  ~ n o l t ~ u l c s .  I'11ospImlipitls a rc  lor~g ar~cl 

s o r ~ g h l ~ .  c.~.lindrical in form. '1'1111s. the!. prefer t o  arrange t htmselvc~s sitic~-l)!.-sitl(~ i l l  

Ia!.c.rs. I*.iglisc :3.2 sho\vs sc.\x.ral possibl(. rnolccular shapes. '1'11c. sl~apcl of  t 11v surfacx~ 

crt'at ('(1 ( l ( ~ I ) ( w d ~  011 t I I P  for111 of t I I C  h ~ . d r o c a r I ~ o ~ ~  tails n t ~ d  tilt. sin. of t I I V  h c w l  group. 

:I p11~~~~~11olipic1 wit It st raight chair1 tails and a h t ~ a c l g r o ~ ~ p  with arcs similar t o  t ]I(' 

~ e m b r a n e  Properties 
a 

' 1 ' 1 1 ( ,  tol'ic of 11101i1l)ra11(~ ~)sopc~rt ic~s is. of co~irsc~. a \.ast ot~c,. 0 1 1 s  cl iscr~ssio~~ \\ . i l l  I ) ( .  

1 i 1 1 i i t t v I  io  t I I ~ ,  t I I I X Y >  l)rol)(>rt ics of I I I ( > I I I I ) ~ ~ I I C S  t I1a1 ast> t x > I ~ \ . a ~ ~ t  i l l  t 11is st II(I>.: t I I ( ~  iir('2i 

c . o ~ i t l ) s ( w i o ~ ~  11io(li1111~ I i , .  t I I ( '  l ) t > ~ ~ ( l i ~ ~ g  rigi(lit!. A.,.. a11(1 t 110 I!.sis t w s i o ~ ~  7 .  . :I fourt 11 

I ) I -OI ) (T~> . .  t l ~ c  511rfac(> s11car I ~ I O ( I ~ I I I I S .  is ~~c>gligil)l(> for li1)id l)ila!.vrs i l l  a f111id s la t (>.  

. i . l ~ ( , r ( ,  is a11 ( ~ ~ ~ ~ ( ~ I I ~ ~ I I ~  rt,\,i(b\v art i ( . l ( b  O I I  t I I C ,  s111).jvct of  l i l ) i ( i  1)ro1wrt its 1)). 13Ioo111. l * ; \ , a ~ ~ s  

< t r 1 ( 1  \ lo~ i r i i  > i x i l  :2Oj. 



I.'igrirc' :l.2: \'arious shapes  of pl~c)spl~olipid rltolcc.ulcs: ( a )  a c!.liltclc.r. ( h )  a t rurtcatcd 
c.o~~c>. artcl ( c )  art irl\.c.rtcd trr~rt(.atcd C O I I ~ ~ .  Shaclcd a r c w  rcprcscvt thc. polar 11c.ati 
gror1ps. 

I! 

\ 4 
111 t I I V  c.iistx of t,otIt niortolayc~rs and  bila!.crs, t l ~ c  ~ ~ ~ o l c ~ r ~ l c s  arc. c.ortst~.;~ir~cd t o  



Air 

Water 

water 

1,'; q ~ l r c x  :{.:I: l'ossi / ) I ( .  st r r ~ c t  urvs of ~)I~osphol ip i t l  r~lolccular  ;issc~rill)lic~s: ( a )  :\ 111ic .c . l l t1 .  

( 1 ) )  ;I ~ ~ ~ o r l o l a > . t > r  a t  arl i r l tcrfaw l ) c t n . t w l  tivo r~ lcd ia .  i l l  this (.as(. air  a r ~ d  \vatclr. ( c )  ;I 

1)la11ar l ) i l i ~ > . " ~ .  01. ( ( I )  a vc>sic.lc. :\I1 of t t1 ( .  s t r r ~ c t r ~ r c . ~  arc s11owrl i r ~  cross-sc>c.tiorl. '1'11c~ 

c.irc.illar 1)or.t ion3 of t 11c.  ~)l~osl)t:olipicl r l l o l t ~ c . u l ( ~ s  r . c ~ 1 ) 1 - t w v 1 t  t 1 1 ~  h t ~ a t l g ~ w r ~ p .  '1'11t. tails 
art, sl~oivrr ;is cllr\.t>tl l i 1 1 t . i .  



?'he area compression modulus I<, .  thus, has units of force per unit length. ' bp i ca l  

\.aluc.s of I<, art3 of the  ordcr of 150 r n N / n ~ ,  decreasing with increasing degrees of 

1111saturat ion and increasing wit t~ t hc addition of cholesterol [%I] .  ( 'onsidtrable work 

has l)c.er~ done or1 the  subjccts of area compressibility ri~oduli  by Evans r f  nl.l[21. 2:'. 

2:j. 2 4. 25,  26, 271 arid Stmlharri and Nun11 [B].  



mernbranr. curvature Ac (cf. Fig. 3.4(b)  ) 

where HI arid R2 are  the  principal radii of curvature a t  a given point on t h e  nlcnl- 

hrane surface. 7'1ie hending rigidity of a hilayer is a function of the  type(s )  of phos- 

l)tiolipid/amphiphilc of which i t  is composed. Xrnong other  things. it is related t o  

111c. stlapr. of t he i n d i ~ ~ i t l i ~ a l  rnolcculc~ (cf. I i g .  i3.2).  'I'ypically, the I)eriding rigidity is 

01: the. ordor of lo-"-' .J. I'hc topic of bending rigidity has hee~r  s tud i td  h\- I v a n s  f t  

(11. [21] a r ~ d  I ) u w  f t  (11. [:jO]. 

I'll(. I m ~ d i r ~ g  r i g i d i t  ma!. be used to  firid the equ i l i h r i~~rn  strapc of t tic riiemI,ra~lc~ 

s1rrfi1c.c gi\,on a wt of fixed paranieters. which may i~ ic lude  surface area a n d  volr~liir~. 

vst rusiorr is a sufficicwt I!. q~rick procxw.) 'Thv effect s of an appliml os~l iot  ic prcssurc~ 

,ys;lclic'r~t 11ai.c 1)cc.11 stlrclitd 1,. \ lui r t  nl. [:3-I] and I<rtcll r t  (11. [ : 3 : ' , ] .  I t  is fo1111c1 1)). 

t I ) ( >  lat t e l .  that t  lrt, a\.cragcx awal c x p a n s i o ~ ~  at r l ~ p t t ~ r ( '  (ivhich is rc~latcd to t hc. I\.sis 

tv11sio11 of t11c ~ i ~ f ~ ~ t ~ l ) r a t ~ c \  is O I ~  thc  order of 2-:3(x. f h t h  studies find \,alum for t h ~  



('Hi1 PTER 3. \'ESIC'L ES '4 iVD ES7'R I:SlOjY 2'7 

Iysis tcr~siori of tllc r t~e rnhrane  which a r c  consistent with studies using o ther  nlethocls 

( S c c d h a r n  a n d  Nunn 

3.3 Vesicle 

;I sarnplc of vcsiclcs 
d 

['S]. for cxarnplc).  

Production by Extrusion 

can be  prepared sirnply by mixing phospholipit l(s)  in powder 



('HA PTER 3. 1'ESlC'LES .4 :VD ESTK IjSlOrV 28 

extruder  used in this s t u b  is shown in Fig. 3..5. A volume of solution containing sus- 

ixnd&l  multilamellar vesicles is placed in the  extruder using a syringe. T h e  charnlwr - 
and s a n ~ p l e  a re  then allowed to  equilibrate a t  the desired temperature.  (This  can bc 

significant for lipids with a crystal/liquid crystalline transition temperature near the  

temperature at which the  extrusion is performed [43].) When the  gas inlet is opencti 

o r  t h e  pistoll is tlt.pressed, the  prcssurc applied to  t h e  top of the  fluid forces the  sus- 

p o ~ i < i o ~ ~  t l ~ r o ~ i g h .  .I'Iic3 proced~irc is repeated lint i l  the  vcsirlcs reach t hc desired size 



K CAP FQR SNAPE :PILET FORT 
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INLEI WIFCLD 
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TIE KD EASE 



\ . r~icles  a rc  creat ecl .by t his procedure. Ttlc problem is a challenging onc. as t hc sizt  of 

t 11c object in question, -100 r~ni .  is a difficult range to probe. By its \.cry nat ure., t tic 

systerii is a dynamic one and not steadv-state. Alost of t hc  theoretical descriptions 

of vesicles assume tha t  the  system is a t  or close to  cq~~ i l ib r iun i  or t ha t  the system ih  

cshit)iting steady-state behaviour and  neglect possible nicmbranc rupture.  'I'tie fact 

that t he \ ~ s i c l c s  are  suspended in watcr that is itself flowing *nlakes this a prohlcni 

of fluid tnechal~ics. I<ssc~~tially.  the problcrn is this: how and in what order  doc^ a 

giant. 1ri1lltilarnc4lar \csiclc enter the  porv. hrcak up. and  rcforrn itself into a nurnlwr 

o f  \111alI. u ~ ~ i l a ~ ~ i c ~ l l ~ r  \wicIcs of t h e >  \anic approximatc~ size as t he port>'.' 

3.4 . Theories of Extrusion Mechanisms 

3.4.1 Capillary Flow 



factor of nN:/8 is dur. t o  the assumption tha t  the channel is circular in cross-section. 

arid will vary for differing geometries. To relatc q t o  the  o h s e r ~ ~ c d  flowrate Q. 1c.c 

assurnc. that t11v pores all have the, same radius' and multiply q by the r ~ u n ~ b c r  of 

pores per 1111it area .Ii and the available area '4, such that Q = .liAy. Iqua t ion  3.1, 

c~sprcssctl tlifFvrc.ntly. is kno\vn as Darcy's law: 

\vlir~rc I\: is the pcrrncahility of the  filter: I t  is ir~tcrchsting to note that thv product of' 

flotvratc as  a function of prcssurc or port. Icngth will then give tlic val~icx of tht. filter 

3.4.2 Vesicle Flow Through Pores 



\ v i t  11 t I1c1 area o f  a splrc~rical vciicle. the!. prcdict that the final splp!!$ical ~.csiclc~ sliol~lcl 

11;lvr. a radius 1.77 tirnc~s the radilis of the  cylindrical lanic.lla f'r;Rm wlrich i t  origiriatcd. 

I ' 1 1 c ~  niotf(~l docs not i r~cludc a \yay of determining t h c b  ra t i~ushf  t he  rylindrical larnc4lac 



'l'lrcre a rc  a couple of possible problems with the  application of Rayleigh's results 

t o  t hi; prohlcrn of cst ruded in i c l c s .  'The first is thc  fact that  \.c.siclcs havc~ thc  rcquirc- 

rric~rt tha t  arca 1)c conservtd irrstcad of volunlc. Scco~rdly, t h e  f t~nct ion tha t  should 

I I I ~ I ~ ~ I I I ~ S ( Y ~  is t hi' I)crldi11g f r w  imcrgy. slich a.s tht. Helfrich free crlerg. i r r  k c ] .  :j.:j. 

'I'lrt~ questiorr of ivlrc'tl~cr or not this lcads to  the sami. i ~ i s t a h i l i t ~  has 1x.m csanlincd 

for a sir~iilar prol,ltw~ hy Bar-%i\  aiitl hloses [.IS]. I'llcir analytical tecIrrriclw follows 

that  of Itaylcigli. arid lc.ads t o  a stability phasc diagram with thc  ~ ~ c ~ l u c c ~ l  initial tulw 

radius . I .  arrd t hc  ri~lucccl ratio o f  the  s~lrfacc ttmsion to  ttrc bcndirrg rlrodulus .s. I:or 

s~l la l l  \~11u(.s of .<. sa?. :; < 2 for .r < 0.7.5. tlrc q.liridrical t uhc  is stable. 7'11~ c~.lirrtlcr 

is stal)l(l at ir~c.rc>asirrg \.aluixs of .< for 0.75 < . I .  < I .  I:or ..; l w t ~ v c ~ ~ r  2 a t~ t l  6. t l r c .  

cylirldt'r is ~llrstal)lc~ t o  an ~~ir t l l~lat ing-  pa-istaltic rrlo(lt. ; \ h~  .s - 6. t h c x  Irc~ristaltic. 

rrroclc. is ~iristnl)lv t o  "pcarlirrg." In this mode. t h i s  c!.lirrclcr cwllapsi~s t o  a clrairr of 

isolatc.cl , ~ ~ ) t ~ ~ r ( ~ u - o i r n c ' ( . t c ~ t l  1,). thin ( -  200 nrri) t 1i1)c.s. l'lris inst ah i l i t~ .  is c ~ ~ ~ r t  iall?. 

t t i ( ,  I<a!.l(~iglr ir~stahility. as large s irrlplit~s t fiat t h r .  s~trfac-cx tcr~siori is tlonlii~at iirg t 11t' 

I I I I I ( . ~ I  I I I O I X ~  prorr01111(-(~1. so t tiat \v(' arc rrot s111.c~ wlrc~rc~ \v(, art> i r r  t f r r .  ~)hasc. tliagranr. 

o r  t b i . ( ' r 1  i f  t I I ( >  \)\last. cliagrarli it. st i l l  apl)lical)l(~. 



c.o~~siclc'rat io11 1 1 c . w .  1111. 1110(1(~1 d o r ~  givc sorrlt. i ~ ~ s i g h t s .  l ' 1 1 ( ,  nlost sig~lificant cx)t~c~lt~sior~ 

i t ~ ) ~ . c , ( l i c . t  i o ~ ~  of t 11c. vsistc~rlc.c~ of a I ~ I ~ I I ~ I I I I I ~ I ~  al)l)lirvl fic.ltl  ,f' l ) c . l o n .  \ v l l i c h  i t  is 1101 

l)o.<>il)l(' to I ) I I . S ~ I  t II(' \.(shi(.lt'c; t Ilro~rqh t I I C  I ) O I X ~ S .  :\I)o\.(~ t Ilis 1 111~~sl10l~l .  t \~(~siclvs 

it1.(' ?11( .1 \ (v l  illto t I)OIY'.  . \ ( ~ ( ~ o ~ d i r l g  to this r l l o ( l ( ~ l .  t I I P  t I~rc,sl~olt l  f i v l t l  is 1)roi)ort ior~al 

to I r 1 1 i 1 1  i i  of I l i a r .  i . . .  * x k ~ ' I I P  rllohilit~. of t h r .  \.c~sic.lvs. ~ I I C  

l o t  of' t I I I I o f  a s s  i i  I t I a i l  l ' o r  a i t  I X. 



flow of a \,esicle in a capillas\. or cylindrical pore, taking as its starting point the 

capillary flow (Icscribcd above. 'I'hc vcsiclc h y i ~ i s  with the shape of a s p h t r o ~ l i r r d c r .  

'I'hc. sliapc of t h e  vcsiclc can change as volurnt is forced out of it. Hruinsnia thcn 

p r o c c ~ ~ l s  to  clcri\.c tlic Sa\.icr-Stokes tyuations for the system. The main prediction 

i5 t l ~ a t  al>o\.tl a ccrtair~ pressuse. set by tlic osmotic prcsslire in t hc vesicle. tl;(l flow 

that t lie only vffcct of the vesicles is to cause a decrc.ase i11 t h c  permeal)ilit\. 'I'llis is 

a significaritl~. diffcscwt result from that of Iicf. [ I ] .  I)arq.'s law is then 



ir~clc>fi~litcl>. so solnc. l i n ~ i t  on t h c  t hickncss of t hc. lubrication layer shol~ltf I)c inlpowd. 

This l ~ a s  11ot Iwcn includcd i l l  the  nloclcl. ?'IIc surface tcvisiori q u o t t ~ l  hcrc is that of' 



incrcxasc linc~arly w i t h  fiow velocity I.' a r ~ d  t l~crefore w i t h  volurnc flowrat c.' 

t  hat t I I P  \.csicIe will rup ture  \:.he11 t hr. vc,locity I. is great cnoligll t o  carlscx t h e  s11rfac.c 



Chapter 4 

Experiment and Results 

i I I . ( '  1 1 ( . ? I I . ~ ) O I I  ~ I ~ O I I I ~  i t 1  1(.11gtl1 :i11i1 a r ( \  sat11ratfYI. t11at is. ~ I I < , S ~ *  110 i 1 ( ) t 1 1 ) 1 ( ~  ~ W I I ( ~ S .  

SOl'(' l~$as :I sa111ratvd stcaroyl d ~ a i t i  of IS C ~ I I ~ ~ O I I S  a t ~ ( l  a11 ~ ~ t t s a t ~ t r i i t ~ ~ ~ l  i ) l (~)y l  (-\1ai11 

o f  1s c .a r I )o~~s  tv i t 11  ollrb tlolll)lc ho11il. '1'11(. clo111~lo I)oncl is a c is  liot~il [ 5 : { ] .  tt~akiirg 

t 1 1 ~  rllol(,c,rtl(. s o ~ ~ i c ~ i v l ~ a t  ~ t r ~ s t a h l v  at  root^^ tcr~lpc3ratrlrt~. I)Of'( '  l ~ a s  t\vo o l t~)> . l  chai115. 

~ 1 ' 1 1 c ~  v1ftv.t 5 of i t ~ c w a s i r ~ g  c l c~g rc~  of 1111sat Itrat ion arc. t o  lo\vclr t I I C  c.r~.st al-licluirl c.r>.s- 

t allitlcx \)11;is(' t r a ~ 5 i t  ion tt.t~~l)c~r.at 111.1~ ar~cl t o  ( I ( Y . I Y ; ~ S ( ~  t 111. l)cwtlit~g rigiclit.  a t ~ t l  ;1rc.a 

( . o ~ ~ ~ l ) ~ . ( ~ s s i l ) i l i t > .  t~ io ( I~ l l i .  



4.1.1 Preparation of phospholipid vesicles 

For caaclr . ; a ~ ~ ~ p l e .  a single variety of phospholipid was hj.drated using p~~r i f ic t l  wat cr  

from a l l i l l i -Q Plus water purification system (i2.lilIipore. Heclford. ?VIA). i l l  ratios of 

I-'..? lng of phospholipid per m t  of water. T h e  Milli-Q Plus filtration system cnsurcd 

that  t 1 1 t  conccntration of contaminants in t,he vesicle solution was negligible. 'I'hc 

prcsenc-c of:~unkno\vn chemical contan1ina~lts;rnay lead to undesirable and ~incontrollccl 

c l ~ t ~ n i c a l  arid osmotic c f f cc t~  in the  \.csicles;\i:hile large particulate contami~iatiori  \vill 

ir~terf'crc with t h v  light scattering cxperintents. 'Ilie mixtures of water a11d phospho- 

li1)id \vc.rv t a ~ ( Y I  t l ~ r o ~ ~ g l ~  a f r e t ~ c - t  haw procct111rc~ fi\,t. t i~ri(ls. This  iri\wlvcd frecazing 

t I r c ,  sol~rt  io11 1)). in rn ic rs i~~g t t ~ c .  flask (yn ta i~ i ing  the sanlplc in liquid 11i t  rogcn, thawing 

t I I V  flask i ~ r  30" ( '  water and \.ortcsing tho ro~~g l~ l j . .  This has h w n  found t o  help hrvak 

111) t11v ~ ~ i r ~ l t i l a ~ l ~ e l l a r  \ .esi~Ic~s and promote the  mixing of t he  cnclosccl contents with 

t I I C  c+.\:tcrior solutior~ [3 11. Sormally. a 25 rnl  I'jrrex volurnctric flask. c o n t a i n i ~ ~ g  I t w  

t l r i l 1 1  20 I I I (  of solution is used for thc  fr~ezt>-tha\v proc('ss. This  is t11c larg('st glass 

c . o ~ ~ t  a i r ~ c ~  t [rat car1 \\ . i t  Irstand t hc se\.erc stresses due t o  t hc f rccn- t  ]raw procws slid 

( ~rrorc i r ~ r ~ ) o s t a ~ ~ t  I!.) t o  t hc ( ,spa~ision of the  water upo~r  frct3zir1g. 

..I f t  car t I I C  f r 9zc - t  ha\v-\x)rtcls process. t he vesicle s ~ ~ s p c n s i o r ~  \vas clcar~cd ant1 rcg11- 

larizt,tl 1)). c~strl~cling i t  0 1 1 ~ 1 ~  t h r o ~ ~ g h  tivo polycarbonatc ~rwnlhranc  filters (Osr~ionics- 

J'orc,tic..s I I I C . .  l , i \ - t ~ s ~ ~ i o r t ~ .  (':I) tv i th  p o r ~  diameter ,100 rim. This  proccss, u.hic.11 \vc 

(.all ps('-('st s r~s io~ i .  \vas f011nd t i )  inipro\.t t Ire r(ywat,ahilit). of t l ~ c  light scat tc>rirrg c s -  

~)( 'r irr~c' l~t s arr(1 ~ ~ ~ ( ~ a s ~ ~ r ~ ~ r l c ~ i ~ t  s of t hc  mt r ~ i s i o ~ i  flowrate. 'I'his is thc  pri111ar). \.ar.iat ior~ 

of 011s p r o u 4 1 1 1 ~  fro111 t I I V  O I I ( >  ( l ( w ~ r i l ) ( ~ l  1)). f ~ o p ~  ( t  ul. [ I ] .  

I'rios to  (>st r11sio11 t 11rougI1 t filial filtcr s i x .  t I I P  1)rv-est ~ I I ( I u I  \,t,siclc S I I S ~ ~ I I S ~ ~ I I  

\\-ti..: c l i l ~ t t  r ~ l  \$ . i t  11 p~rrifivtl \vat cr t o  a c o ~ ~ c c n t  ration of 1 I I I ~  of phospl~olipid per I ~ I (  of 

\vat (,I.. Xotv t I ~ a t  t l~is ~)ritcr-cIl~rc of t l i l i ~ t  i r ~ g  t I I (>  vr>siclt.s to t h r ,  dcsircd co~rixwt ra t io l~  

jrlst 1,rior to (,st rr~siorr s l~o~r l ( l  orll!. 1w \ ~ s c ~ l  i f  these is I I O  l ~ a r n ~  in mising the contcrits of' 

t \x.sic.l(,,s \vi t  11 t 11(' c~stcsior sollit ion. ?'li(,  prcx-(.st I . I I ~ ( Y ~  v(~sic-I(- s11sp(wsio11 was t11('11 

(,st I . I I ( I ( Y I  a I I ~ ~ I I ~ I I I I I I I ~  o f  10 ti111(1s t h~wlrgh two po ly (~ i l r l )o~~a t (~  ~ i i ( ~ ~ ~ r l ) r a n c s  with a I I O I I I -  

irial port tIia~i~<'tc'r of 100 11111. I I S ~ I I ~  a11 1st ru(lcr ( 1 , i p r ~  Hio rncmhra~~(~s .  \7al~c.o~~\.c.r, 

I 3 (  ' )  11.1. a p p l y i ~ ~ g  a p r c s s ~ r ~  graclir'nt. I ' l r c .  prtwllrc gradient across t hc. m c r ~ ~ h r a ~ ~ < ~ s  



\\.as crcatcd using pre-purified. compressed N 2  gas. For each pl~ospholipid,  a. series 

*. 
scopic 1)ulk flowratfx t>ccanic constant.  'I'hc niacroscopic bulk flowrate of tlic cs t rudcd  

4.2 Light Scattering Apparatus 





s c l ~ t ~ m a t i c  view of the physical a r ra r tge~~ient  is shou.11 in Fig. -1.2. 'I'he .\I,\ '  a ppa ra t l~s  

( o ~ ~ s i s t  5 of I a s c ~  alignriient optics. a tcmpcraturc-cont rolled scat terirlg c h a ~ n b r r .  a 

kct of d c t c ~ t i o n  optics con~~ccter l  t o  a photoln~~lt ipl ier  t ube  (P,ZIr1') a ~ ~ d  a c-orr~lator.  

' I ' l~c .  r~~o to r i s cd  gor~iornetcr is c-ornputcr controlled and r r i o u ~ ~ t s  t he  photo11iultiplic1. 

Laser 

. . Photodiode Half-wuvc plate 



Vesicle Characterisation by DLS and SLS 

suspmsion was diluted in hlilli-Q water t o  approsilnat.cly 0.1 nlg of phospholipicl per 

I I I (  of fluid and plnccd in a glass \ . id .  This was t o  ensure that  t h c  ~ turnhcr  dcnsity of 

\.c.sicl(.s is low cwough so that thc  intcr-vesicle interactions a rc  rnininiiscd and so that 

\vc3 a rc  in t tic sirlgk-scat t e r i~rg  rvgiliw. Thc. sarnplc. cont a in td  i l l  a 10 nn( c?;linciricaI 

glass \.ial, was placed i l l  t I I C  tolutwc I)atli and a l l o w d  to  cquilihratc thcs~nal ly  for one, 

r 3 

110111. so that an!. imn\.(~-t ion ci~rrcnt  s su1)sicIc.. 1 Ire toluc.~ic hat h was maintained at  

t I I V  t c ~ i i ~ p c ~ r a t ~ ~ r v  at ivIric.11 t11v \-csiclw w t w  c~strrlclcd, ~ I I  ortlcr t o  ~iril~irriisc. t l l c m ~ i i l  

x a ~ s i o ~  a I / o r  i t r a t i o  of t I i l s .  1,igllt fro111 t l ~ e  lI(.-Ni, 1asc.r passcd 

t I I I . O I I ~ I I  t 11(*  s a~ r~ l ) l ( .  a ~ ~ t l  ligl~t scat t cwd I,!. t hc' sarnplv was t l t t ( ~ t ~ ~ 1  at nriglw of 60•‹. 

90". al~cl 120' fror~l t l ~ i ,  t r ans~l~ i t tcc l  l)canr for 111,s rnc3asurci~rcwts a ~ ~ d  at 2:j anglcs 

f r o ~ l ~  l ( i 0  t o  1.30' for S1,S 111r~asurc111c~11ts 1)). t h e  ~ )ho to~ l~ r~ l t i l ) l i (> r  t111w ( ~ ~ ~ o t l ( . l  91: IO.  

Is:.\I I 1la~x.s. l . :~~glar~ t l ) .  

l 7 s i ~ l g  t \ I ( ,  tvc1111i(~11c>s d(w~ri\)c~(l  i11 ('11a1)tcr 2, 11o11-1i1iear ](>as1 sqtlarv l i t  ti11g 

r . o ~ ~ t  i l l ( %  rrllscl \vas ~ ~ s c y l  t o  f i t  t 11c .  fic,ltl-fivltl cmrr.c>lat io11 f1111c- t  iorr !/(I)( T ) .  a11c1 II (YI ( . (>  
> 

g ( ' ) ( ~ j .  t o  t 1 1 ( %  I)l,S clata to ohtitill I- arrcl 1 1 .  T 1 1 0  \vvights for t l ~ c  da ta  points M.(W 

cal(.rllat ul i~~tc~r.~lall!- I)!. t 11c :\I,\.-.',000 c.orrclator I)! a i m ~ r  j ) l c ~  algorit I I I I I  wlat c d  to 

t I r ( 3  1 1 1 1 1 1 1 l ) c ~  o f  o l ) s ( ~ n . t ~ l  ( . o~~r r t s  for a g ivc '~~  corrc~latio~r t i ~ l ~ c .  T .  '1'11(> rncarr and \.ariancc 

of t 11v l~!.tll.oel!.r~an~ic. ratijlls H h  \vc'rc3 c.alc~llatcd frorll t l i r b  f i t  t . c d  cli1a11t i t  its ar~t l  11 

11si11g t I I V  S!ok(~s-I.:il~stc~ir~ 1~1lat ion. 

~ 1 ' 1 1 ( ~  111,s r ~ ~ t ~ ; t s ~ ~ r . c ~ r ~ ~ i ~ ~ ~ t  s rc3port (4 l ~ c ~ c '  \ v c w  t a k c ~ ~  at ! ) O O ,  wlrcrc, t 11c. c ~ f f w t  s of' 
\ .  

~ x ~ l l c ~ . !  ioli arc rl~ir~ir~~isc.t l .  si~rcx. I i ~ l r t  t l ~ a t  r . c l f l c ~ . t  s off t lli, I I I ~ ~ ~ S ~ O I .  of t I I C  vat AII(.I the-II 



s tandard  deviation of th is  average was used t o  get an  estimate-of t h c  rcpcata i ) i l i t~ .  

of t h e  m e a s u r c r n c ~ ~ t  a n d  was taken as an  estinmtc. of t he  u r ~ c c r t a i n t ~ .  in Rh. The 

variances of t h e  five measureme~l t  s were also averaged t o  find a niean varianc-c F.  '1'11(. 

s t a ~ ~ d a r d  deviation of t h e  distribution 0 was calculated from 1. 

f i r i i t c .  t11icklic.s~ of 1.2 11111 ( I ~ s ~ r i l ) c d  in ( 'haptcr  2 and :Ippcndix R was f i t  t o  t t ~ c x  d a t a  

11si11g ttic. nnlsq routin(>. -This thickness Lvas choscli t o  agrc t  n i t t i  n lc~a.s~irc~nie~i ts  of' 

t>.l)ical lipid l) i la~.cw. 'I'>.pical SLS da t a  and a f i t  t o  this d a t a  a r c  sho~vri i l l  12ig. 1.:3. 

'I'lris f i t  Ilatl t\vo pararnc~tcw. the outer  r ad i~ i s  I{ , ,  arid a constant arhitrar!. iritcrlsity 

factor.  ' I ' I Ic  siz('s of \.vsicIvs ~ l ~ t i ~ i l i ~ d  1 ) ~ '  f i t  tirig t I I C  SI,S clat a w r c X  cwnsister~t \v i t  I I  

t o  corlfirl~i t 11c sc's111t s oht a i r~cd  1,. t lit, I)I,S cxpcriincmt s. %(TO polydispcwitj. was 

; I S ~ I I I I I ~ Y !  i l l  t l l t w .  fits. as  rlo1l-zcm ~)oly(lisl,c~rsitirs r c ~ r ~ l t c ~ l  i l l  ~ v o r s t ~  tits. for sc~asol~s  

\ v l i i c . h  arc, ~ i o t  ~t r~~ ic lc~rs too~l .  

Results 

sins (list siI)r~t ior~. a11(1 t ] I ( ,  Iloivratc f o s  a tj.l)ical vxt r1isio11 ( ~ s p c ~ r i ~ ~ ~ v ~ ~ t ,  r ( ~ s p ( ~ . t  iv(>l>.. 111 

t 11is (.;I.\(,. t l i t 1  ] ) \ I  l ' (  ' sol111 io11 \va5 (>st ru(I(d t Iirougli I00 nni po l>-car l )o~~a t  ( h  I I I ( Y I I ~ ) ~ ~ I I V  

. \ s  a~)pas ( 'n t  fro111 1,'ig. 1.ri. t Irc,rc> is 110 clisc.t~rl~il)lc~ t rc~rrtl i l l  t hc flowratc o\.t.r t Ilc sc.ric.s 

o f  c s t s r i s i o ~ ~ s .  '1-l~is is t>.l)ical o f  (xxtr~~sions  111acIc> at 1)wsslirvs 2 100 psi. :It lotv(~s 
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Chapter 5 

Flowrate 



Minimum Pressure 

o f  t l i f f t w r l t  lil)icls at Iotv prcssrtrcts. ' I ' l ~ ( ~ r ( ~  c1oc.s 1 1 o t  S ~ Y I I I  to I) ( '  i+ll>. s i g~~ i f i ca~ l t  d i f f ( w ' ~ ~ c t '  

i l l  Iotv l ) r t b s ~ ~ t .  (la1 ii f o r  1111 I ) ( '  si1111p1t.s (>st r ~ ~ c l c ~ l  a t  tliff(,rcwt t ~ w ~ p ( ~ r a t  I I ~ V S .  .I'll(, 



A DMPC 30'C 

0 DMPC 25'C 

v SOPC 30'C 
7 e8 DOPC 30'C - 
- P' - 

, 0 I ?. , I I I I I I I I I I 



'I'lie ~ n i ~ l i ~ n u r n  e x t r ~ ~ s i o n  prcwlrcs  P,,,,, for t he \.arious samples arc  dvtcrrnincd 

1,. fi t t ing tlic viscosity-corrected flowratc rlQ at low pressures (f 100 psi) with an  

twlpirical function of t he  form 

Lipid 
1 I)\II '( '  

' ( x 1 0  
0.12 

0 

0.92 
I',,,,,, ( p 5 i )  

2:). 1 f 7.,5 







5.3 Vesicle Size 



t ht. ra te  of size charigc tlroppetl off. It can be seen from Figs. 4.7 and -1.10 tha t  the  

sizc of (.st rutled vesicles decriwcs with increasing extrusion pressure. This is not 1-ery 

surprising, as one ivould intuitively espect the vcsiclts t o  get sniallcs as thc  f o r w  

applictl is increased. (Try \.aryirig how hard you blow with a child's soap bubble toy!) 

'Illere docs riot seem to  be any dependence on the lipid cornposition of the  vcsicles or 

or1 t w ~ p c r a t u r c .  T h e  smallcst ohscrved \,csiclc sizes. which occurred a t  a prcssurr of 

1300 psi. is slight 1). larger than t he nominal pore sizc. 

psi~1ic.t s that t lip Iuhricat ion Ia).cr shor~ld iricrcasc in thickness so that t lit. \.csic-lc 



( '1IiIPTER 5 .  L)lS('I 'SSIOIY 

~ v c  est imate that  there are  approximately 0.7 vesicles per pore (luring the  extrusion 

process. which translates to  0.061 vesicles per micron. This number was arrived at 

hy calc11lating the  nurnher of vesicles per unit volume using t h c  initial phospholipid 

c o ~ ~ t c n t ~ a t i o n  arid an estimated final \.esiclc radius of 50 nm, and ~liultiplyirig hy the. 

\ .o l r~~~i r .  of a port3. r h c  rc>sults of the. calculations of 1 1 ' .  arid fifjr/Ii arc  show11 in 

l'ablc 5. 1 .  'I'lrc~ s p l ~ r ~ o c ~ . l i n t l c r  Irwgtii is dctcrmirlccl by area conser\ation from the  final 
r 7 \xlsiclr. s im  I< ,  . t lit. port' s im Rp and the hountlary layer thickness h*. I tic resulting 



5.4 Polydispersity 



I l l  5.1: ( ' a l c ~ ~ l a t c d  ratios o f  effective perrncahility t o  gcornetrical pcrnleal,ility 
li,rr/l< for polycarhonatc filtcrs f rom observcd I)hlP(' vesicle sizes, along wi th  final 
\,csicle sizes I?, . boundary laycr tl~icknesscs h* and t h e  sI>lierocylintler Ivr~gth I,'. 'l'ht' 
l )o i~r~( la ry  1ayr.r t hickr~t>ss m t l  splicrocylir~clcr length wcrc calculated using Kqs. .S.G 

Ics c s t ru  
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I' (psi) 1 l I I .  ( n m )  1 h* (rim) / 710 (cP.mi /s)  I 7 (mN/rn)  
SOPC vesicles extruded at 30•‹C 
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Conclusions 





r n t w ~ h r a ~ ~ c  surface unticr 

t11c rriost stress. T h t  \.esicle is 1:ushc~l illto the porc, forming cyli~itirical la~~itllacx. 

sryaratcd from the pore wall I)? t he  boundary layer of water rcquired \)y viscous fjow. 

'I I I V  thickness of this I>oundary 1ayc.r is a function of t he  pressure indirectly through 

t I I C  flowratc. ' I ' l~c hour~dary  layer thicknt..;~ in turn determines t h c  radius of thc  w1i11- 
drical l a ~ ~ ~ c l l a .  '1'11e l a ~ ~ i e l l a  is under st rrlss d11c to  the. s f~ca r  force of t he  water f l o w i r ~ ~  

1)ast t h e '  c>xt(*rio~.. ivhicli causes t11v cylindrical form t o  t)c 1111stah1c t o  a for111 o f  t11e 

lla~.le.igl~ ilistal,ilit~.. 'I'liis i n s t a t~ i l i t~ .  causes thr .  \,csiclcs to hrc>ak 1111 into the  smaller 

\.c,sic.lcs \vll ic . l l  arc. ol)si~r\.cd. 

\\.c opr,ratrd 1111dt.r t hrl assu~npt ion  that when t 21c \,olu111c3 flowrat(, of' the  ~ x t  rutlvtl 

t l ~ i s  \\.as cor~sist orlt n.i t h ollr ol)scm.at ions. sonie ivork t o  clarify this ma t  tcr is nchws- 

WI.!.. \\71~cxt 11vr or 11ot t I t ( '  I<a~.lcigh instability is applicahlc h c v  is quc~st ior~ahl(~.  as 

1 ~ ; r ~ ~ I e ~ i g l ~ ' s  i~rstilhilit!. assunncs a small pert urhat ion t o  a steady s ta tc  s ~ . s t c ~ i l .  Ek t rw  

s i o ~ ~  is r~ot  ;I ste.a(ly s ta t0  phcnor~itwori. I f  ttic Raylcigh instabilty is apl)licahlc to t l ~ i s  

t I I I ~ I I ~ I ~ I I I I I I  I ) I .CSSIIIY> ( I ~ ~ l ) o ~ ~ d s  O I I  t llv l!.sis t cnsiori rat livr t I ~ a n  t11c I ) c l ~ ~ c l i ~ ~ g  rigitlit !,. 



Appendix A 

Derivation of the Scattered 

Electric Field 

IIcl-(h. E is t l ~ c  clcctric ficld. B is t h e  ~ l iag~ic t ic  flux dcrlsitj.. D is the clic~lcctric ( { i s -  

placwrie~it field and H is t hc rliagnct ic field. I n  thc problem at tiand. the scattering 

nicdiu~ri 'is nonconduct i~~g and no~~magrlct ic .  w i t h  thc result that  p = 0. J = 0 ( no 

frcc charges in the mcdiuni). and-H = B/p,, (110 n~agnetisation of thc  ~ n e d i u ~ n ) .  

( ' o~~s i t lc r  a rncdiuni with a local diclcct ric constar~t tensor 



~iiucli l o w r  in amplitude than the incident fields. The niagnitudc of t h r  dielectric 

fluctuations is also small compared to  t he  average. 

Tllr electric. dielectric tlisplacernent, and magnetic fiplds of the  incident plane 

wa\.c are E,, D,. and H,.  respect ivtly. Similarly. the scat tcred fields arc E,, D,, arid , 

H,. 'l'llc totals of the fields at any given point in thc medium are then 

Sil1c.c. (E .  D, H ) and ( E , .  D,. H , )  satisfy Rlaswell '~ vquations. (E, .  D,. H,) nius 



d 
APPE,VDIS A.  DEHIC'ATIO~V OF T H E  SC'AllTERED ELECTRIC' FIELD ' -- ( I 

kkparidirrg this using E < q .  A..l and the fact that D, = sE, gives 

D, = EE, + (&).El . ( A .  15) 

rrc.glvct irig tlic second ordcr tprrri (6g)*Es. 'The scattered clcctric ficld E ,  is thcn 

( A .  16) 

\1'c arc. now ir i  a positiori to  substitute Eq. A.16 into Eq. .4.12 to  gct a wave 

IVsirig t Ire v ~ ~ o r  identity V x V x A = V(V* A )  - V2A, wc I I O ~ ~ C C  that V* Ds = 0, 
i 

leaving only t lit. 1,aplaciari of D,. so that  Eq. A.  17 becomes 

l'liis ~vavc  vquatio~i has an irihomogeneous source tcrni. which rnakcs solving t l i t ~  

rqllatiori difficult. 'I'11c. j)roh\crn can be siniplifid b!. defining a ne\v vcctor, rr ( t h e  

f f r ~ t  c: \ Y Y , ~  o~ ). whew 

D, = VxVxr . (11.19) 

I f  I<(! .  . \ . I ! )  is s~thstitritcil in Eq. .;\.IS, i t  is can bc sho~vri that t h c l  t lcrtz vector 

sat isfics a 1vai.c. cquat ion with t lie s i~i iple  source term -(biz)-E,. 

t l i<.  forrlial solution of ~vhicli is 

k( r, t' ) .E,(r. t ' )  
IR - rl 

~vl ic r t~  t' is t lie rct artl td t imc 

Pliv rct ardctl t i ~ n c  1' is t lip tinic at ivhich t hc radiation dr.tectetf at  position R at tirnc 



:1 PPE:YDI?\' .A.  DERI I :4'I'IOA' OF THE SC'ATTEKED ELECTRIC' F IELD i S 

Now. Ily. 2.1 for E, is substituted into Eq. A.21 

1 &(r. t') 
a(R.  r )  = - / d' r  *n,E,exp i ( k ,* r  - LL? ,~ ' )  . 

4 IR- r (  

The scattcrcd displaccrnent \.ector is obtained by using Eq. r\.2:3 i l l  t he  tiefi~lition 

of t lie IIcrtz \vector Eq. X.19. T h e  scattered electric field is related t o  t h e  scat tcred 

displacement vector hy D, = E,E,, where s,, is the clielectric constant at t he  detector 

positiori R. 'Thus. E, is 

~vhc rc  (I,, = ( L ) 7 / 7 ' ) p .  the frecjuenc\- cornponer~ts of the Fourier decomposition. 'I'lic 

or i l~ .  cor~ipori~~rr ts  OC that contribute significantly to  this sum arc those that corrcspontl 
r 7 to t hr. r ~ a t ~ r a l  frcqucmcics of rotation and trailslation of the  systcrn. 1 hcsc frcqutricics 

arc, I(w t liar1 10"' IIz.  which is much sri~allcr than t h e  frequcricy of the incident light, 

2, \vI~ic-lr is on t Ii(1 orclcr of 10'" I lz .  i.e.. cz, >> 12,) for al! sigriificant R,]. Eclliations A.26 

a11c1, arc% ~ioiv s,il)stit t i t ( ~ [  illto I<(,.  A.24 

I:' 
E - = V x V x - T  / 
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Eq. A.28 can he simplified somewhat by defining the  relations d j  - 0 ,  and 

k, r (&/c)iu.jkj. Vsing these relations, Eq. A.28 becomes 

Nes t ,  we notice that the curls of the  integral are  taken with respect t o  R, not r. 

so that t h q  car1 he taken inside the integral. Furthermore. we will discard all .terms 

of order greater t ha11 ( l / R ) .  Effectively. this means that all of t he  derivatives of t h e  

1 / / R  - rl fact or arc nc>glected, as the). are  necessarily of' order 1 / H 1  or higher. Pulling 

t he 1//R - r (  factor out of the double curl arid approxiniating it by l / R ,  the scat tcwd 

r 7 

1 1 1 ~  curls in I':q. X.30 can he dealt with using the  vector identity 

'11 is important  t o  notc that  this  is the  index of refraction t n  ihe medzvm, where the  scatter- 
ing takrs  plact,: Sorrnally. this  fact is neglected in derivations of the  scattered field ( b u t  not by 
t ~ x ~ ~ c r i r r ~ e n t a l i s t s ! ) .  

' 'Rcmit~~ntwr that k,, is a nlathematical  construct. originating in the  Fourier transform in Eq.  A . 2 7 .  



whwe q = kc - kJ is the scattering vector. 

I t  should h e  rioted that kJ = k,  and the definitions of q and kJ are consistent with 

Fig. 2.2 and with Eq. 2.6. Also, Eq. A.34 depends only on the real time t and not the 

retarded time 2'.  5 

'I 'aki~~g the component of E, in the direction of polarization of the scattered field 

n~ gives 

which this tlie same as Eq. 2..5. 

I t  is ilnportarit t o  renierntm that this and all other results givm in this thcsis 

a s s t i ~ t l ~  that the inciclc~~t light wave is scattcrcd o~ i ly  once. hlultiple scattc~ririg is 

t l i ~  result of tcmr~s in hg 6f great cr than first ordcr, which havc Iwen neglectkd after 

f<q. :I. 1 .;. 



Appendix B 

Form Factor of a. Hollow Shell 

- I 

As 3 1 1  c ~ a n ~ p l t . .  ivc will derive the for111 factor P(qj of a hollow sphere with a fi~iitc 

t hickncss st art irig from Eq. 2.15: 

Thc. i~ incr  and outcr radii of thc shell are R, and R,, respectively. , 

r 7 

1110  first stcp is to convert Eq. 2.1.5 fro111 a summation to an intcgral form. Sincc 

t hc pso1)leni ol)\.iously has spherical sj.mnletry, we convert the s ~ ~ m r n a t i o n  to  an intc- 

gral i n  splitrical coortfinatcs o\,cr t hc. volume of the sphere. Noting t.hat the sumrnation 

is rior~~laiiscd 1,. the-factor of I / ( ' ,  we norl~ialise hy dividing by an ilitcgra1,over the-  

.> -,, - 61, do sin o /"" (1,. , . l C q r ~ ~ o  

r = R .  



Ilquation B.2 car) he integrated by parts to obt,airr 

Note that it is unnecessary to  average over all angles due to the spherical synimct ry. 
,. 

I f  this wrrc not so. a swo~rcl iritcgratiori o\.cr the total solid angle would be required. 



Appendix C 

Extrusion by Vesicle Deflation 

;\s all a l tcmat i \ .c  t o  ruptur ing a vesicle at t he  cntrarice t o  a pore  a ~ ~ d  c~spcllirlg t h e  

contcwts, IW \rill considcr t h e  possibirity that w a t c ~  instcad flows out  of t he  vcsiclc 

lllorr3 cluickly t l ~ a n  i t  f l o w  in. decreasing t h t  vesicle's volunic and  allowing i t  t o  m t c r  

t h t .  pgiv without i t r r i .  I f  t h e  f~inct ional  forr~i of t l i r  r a te  of ol~tflom of wat,er is 

kliowrl, t lit, t imc rcquircd t o  forcibly decrease t he  vesicle's volume hy t he  nccessa.r,v 
r _ (  

a111ou11t car1 I)(. cletornlinvd hy integration. I hc-1 tirnc rcquircd t o  c x t . r r ~ d t ~  t h c  c r ~ t i r c  

5 111/ sarr~ple  i l l  t l ~ i s  f ~ s h i o n  is t l i t r i  also ea.sily calculated. 

F'or a quasi-stationary n~cni l j ranc  csposed t o  hot11 a. hydrostatic prcssllrc hl' = 

I : , ,  - and  all osniotic prcssurc diffcrc~rlcc 611 = il,,, - II,,,,t, t.llt. ~o l \~c~11t  volurric 

c.11rrcwt ,I is gi \ Y Y ~  I)!. 

.I = .\ ( h P  - h I 1 )  . ( ( ' . I )  



two sect ions of the \.esiclt> 

'l'hc two permeabilities .I, and .I, will he expressed as the product of the appropriate 

arc& with a (-011sta1it factor A, such that  

( t ' .  4 )  

( ( ' 5 )  

whew r\ is t11c total area of the vesicle. By their definitions. these \.olun~c currents are 

. positive. for f h v  into the  vcsicle. The total rate of change of volurne cJ of the vcsiclc 

is g i \ . c ~ ~  1)). the sum of these two volume currents 

S ~ ~ l ) s t i t ~ ~ l i ~ ~ g  thc (Ivfi~i i t io~~s of J ,  and J ,  in Eq. ( ' . G  a ~ ~ d  siniplif).ir~g, and noting 

t 11;l t  t 11c conccwt rations (1, and arc equal gives 

\\'c n.i l l  a p p r o x i ~ ~ i a t < ~  t lit. pr(3~susc differcncc I?2 - PI across the 11pp~1. portion of t l1r1 

\.esicl< I)?. tlic 1,aplace pscssure 2 i l H .  and assume that neither this prcwurc nor the 

awa of t 11r. vcsiclv across wl~ich \vatc3s can flow is changing. 

S e s t .  ivc note that \vc arc. considering so l \ . c~~ t  c.once~~tsations, not solute co~iccw- 

t rat i o ~ ~ s .  'I'hc c~sterior concmtration is constant and the interior concentration (.I2 

is vchry ~icarly so. Thc rcsult is that thtx terrrl in  Eq. t ' .7  involving the  concentrations 

is r~c~gligiI)l(~. :\I1 of t 1ic remaining terms arc constant. so that we   ha\^ 

TIIC t ini t  satc of cliangc of the voluriic of the vesicle dI . /d t  is by definition t h c  

\-oll~~lic> cr~rrc.~it . I .  l'hc t irnc required for a cliangc of volu~rie froni I ; to I ; is found 

h?. i ~ ~ t c ~ g r a t i ~ ~ g .  \vhicIi of coursc yields a function in\.ersely proportional to  .I. 



Now some a.ssumpt,ions must be made &out numerical values used t o  eva.luatc 

Eel. C.9. W e  will consider tlie situation where DhII'C vesicles with a mean radius H 

of 1 11111 are extruded at 30 psi and 30•‹C;. 'Tile pressure difference PI - 1% is e y p l  to  

tlie pressure drop of 30 psi. The  surface t,erision will he taken to  he 4.2 x 10-:' N/m. 

equal to  t.he lysis tension shown in Table 5.3. We also need to  know sonret,hing ahout 
I 

A. The  flux perrnea,bility T' of rgg PC mnubranes to  water is 2 x 10-%n/s 1601. F r o n t  

t lrcse valucs we find t h t  X = 1 .-1:3 x 10-'%i4/J . s. 

l 'hc initial volnnre of the vesicle is effect,isely ;7rH3 = 4.19 x 10-'%i" $ 1 1 ~  

\.olurnc of the sniall portion irisitle the porc being negligible. Tlie fil~al vcsiclc is 

assurnctl t o  I)c a splicrocylinder of the same3 area as t h c  initial \ .csicl~ a n d  flaying 
ia a radius I :  eyual to t l ~ a t  of the pore, which in this case is 50 nm. 'The volunie of 

e this spl~erocyliridcr is 1; = 3.1-1 x lo-" The volume of the whole vesicle A is 

l ; ; H L  = 1.26 x 10-"111' and the area of the vesicle inside the pore is .4, = 27rr2 = 

s 1 ..;7 x 1 0-'~11112. 

\ \ - i t  h tlicsc arcas and the \.alucs above. we find that  J = 1 ..?5 x 10-~'11i '~/s.  'I'llis 
r 7 rc3sult is c lo~~~ir ia tcd  I)? the term involving the surface tcnsiori. I h e  time to change 

t 11c. \.c.sii.lr. \.olunic froni \; to 1; is 

'I'hc rcsult is negativc due to our definition of .I a s  being positive for ~ i c t  flow int.0 

the. \.c.siclc.. I f  LW hacl dcfincd J such that. i t  was positi\.c for net outflow from t h e  

\x.sii.lc t hc. time woi~ld have been positive. Forty- two minuics arc rcy uirtd to  tleflate 

a \.clsiclc cnougli so that i t  will fit through t he port?. A ttrpical 5 rn( \.csicle sol~ition 

tias S.S 1 x 10"' ~ w i c l c s  suspcnclcd in i t .  while tlicre are around 1.66 x 10")orcs o n  a 

~ ~ l r ~ n i h r a r ~ c ~  sl~rfacc.. This Illcans that an avcragc of 53 vc3siclcs must pass through each 

pore.. I t  ~vould takv ahout 37 hours to push all of the \wicles through the mmibranc 

ti~iclcr thew conditions. I t  is ol)servcd experirr~entally that vcsicles pass through the 

filter in a fraction of this t ime, irnplying that pernileation of the membrane is not a 

significant factor i n  cstr-utlirig \.esicles. 
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