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Abstract 

Fat i n  mi lk a nd cream is present as t iny droplets, which are each enveloped in  a thin membrane, 

cal led the mi l k fat globule membrane (MFGM) .  The MFGM can easi ly be d amaged by factors 

such as pum pi ng the mi lk and a pply ing other forms of agitation. MFGM damage is believed to 

reduce processing efficiency and compromise the qual ity of manufactured products. 

A comprehensive review of the l i terature showed that our understanding of changes occurring i n  

the MFGM post secretion of the fat globule by the mammary secretory cel l i s  sti l l  rud imentary . 

Furthermore, it was found that a fundamental understand i ng of MFGM damage in  raw mi l k is 

lacki ng. Hence, this study sought to develop analytical techniques for study ing the MFG M .  

Fl uorescent probes were identified that associated with the MFGM ( bov ine ,  ov ine, human) i n  

one of two ways: either by embedd i ng in the phosphol ip id bi layer ( l i poph i l i c  probe) or by b ind ing 

to carbohydrate moieties of glycosylated chains i n  the glycocalyx ( lectin probes). The use of 

these probes, i n  combination with either conventional fluorescence m icroscopy or confocal l aser 

scanning microscopy, allowed 2-D images and 3-D images of fat globules to be made. 

Appl ication of water-soluble l i pophil ic probes and the lecti n wheat germ agglutin in  (WGA) 

d i rectly to m i l k  a l lowed the sta i n ing of the MFGM in its native env ironment. Variable distribution 

patterns of the probes in the MFGM were observed , wh ich suggests that the MFGM of fat 

globules i n  harvested mi l k is structurally and chemical ly heterogeneous both with in and among 

globules from the same species and between species, and even among fat globules with in the 

mi lk  of an ind ividual animal .  Furthermore, the bind ing behav iour of WGA to the MFGM of native 

fat globules ( i n  bovine mi lk) and washed fat globules ( i n  model systems) fol lowing heat 

treatment i m pl icated �-Iactoglobu l i n , a-lacta lbumin ,  immunoglobu l i n  M a nd/or the glycosylated 

proteins Periodic acid Schiff 6/7 in the disappearance of fat globu le aggregation upon elevated 

heat treatment of mi lk. The resu l ts of the current study showed that the use of mem brane­

specific fluorescent probes, particu larly i n  combi nation with confocal laser scanning m icroscopy , 

has significant potential for prov id ing real time structu ral and chemical i nformation about the 

MFGM i n  matrices such as harvested m i l k  and milk products. 

In addit ion to the fluorescence microscopy techniques, development of other techniques was 

also conducted . Flow cytometry was shown to have significant potential for the quantitative 

determi nation of various properties of fat g lobules and their mem branes . Although no su itable 

sample preparation technique cou ld be developed i n  this study, atomic force microscopy is 

bel ieved to have significant potential for studying structural and physical properties of the 

MFGM. Selective harvest ing of indiv idual  fat globules was shown to be possible by using a 

micromanipu lator. In future work, this technique is expected to be used i n  combination with 

fluorescence m icroscopy, or atomic force microscopy. 

The present study has shown that the development and appl ication of novel analytical 

techniques has advanced , and in the future wil l  further advance, understanding of the MFGM. 
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1 General introduction, obj ectives and format of the thesis 

1 . 1 General introduction 

Fat i n  m i lk  and cream is present as t iny droplets, wh ich are each enveloped in a th in membrane, 

cal l ed the mi lk  fat globule membrane (MFGM) .  This membrane protects the fat i nside the 

droplet and also prevents the fat from separating from the mi l k as an oily layer. However, the 

MFGM can easily be damaged by factors such as pumping the mil k and applying other forms of 

agitation . I n  turn, MFGM damage is bel ieved to cause practical problems, resu l ting i n  reduced 

processi ng efficiency (e .g . ,  through fou l i ng of manufactur ing equ ipment) and com promised 

qual ity of manufactured product (e .g . ,  off-flavours in certain  products). Such problems 

significantly affect business profitabi l i ty for mi lk  processors. 

Although some progress has been made over the l ast 40 years, understand ing of the molecular 

structure of the MFGM is sti l l  rud imentary. Moreover, a fundamental understanding of MFGM 

damage in raw mi lk  or cream is lacking .  This lack of fundamental i nformation: ( 1 )  significantly 

ham pers efforts to make efficiency gains in mi lk  and cream processi ng,  and (2) prohi bits the 

bui ld ing of the understanding needed to underpin the development of new products. 

1 .2 Objectives 

G iven the lack of fundamental understanding of the composition a nd structure of the MFGM,  

and  the  need for analytical methodology for studyi ng changes i n  the  MFGM,  the present study 

focused on developing a range of a nalytical techniques for measuring com positional and 

structural changes qual itatively ( i . e . ,  kind of change) and,  if possi b le ,  quantitatively ( i .e . ,  degree 

of change) in model and field stud ies. 

The su pposition underpinn ing this work was that the MFGM of indiv idual fat globules is not 

homogeneous, and differs between d ifferent fat globules. The chal lenges then were: ( 1 )  to 

develop non-invasive and non-damaging analytical techniques to i nvestigate i ntri nsic 

heterogeneity within and between the MFGMs of m i l k  from cows a nd from other species, and 

(2) to apply these techniques to monitor changes i n  the MFGM resu lt ing from mechanical , heat 

and/or other treatments. Such changes may lead to altered characteristics of mil k and/or m i l k  

products. The current study focused mainly on the first cha l lenge; the second chal lenge shou ld 

be addressed i n  future work. 

The i ntermediate objectives i ncluded the fol lowing:  

( 1 ) To summarise and critique current knowledge on changes i n  the MFGM from the secretory 

cel l  to the harvested and treated mi lk ;  

( 2 )  To  summarise and critique pub l ished methodology for studyi ng aspects of, o r  changes to, 

the MFGM; 
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(3) To advance the "analytical tool box" by developing a ra nge of new physico-chemical 

methods that either would prov ide new insights i nto the structure or composition of the 

MFGM, or that could be used to measure changes to it ;  

(4) To demonstrate the potential of the developed methods for advancing knowledge of the 

structure and/or com position of the MFGM . 

1 .3 Format of the thesis 

An initial assessment of pu blished papers on the su bj ect of the MFGM rev ealed a significant 

gap in  the scientific l i terature: although the origi n  and secretion of fat globules, as well as the 

effects of mi l k hand l i ng and treatment of harvested mi lk, were well covered , a systematic 

overview of the changes occurring in the MFGM was lacking in  the l iterature . The l i terature 

rev iew of the current study ai med to fill this gap. In addit ion, consideri ng that the overall aim of 

the current study was to develop new analytical techniques, a thorough revi ew and cri tique  of 

analytical methods used in  MFGM research was undertaken. Hence, the overall l i terature 

review resulted in two d isti nct, yet related , parts, wh ich are i ncorporated in this thesis as 

Cha pter 2 and Chapter 3 respectively' . 

2 

Chapters 4-6 descri be the devel opment and application of fl uorescent probes that sta in  the 

MFGM.  Chapter 4 outl i nes the probe screening programme and describes the development of 

2-D and 3-D fluorescence microscopy techniques. Chapter 5 describes the val idation and 

appl ication of the lect in wheat germ aggluti nin (WGA). This cha pter d iffers from Cha pters 4 and 

6 i n  two ways. First , Cha pters 4 and 6 focus on the study of the structure and com position of the 

MFGM in its native environment ( i .e . ,  mi lk) .  However, to study the interactions between the 

MFGM, WGA and mi lk  plasma components, several experiments in Chapter 5 i nvolved the use 

of model systems. Second ly,  part of the work in Chapter 5 i s  described chronological ly ,  because 

of the scoping nature of the work . This was done to make it easier for the reader to understand 

the background of, and rationale for, the various ex periments. Chapter 6 prov ides a prel im inary 

eval uation of structural and compositional features of the M FGM as revealed by fl uorescence 

microscopy. 

Cha pter 7 details development work on three additional analytical techn iques, namely atomic 

force microscopy (AFM ), a micromanipulation technique and f low cytometry. One of the ma in  

a ims of th is  chapter is  to  sketch potential future developments i n  analytical techniques for 

MFGM research . The work descri bed in this chapter wi l l  serve as the basis of such future work. 

F inal ly, Chapter 8 assesses the outcomes of this study in the context of MFGM research and 

recommends directions for future work using the developed techniques. 

These chapters have been published as two separate papers (Evers. 2004a. b) .  Relevant literature publ ished since 

2004 has been discussed in  Chapters 4-8. 
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2 The M FGM - compositional and structural changes 
post secretion by the mammary secretory cel l 

3 

The content of this chapter was published in the International Dairy Journal (2004), 661 -674. 

2.1 I ntroduction 

Fat in milk is present as more or less spherical g lobules. These fat globules are enveloped in  

a layer of surface-active material , wh ich is cal led the MFGM .  The MFGM consists of  many 

different com pounds, mai nly phosphol ipids, glycol i p ids and proteins, many of the latter bei ng 

enzymes. The origin, composition and structure of the MFGM have been the subject of many 

l iterature reports, and these have been rev iewed at various times (e .g .  rev iews publ ished i n  

the l ast three decades i ncl ude Mulder & Walstra , 1 974; Anderson & Cawston ,  1 975; Patton 

& Keenan ,  1 975; Patton & Jensen, 1 976; Keenan et aI. , 1 983a; McPherson & Kitchen , 1 983;  

Walstra & Jenness, 1 984; Keenan & Dylewski , 1 985; Keenan et al. , 1 988; Kanno, 1 990; 

Keenan & Dylewski , 1 995; Keenan & Patton ,  1 995; Mather & Keenan, 1 998; Danth ine et aI. , 

2000; Keenan, 2001 ; Keenan & Mather, 2002; Ol l iv ier-Bousquet, 2002) .  

The M F GM is bel ieved to  change post secretion by  the mammary secretory cel l ,  but l i ttle i s  

known about the factors that cause such changes ( Keenan & Mather, 2002) .  Consequent ly,  

this rev iew does not aim to prov ide an updated version of the above-cited reviews, but rather 

focuses on how the MFGM may change post secretion by the mammary secretory cel l .  

I t  is useful to d istinguish between two different stages in which changes i n  the MFGM can 

occur. The fi rst stage is when the fat globu les are sti l l  i n  the mammary g land . This i s  

d iscussed i n  Section 2 .2 .  Section 2 .2 . 1 summarises current knowledge of the orig in  and 

secretion of mi lk fat globu les.  The main purpose of this section is to prov ide a brief 

background for the su bsequent d iscussions on changes i n  the MFGM .  For a more i n-depth 

overview of the origin and secretion of mi lk fat globules, the reader is referred to the above­

quoted rev iews and papers cited there in .  Section 2 .2 .2 d iscusses changes in the MFGM 

dur ing and after secretion  by the mammary secretory cel l ,  but before extraction of the mi lk  

from the mammary gland . 

The second stage concerns changes i n  the MFGM as a consequence of m i l k  harvesting and 

subsequent m i l k  handl i ng  and treatment. Aspects of this (refer to Table 2 . 1  for a su mmary)  

are d iscussed i n  Section 2 .3 .  

2.2 Formation and secretion of milk fat g lobules by the mammary secretory cel l  

2 .2 .1  Origin of mi lk fat g lobules 

I ntracel l u lar fat globule p recursors appear to originate from the endoplasmic reticu lum 

(Zaczek & Keenan, 1 990) and to assemble into globules of various sizes rang ing from l ess 
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than 0 .2  IJm to greater than 8 IJm (Mather & Keenan, 1 998; Ol l iv ier-Bousquet, 2002), which 

m igrate through the mammary secretory cel l  to the apica l  plasma membrane by, as yet, 

un identified mechanisms 1 ( Keenan ,  2001 ; Ol l ivier-Bousquet, 2002) .  The i ntracel l ul ar fat 

globu l e  is surrounded by a d iffuse interfacial layer, the com position of wh ich i ncludes 

phosphol i p ids,  glycosph ingol ipids, cholesterol and prote ins ( Keenan et al. , 1 970; Hood & 

Patton ,  1 973; Keenan et al. , 1 983a; Kanno, 1 990; Keenan & Dylewski , 1 995),  but not 13-

carotene2 ( Keenan et al. , 1 970). The distribution of cholesterol between the fat globule core 

l i pid and the fat globule i nterfacial layer has not been establ ished ( Keenan & Dylewski ,  

1 995) .  

4 

When the fat globu le approaches the plasma membrane, a dense-stain ing layer of 1 0-20 nm 

between the fat globule and the plasma membrane is seen by electron microscopy 

(Wood i ng,  1 971 a) .  This layer consists ma inly of protein ,  i ncl uding xanthine ox idase (XO), 

butyrophi l i n  ( BTN), adipophi l i n  (Keenan et al. , 1 982; Mather & Keenan ,  1 998) and possib ly a 

class of low molecul ar mass guanosine tri phosphate-bind ing prote ins (Keenan & Dylewski , 

1 995; Ol l iv ier-Bousquet, 2002) .  The genera l ly  accepted mechanism for the excretion of the 

fat globule from the cel l (a  process that is sometimes cal led "budding") is v ia  progressive 

envel opment of the fat globu le  by the a pical plasma membrane of the secretory cel l .  The 

l atter is a true bilayer membrane. 

Hence, the MFGM originates from several d isti nct layers with total thickness varying 

between approx imately 1 0  a nd 20 nm (Walstra et al. , 1 999). As v iewed from the l i pid core 

outwards, there is first an i nner surface-active layer that surrounds the i ntrace l lu lar fat 

droplet, then a dense proteinaceous coat located on the i nner face of the b i layer membrane 

and fi nal ly a true bi layer mem brane (Keenan & Mather, 2002) .  In electron m icrographs of 

globules that were in the process of being secreted by the cell (Henson et al. , 1 971 ; 

Wooding,  1 97 1  a; Bauer, 1 972;  Freudenste in et al. , 1 979), the dense coat and the i nnermost 

i nterfacial layer could  not be d isti nguished from one another. W hether this was due to 

l im itations in electron microscopy technology, to a merging of the two layers i nto one coat or 

to loss of membrane material is not clear (Keenan & Mather, 2002) .  

As the bi layer membrane of the  MFGM is derived from the ap ical plasma membrane of the 

secretory cel l ,  the most widely accepted model for this type of membrane would be the fl u id  

mosa ic model (Figure 2 . 1 ) .  Some corroborati ng ev idence for the appl icabil i ty of  the fl u id 

mosa ic model to the MFG M  may be derived from nuclear magnetic resonance (NMR) 

stud ies, wh ich i nd icate that MFGM proteins have a h igh ly ordered structure (Chandan et al. , 

1 972) .  Further, the very low in terfacial tension between the fat globule core and the m i l k  

plasma that results from the presence of the MFGM (Ph i  pps & Temple,  1 982) i s  i ndicative of 

a somewhat ordered membrane (van Boekel & Walstra, 1 989).  

A proteomics approach may substantially progress the knowledge in this area (W u eta/. ,  2000). 

2 The MFGM of fat globules in secreted mi lk is also devoid of p-carotene ( P atton et al. ,  1 980a). 
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F ig u re 2. 1 Schematic of the fl uid mosaic membrane according to S i nger & N icolson 
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( 1 972). This model suggests that the phosphol i pid bi layer serves as the 

backbone of the mem brane, wh ich exists in a fl u id phase. Peri pheral membrane 

proteins are partially embedded or loosely attached to the bilayer. 

Transmembrane proteins extend throug h  the l i pid bi layer. Figure reproduced 

from Parol a ( 1 993) with permission ,  Wi ley-VCH, Weinheim ,  Germany. 

There is evidence that the proteins of the MFGM are arranged asymmetrical ly in the MFG M 

( Mather & Keenan, 1 975; Kanno, 1 990). Some membrane enzymes are known to have their 

active sites accessi b le  from one face, but not from both faces, of the phosphol i p id bil ayer 

(e .g . ,  5'-nucieotidase: outer face; Mg2+-adenosi ne tri phosphatase: i nner face; reviewed by 

Keenan et al. , 1 983a) .  Li kewise, several membrane proteins are predomi nantly exposed 

e ither on the i nner face (e.g . ,  XO; Keenan & Patton ,  1 995) or on the outer face (e.g . ,  period ic 

acid Schiff (PAS)  6/7 ;  Mather & Keenan, 1 998) of the membrane. Other proteins are l i kely to 

be transmembrane proteins (e.g . ,  BTN; Jack & Mather, 1 990). Carbohydrate moiet ies 

appear to be un iform ly  d istri buted over the external membrane surface as shown both 

morphological ly ,  usi ng transmission electron m icroscopy (Horisberger et al. , 1 977), and 

biochem ically (references cited by Keenan et al. , 1 983a). 

On the basis of knowledge of various cel l u lar mem branes, phosphol ipids, l i ke protei ns, are 

a lso expected to be asymmetrical ly arranged . However, concrete evidence for this i n  the 

MFGM has not yet been forthcomi ng (Keenan & M ather, 2002) .  
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Table 2 . 1  Summary of various factors and their effects on the bovine MFGM after the milk leaves the udder. 

Factor 

Air bubbles 

Cool i ng 

Heating 

Age ing 

Ag itation 

Bacterial growth 

Stage of 

l actation/season 

Effect 

Substantial loss of mem brane material 

Loss of copper 

Loss of phosphol i pids 

Adsorption of copper 

Adsorption of whey prote ins 

Aggregation of BTN and XO 

Loss of PAS 6/7 

Loss of phosphol i pids (?) 

The effects depend on tem perature 

Depends on the degree of a ir  i ncorporation . 

H igh shear forces are requ ired to change the 

MFGM in the absence of air 

Production of l ipases, phosphol i pases, 

protei nases or glycosid ic hydrolases may 

change the MFGM 

Affect the amount of mem brane material , fat 

globule s ize distri bution and probably relative 

d istr ibution of membra ne components 

Comments/Reference(s) 

Walstra & Jenness ( 1 984) 

Mulder & Walstra ( 1 974) 

Baumrucker & Keenan ( 1 973); Patton et al. ( 1 980b) 

Mulder & Walstra ( 1 974) 

lametti et al. ( 1 997) 

Ye et al. (2002) 

Lee & Sherbon (2002) 

Koops & Tarassu k  ( 1 959); Greenba nk & Palla nsch ( 1 96 1 ); Hou l i han et al. 

( 1 992) 

Little is known about how the MFGM is affected by ageing as a fu nction of 

tem perature 

Mulder & Walstra ( 1 974); Stannard ( 1 975); Te W haiti & Fryer ( 1 975); Mi l ler 

& Pu han ( 1 986b) 

McP herson & Kitchen ( 1 983) 

Few control led stud ies investigati ng the effects of stage of l actation,  season 

and other factors have been reported in the l i terature 
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2.2.2 Changes in the MFGM during and after secretion by the mammary secretory 
cell 

7 

At the present t ime, very few facts are avai lab le regard ing changes that m ight occur i n  the 

MFGM post secretion from the mammary secretory cel l .  Reported observations are based 

mai nly on microscopy techniques, although som e  biochemical d ata are a lso ava i lable. 

E lectron m icroscopy observations indicate that MFGM isolated from the fat globules of 

harvested mil k tends not to vesicu l ate, i n  contrast to isolated plasma membrane, which tends 

to vesiculate ( Keenan et al. , 1 970). The former phenomenon i s  presumably due to the 

presence of the dense l ayer at the i nner face of the phosphol i pid bilayer (McPherson & 

Kitchen,  1 983). This and other observed morpholog ical d ifferences, such as a l ack of 

i ntramembranous particles (probably membrane proteins; Peixoto de Menezes & Pinto da 

S i lva , 1 978; Hui & Boni , 1 991 ) i n  the plasma membrane at locations where fat g lobules are 

budd ing ( Peixoto de Menezes & Pi nto da Si lva, 1 978; Zerban & Franke, 1 978), suggest that 

a re-arrangement of constituents within the apical plasma membrane/MFGM occurs upon 

secretion of the fat globule by the mammary secretory cel l .  The clearing of intramembranous 

particles in the membrane duri ng budding may increase local membrane elasticity (Zerban & 

Fran ke ,  1 978; Freudenstein et al. , 1 979), but the phenomenon is not consistent,  as the 

MFGM of some extracel l ular fat globu les does contain  i ntramem branous part icles, al beit at a 

reduced density (Banghart et a/. , 1 998). The reason for the i nconsistency is not known . 

S im il arly, the process of loss of material from the membrane after secretion of the fat g lobule 

by the secretory cell is unclear. Morphological observations of excreted fat g lobules suggest 

that gradual l oss or restructuri ng of membrane material occurs dur ing the sojourn of the 

g lobule i n  the secretory a lveol us and its passage into expressed m i l k  (Henson et al. , 1 971 ; 

Wooding, 1 97 1  a, b; Bauer, 1 972) .  At least som e  loss appears to occur through either 

d issolution or vesiculation ( i . e . ,  the formation of sma l l ,  microsome-l ike particles that are 

subseq uently d islodged from the fat globule, a phenomenon cal led blebbing) (Wood ing,  

1 97 1  b ;  Zerban & Franke, 1 978).  However, on the basis of biochemical analysis of harvested 

mi lk ,  the val id ity of these i nterpretations has been questioned and the possibil ity that the 

supposed losses of membrane material may, at l east partly, have been artifacts of the 

electron microscopy fixation process used shou ld  be considered (Bauer, 1 972; Baumrucker 

& Keenan ,  1 973; Patton ,  1 973;  Keenan et al. , 1 983a ; Mather & Keenan, 1 998). 

Nevertheless, as the apical plasma membrane of the mammary secretory cell i s  a highly 

dynamic membrane, the fat globule secretion process is expected to i nvolve many 

b iochem ical and biophysical changes. Hence, there wi l l  be sig nificant rotational and lateral 

d iffusion, and possib ly trans-Iayer movement (fl ip-flop) ,  of mem brane compounds. 

Furthermore, there wi l l  a lso be changes in the curvature of the bi layer membrane (the 

degree of which wi l l  depend on the size of the fat globule), as wel l  as changes in  

electrostatic properties, wh ich are caused mai nly by the changed env ironment of the i nner 

b i layer l eaflet. Al l  these changes suggest a h igh ly dynamic process at the molecular l evel . 
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These b ind ing and re-arrangement processes may conti nue for some time after the fat 

globule has been secreted i nto the alveol us, but could a lso be rapid . The extent of change 

wi l l  depend on a balance of energy and entropy (van der Meer, 1 993) a nd wil l  be affected by 

such factors as local surface tension, the kind of i nteraction and bonding between mem brane 

constituents, and the d iffusion/mobility rates of i nd iv idual com ponents i n  the d ifferent media 

( i .e . ,  core fat, different membrane layers and mil k plasma) .  

Although,  a t  the present time, membrane blebbing shou ld  be considered a possible  process 

of post-secretion changes in the MFGM, both in the alveolar l umen and in the harvested m i l k  

(Horisberger et  al. , 1 977;  Zerban & Franke, 1 978; Pi nto da  S i lva et  al. , 1 980), confirmation of 

the phenomenon should be sought by alternative microscopy techniques to corroborate the 

interpretations that have been based on electron microscopy observations alone. 

I n  genera l ,  the sometimes conflicting opin ions of authors (e.g . ,  Kobyl ka & Carraway, 1 973; 

Patton, 1 973; Sh imizu et al. , 1 979; Keenan et aI. , 1 983a ) and the paucity of rel iable data 

regard i ng the MFGM composition and the structure of fat globules post secretion by the 

mammary secretory cel l ,  as a function of time and other variables, make this area r ipe for 

further study. Future research, using techniques such as confocal l aser scanni ng microscopy 

(CLSM) ,  atomic force m icroscopy (AFM) and fl uorescence methods, should shed new l ight 

on these aspects and contri bute to settl i ng exist ing controversies. 

2.3 Changes in the MFGM and fat globule du ring and after m i l k  harvesting 

Changes in the MFG M during and after mi lk  harvesting are affected by a number of factors, 

wh ich may be div ided arbitrari ly i nto three groups, v iz .  physiological ,  chemical/enzymic and 

physical/mechanical (Ki rst, 1 996) .  Such changes may manifest themselves as l oss of 

membrane components , adsorption of mi lk plasma components and chemical or enzymic 

reactions (Walstra & Jenness, 1 984), which, i n  turn ,  may affect the stabi l ity of the fat g lobule.  

Physiolog ical factors i nclude the d iet of the cow, breed , fat g lobule s ize and stage of l actation 

(Anderson & Cawston,  1 975; McPherson & Kitchen, 1 983). These affect the stabi l i ty of the 

fat globu le (Te Whaiti & Fryer, 1 975; Ki rst, 1 996; Deeth, 1 997; Walstra et al. , 1 999), but the 

relationship between these factors, the MFGM composition and fat globule stabi l i ty is 

extremely complex . The present rev iew l imits itself to a d iscussion of fat globule size 

d istribution and stage of lactation only. 

Physical and mechanical factors arise in milk hand l i ng dur ing and after milk harvest ing.  Pre­

factory mi lk  hand l ing involves a i r  i nclus ion,  agitation of the m i l k ( pumping and stirring) ,  

changes i n  temperature and changes i n  time (ageing of the m i l k) .  Hand l i ng of the mil k at the 

factory i nvolves agei ng, agitation, air i ncl usion and temperature changes; del i berately 

appl ied treatments or processes i nclude separation ,  heat treatments (e .g . ,  pasteurisation) ,  

homogenisation and changes i n  water content ( McPherson & Kitchen, 1 983). 
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Like the physiolog ical factors, these physical factors may effect compositional and structural 

changes i n  the M FGM and hence the stab i l ity of the fat globules. Some of these factors are 

d iscussed in more detail below. However, it is noted that there has been l i ttle research i n  this 

area deal ing specifical ly with the MFGM, because of the complex variables involved (Keenan 

& Patton, 1 995) .  

The effects of heat treatment on enzymic changes and on chemical changes in  the MFG M  

have been rev iewed by Hou l i han ( 1 992) a n d  by v a n  Boekel & Walstra ( 1 995) respectively ,  

and are not reviewed separately here . I nstead,  because enzymic and chemical reactions are 

often affected s ignificantly by physical or mechan ical factors, comments a re i ncl uded i n  the 

d iscussions on  physical and mechanical factors where relevant. 

2.3.1 Some physical and mechanical factors affecting the stabi l ity of fat globu les 

This sect ion comprises a discussion of changes in the MFGM as a consequence of mi lk 

hand l i ng a nd treatment. Aspects of what is commonly cal led "fat g lobule damage" i n  relation 

to specific measurement methods are d iscussed in Chapter 3. 

It is noted that much of the knowledge a bout the structure and molecular organisation of the 

MFGM of fat g lobu les in harvested mi lk  ( F igure 2 .2 )  has been obta ined using morphological 

or biochemical techniques appl ied to isolated membranes. In many stud ies,  MFGM material 

was obta i ned from milk by either physical separation techn iques (e.g . ,  churning, repeated 

freezi ng and thawing) or chemical techn iques, such as those using surfactants to destab i l ise 

the fat globules, or washing techniques usi ng water, sucrose sol utions and/or buffers 

followed by a separation technique (usua l ly  centrifugation) .  Therefore, i n  most cases, the 

resu l ts obta i ned concerned fat globu les that had undergone substantial mechanical 

treatment and whose external env i ronment had been su bstantia l ly changed . Different resu lts 

were obta i ned depend ing  on the isolation techniques and cond itions used (Anderson & 

Brooker, 1 975; Bhavadasan & Gangu l i ,  1 976, 1 977; Mather et al. , 1 977; Yamauchi et al. , 

1 978; Keenan et al. , 1 988). Hence, the resu l ts reported on structure or composition may only 

part ial ly represent the membrane present on fat g lobules i n  their native env ironment, i .e .  m i lk  

plasma (Woodi ng, 1 971  b ;  McPherson & Kitchen, 1 983; Walstra , 1 985). This significantly 

com pl icates the interpretation of the resu l ts reported in the l i terature com paring the MFG M  of 

fat globules i n  harvested mi l k with that of extrace l lular fat globules i n  the mammary g land.  

Consequently, al though models have evolved over t ime (for a comparison of different 

models, see Danth ine et al. , 2000), the structure of the MFGM sti l l  remains a poorly 

understood aspect of the mil k fat globu le  (Walstra et aI. , 1 999). 

Another confounding factor is that the MFGM composition may vary s ignificantly between 

m i l ks of d ifferent an imals and even between d ifferent m i lki ngs of the same an imal (Walstra & 

Jenness, 1 984), and therefore the same mechanical treatment of m i lk  from different orig ins 

does not necessari ly effect the same changes i n  the MFGM or i n  the fat g lobules ( M i l ler & 



Chapter 2: The M FGM-Composit ional and structural changes 1 0  

Puhan, 1 986b) .  This further compl icates the comparison of resul ts of different studies that 

investigated the effect of the physical or mechanical factors on the stabi l i ty of the fat globule ,  

such as those d iscussed below. 

A 
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B 

Proteinaceous coat 
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Fig ure 2.2 Overviews of the structure of the MFGM. Highly schematic. Drawings not to scale . (A) 

Schematic showing the core fat, the proteinaceous coat, the bi layer membrane a nd its 

glycocalyx (a macromolecu lar l ayer formed by the ol igosaccharides of the glycol ip id  head 

groups and the branched polypeptide/oligosaccharide head groups of the glycoproteins). 

(B) Schematic of pred icted topologies of some proteins. Adapted from Mather & Keenan 

( 1 998) and Michalski et al. (2001 b). MUC 1 (Mucin 1 )  = heav i ly  glycosylated muci n-l i ke 

g lycoproteins. CD (cluster of d ifferentiat ion) 36 = I ntegral MFGM protei n ,  heav i ly 

g lycosylated . 

Gas bubbles 

Air is i ncorporated i nto mi lk at various points during mi lk hand l i ng and processi ng.  

Somet imes, the presence of a i r  is del iberate and wanted (e .g . ,  in buttermaki ng) ,  but usual ly it 

is deemed to be undesirable. M ix ing of mi lk or cream with air ,  or any gas (Stannard , 1 975; 

Tol l e  & Heeschen, 1 975), can significantly reduce the stabi l ity of the fat globules (Te Whaiti 

& Fryer, 1 975; Mi l ler & Puhan, 1 986b). In this process, it is env isaged that, when a m i l k  fat 

globule and an a ir  bubble come in contact with each other, the MFGM is ruptured . 

Consequently ,  the mem brane material and ( part of) the core fat wi l l  spread over the air/mi lk  

plasma i nterface (Figure 2 .3) and wi l l  be released i nto the mi lk  p lasma when a i r  bubbles 

col l apse or coalesce (Walstra & Jenness, 1 984; van Boekel & Walstra , 1 989). 
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Figure 2.3 Schematic overview of fat globule membrane damage by a i r  (adapted from Mulder & 

Walstra ( 1 974). ( 1 ) A fat globule and an  air bubble make contact. (2)  S hearing of 

membrane material and consequent spreading of the material over the mi lk  plasma/air  

i nterface. (3) Adsorpt ion of mi lk  p lasma protein to MFGM-depleted areas of the fat 

globule .  Refer to Walstra & Jenness ( 1 984) for a d iscussion of the theoretical aspects of 

the physico-chem ical phenomena i nvolved. 

Sign ificant changes in  the MFGM caused by mixing milk and air can occur read i ly on  the 

farm. Most of these changes occur i n  m i lki ng machi nes in which air is used as the transport 

med ium for the mi lk (e.g . ,  Salvatierra et al. , 1 978; Kirst, 1 981 ; Evers & Palfreyman,  2001 ) .  

Rough treatment of the m i l k  may be  ev ident v is ibly  by  the presence of foam on  top of the 

mi l k in the farm bu l k  tank ( Deeth & Fitz-Gerald ,  1 976; Fl uckiger, 1 987). Although i nd icative of 

MFGM damage, this does not necessari ly result in significantly i ncreased concentrations of 

free fatty acids (FFAs) by l i polysis ( Evers & Palfreyman, 2001 ) ,  because this is also 

dependent on other variables, such as the activ ity of the native l i pase (see Chapter 3). 

Agitation 

The effect of agitation (stirring and pumpi ng) is dependent on other factors such as 

tem perature, the presence of air a nd the fat content. At temperatures below 40°C, fat 

crystals  start to form i n  the fat core of the globule. U pon deformatio n  of the fat globu le ,  such 

fat crystals can cause local structural changes to the membrane, for example by p iercing it. 

This can lead to fat globu le  aggregation and partia l  coalescence (H i nrichs, 1 994; Wal stra et 

al. , 1 999). Stud ies in which the vol ume of i ncorporated air was reduced or el im i nated 

showed that the presence of air is by far the most significant factor causi ng changes in the 

M FGM (Mu lder & Walstra, 1 974; Stannard , 1 975; Te Whaiti & Fryer, 1 975; M i l ler & Puhan, 

1 986b). I n  turn, th is suggests that l i ttle change i n  the MFGM occurs by agitation in the 

absence of a i r, unless high shear forces are present .  
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Large fat globules are more susceptible to shear stress than smaller fat globules (H i nrichs & 

Kessler, 1 995; W iking et al. , 2003). For d isruption ,  this can be readi ly derived from the ratio 

of v iscous stress to Lap lace pressure for a fl u id particle, 

G ,.,  d / Y 

where G is the velocity gradient (s-
'
), ,., is the v iscosity (Nsm-

2
) of the mi lk  plasma, d is the 

d iameter (m) of the fat globule, and y is the i nterfacial tension (Nm-
'
) (Walstra & Jenness, 

1 984). This shows that an i ncrease in  size of the fat globule i ncreases this ratio .  Disruption of 

fat globules occurs when approx imately G ,., d / y >  0.5, which requ i res h igh velocity 

gradients (Walstra & Jenness, 1 984). In practice, h igh shear forces can occur in poorly 

designed pumps, p ipel i nes and other equi pment ( Lehman, 1 982) and they resu l t  in the 

adsorption of plasma protein ,  notably casein ,  to the fat globule surface (M ichalski et al. , 

2001 b) .  Wiking et al. (2003) showed that the resistance of fat globules against coalescence 

during pumping is determined by a com bination of factors i ncluding fat globule size, fat 

content, temperature of the mi lk  and shear rate. 

Fol lowing harvesti ng and storage of the mi lk, agitation of the mil k by pumping from the farm 

bu l k  tank to the mi l k tanker can, i n  principle ,  cause further damage to the fat globu les. 

However, with the use of properly designed equ i pment, changes in  the MFGM and fat 

g lobules, as measured by FFA levels and fat globu le size d istri bution ,  should be l im ited 

( Evers et al. , 2001 b ) .  Transport of the mi lk  by truck or tra in  to the factory would be expected 

to effect further changes in the MFGM, but, as no experimental data appear to be avai lable 

i n  the l i terature, the extent of these changes is u nknown. 

Temperature and ageing 

I n  the dairy industry, manipulation of the tem perature of m i lk  is employed to safeguard the 

qual ity of mi lk and to infl uence the properties of processed m i l k  products. For exam ple, to 

im prove its keeping qual ity, mi lk is cooled at the farm and heat treated at the factory. Further 

heat treatment at the factory is performed to aid processi ng and to manufacture products 

hav ing a certain  water content. However, heat ing,  cool ing and ageing of mi l k can effect 

physical changes i n  the MFGM and fat globules,  and these are d iscussed below. 

Temperature effects on adsorption of components from the milk plasma and desorption of 
membrane components 

The composition of the MFGM can change by adsorption of surface-active m i l k  p lasma 

constituents and selective, or non-selective, desorption of mem brane com ponents (Anderson 

et aI. , 1 972; Buchheim, 1 986; van Boekel & Walstra, 1 989; Hou l i han ,  1 992) .  In turn, this may 

affect other properties of the fat globule such as the electroki netic, or zeta (0, potential 

(Wa lstra, 1 983) and stabi l i ty .  
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The rate of adsorption or desorpt ion wil l  vary with temperature, the medium (fat, M FGM or 

mi lk  plasma) as wel l  as the concentration and type of compound . The adsorption of surface­

active components from the mi lk  plasma on to fat globules that are wholly or partia l ly 

denuded is estimated to be particular ly fast, i .e. about 0.01 s (Wal stra, 1 995). 

Cold storage of fresh raw milk at 8°C resu l ted i n  about 1 0% loss of phosphol i pids from the 

M FG M  over 96 h ,  but no loss of 5'-nucleotidase or adenosine trip hosphatase activ ity was 

detected ( Baumrucker & Keenan ,  1 973) .  The ageing of bov ine m i l k  at 2-4°C for 24 h 

caused , on average, no change i n  the cholesterol content of the skim mi lk  ( Patton et al. , 

1 980b). These authors concluded that this did not prove that on average no cholesterol was 

lost from the MFGM, because there cou ld have been an equ i l i br ium between mem brane 

cholesterol and mi lk plasma cholesterol . However, this hypothesis remains to be tested . 

Furthermore, although these authors d id d iscuss the release of cholesterol i nto the skim mi lk  

phase, they did not consider the possibi l ity of cholesterol partition ing from the M FGM into the 

core fat of the fat globules. It wou ld  be useful if a study were conducted in which the 

d istr ibution of cholesterol between the core fat, the MFGM and the mi lk  plasma u pon cold 

ageing was determined . Add it ional ly, Patton et al. ( 1 980b) reported an average increase of 

1 8% i n  skim m i l k  phosphol ip id  content under the same experimental cond it ions, but large 

d ifferences i n  i nd iv idual mi lks were ev ident (range: from -4 to 51 4%), indicating highly 

variable responses of the i nd iv idua l  mi lks. Al though there are i ndications that cool ing 

changes the structure and composition of the MFGM, from these stud ies it is not clear wh ich 

of the two factors (cool i ng or ageing) has the greater effect. This aspect deserves further 

i nvestigation .  

Coo l i ng of mi lk appears to i nduce the migration  of copper from the MFGM to the mi l k 

plasma, whereas heating of m i l k  has the reverse effect (Mulder & Walstra , 1 974). The latter 

phenomenon may contribute to the ox idation of unsaturated fatty acids of membrane 

phosphol i p ids (McPherson & Kitchen, 1 983; van Boekel & Walstra , 1 995). Th is appears to 

be so particu larly for phosphatidyl ethanolamine,  wh ich conta ins 40-60% unsaturated fatty 

acids, of which about one-third is polyunsaturated , and which strongly b inds copper (Al ien & 

Humphries, 1 977; Deeth, 1 997).  Oxidation of MFGM constituents may thus be expected to 

affect the flu id ity and stabi l i ty of the MFGM . However, considering that all processing 

equ i pment in modern dairy factories i s  made of stainless steel , rather than copper, it is 

questionable whether the effect of copper is a s ignificant factor i n  chang i ng the MFGM. 

Losses of glycoproteins and/or glycosphingol ip ids appear to occur upon cool i ng,  heating or 

pressurising mi lk ,  as these treatments resu l ted in a significant decrease in  total carbohydrate 

in the MFGM of buffalo mi l k with large reductions (46-80%, depend ing on the treatment) 

being observed in sial ic acid content (Bandyopadhyay & Gangu l i ,  1 975).  It appears that 

s imi lar studies have not been performed on bov ine m i l k  and this would deserve attention i n  

future investigations. 
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I n  cream ,  pasteurisation (exact tem perature and time condit ions not reported) resulted i n  the 

association of casei n  and,  to a lesser extent. whey protein with the MFGM ( Iametti et al. , 

1 997). However, i n  th is study, the heating effect may have been confounded with the effect 

of mechanical damage through pumping and ci rculation through the pasteurisation p lant 

( Iametti et al. , 1 997) .  Other authors ( Oalg leish & Banks, 1 991 ) concluded that the presence 

of casein  is the resu l t  of mechanical treatment, not heat treatment. 

Pasteurisation of cream also i ncreased the 13-lactoglobl!l i n  content of the MFGM, which is not 

surprisi ng as the surface hydrophobicity of 13-lactoglobu l i n  is known to transiently i ncrease 

when heated even at tem peratures lower than those required for its i nsolu bi l isation  or for its 

association with other mi lk  components ( Iametti et aI. , 1 997; Macej et aI. , 2002) .  Also, at 

60°C, a temperature lower than the denaturation temperatures of the whey protei ns, BTN 

and XO started to aggregate, probably by forming i ntermolecular d isulfide  bonds (Ye et al. , 

2002) .  At 65°C, serum proteins were reported not to i nteract with the MFGM i n  one study 

(Oalgleish & Banks, 1 99 1 ) ,  but it was demonstrated that they d id  i n  another study (Corredig 

& Oalgl eish, 1 996) .  At higher temperatures (70-90°C) ,  significant association of serum 

protei ns, particularly  13-lactoglobul in ,  occurred (Oa lgleish & Banks, 1 991 ; Corred ig & 

Oalgleish, 1 996) .  For heating at BO°C s imi lar  results were found i n  other studies (Hou l ihan et 

al. , 1 992; Lee & Sherbon, 2002) .  Furthermore, heating at BO°C resu lted i n  the total loss of 

PAS 6 and partial loss of PAS 7 protein from the MFGM, as determined by sod ium dodecyl 

sulfate-polyacrylamide gel electrophoresis (SOS-PAGE),  but had no effect on the size and 

surface area of the fat g lobules (Lee & Sherbon , 2002). 

Confl icting resu l ts have been reported regard ing the effect of heating on phosphol i pids.  

Heating mi lk at BO°C for 20 min resulted in statistica l ly s ignificant losses of triacylglycerol , but 

not of phosphol i p id3, from the MFGM (Hou l i han et al. , 1 992) .  This contrasts with earl ier 

studies where heating at BO°C for 1 5  m in ,  fol lowed by cool i ng and separation ,  was reported 

to resu l t  in the loss of about 20% of phosphol ip ids; at 90°C  for 1 5  s, the figure was about 

1 4% ( Koops & Tarassuk, 1 959). These results agree with the conclusion of Greenbank and 

Pal lansch ( 1 961 ) that l oss of phosphol i p ids is both temperature and t ime dependent. 

However, there is no agreement as to what degree phosphol i p ids are lost from the MFGM 

upon e ither heati ng or cool i ng and further work should be conducted . Th is shou ld i ncl ude a 

systematic i nvestigation of the effect of the separation techn ique used , as this appears to 

affect the degree of loss of phosphol i pids from the MFG M (Anderson & Brooker, 1 975) .  

Few morphol ogical results on the effect of the temperature a nd the age ing of mi lk on the 

structure of the MFGM have been reported in the l iterature. However, electron microscopy 

observations suggested that heat treatment, includ ing u ltra-high temperature (UHT) 

3 The contention of the authors and van Boekel and Walstra ( 1 995) that p hospholipids migrated from the MFGM 

to the mi lk plasma was not supported by the reported data, as the results were not statistically significant at  the 

sign ificance criterion quoted ( P  < 0.0 1 ) . 
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treatment, d id  not resul t  in the release of the native membrane from the fat g lobule,  which 

was contrary to the effects observed for cool i ng and sti rring ( Buchheim,  1 986). Future 

morphological stud ies, using alternative microscopy techniques, should verify these 

observ ations. 

Temperature and stabilitv of fat globules 

1 5  

Cool ing of mi l k can have a pronounced effect on  the stab i l ity of the fat globu les ( Ismail et al. , 

1 972b; Anderson & Cheeseman,  1 975; Deeth & Fitz-Gerald ,  1 978; Fl uckiger & Hanni ,  1 980; 

Mi l ler & Puhan,  1 986b; Kirst, 1 996) .  However, in most stud ies reported i n  the l i terature, the 

process of cool ing involved ageing as wel l as some form of agitation. The effects of these 

addit ional factors could have confounded the results and make it very d ifficult to establ ish the 

true effects of cool ing on the MFGM. 

Stud ies on  the effect of hold ing mi lk  at 4°C suggested that cold agei ng affects the structure 

of the MFGM in a way that renders the mem brane more suscepti ble to mechanical damage 

during membrane isolation steps (Anderson et al. , 1 972) and thus, presu mably,  dur ing m i l k  

harvesting and further mi l k hand l i ng.  Furthermore, i ncreased FFA levels u pon  cold storage 

of raw m i l k  (Evers, 2003) are i nd icative of a chang ing MFGM.  A reduced stabi l ity of the 

MFGM u pon cold storage may be caused by the partial ly selective loss of certa in proteins 

from the MFGM (Anderson & Cheeseman,  1 975) . 

Heat- induced changes can either improve or impair the stabi l ity of the fat globules (van 

Boekel & Walstra , 1 989), but results are not always in  agreement. Fink ( 1 986) and Fink & 

Kessler ( 1 985a, b; 1 986c) ,  using 30% unhomogenised cream, concl uded that the MFGM 

became more permeable after UHT treatment at 1 1 5-1 35°C .  However, van Boekel & 

Fol kerts ( 1 991 ) ,  using m i l k  (4% fat) and two creams (of a pprox imately 30% fat and 38% fat) ,  

could not reproduce F ink  & Kessler's resu l ts and cla imed that natural fat globu les are 

remarkably stable aga inst coalescence duri ng UHT heat ing .  

It is noted that, l i ke the stud ies on the effect of cool i ng ,  the results of  stud ies i nvestigating the 

effect of heat treatment should be i nterpreted with care, as heating may be accompanied by 

some mechanical treatm ent such as agitation, which may l ead to changes in fat globule s ize 

owing to coalescence o r  d isrupt ion. Furthermore, besides the i ntensity of heating, the 

temperature effect wi l l  a l so depend on the presence or absence of air (van Boekel & 

Walstra , 1 995). 

Te Whaiti and Fryer ( 1 973) found that gel l i ng4 of cream was temperature dependent. These 

authors a lso reported a n  i nteraction between the aeration of milk and temperature5 (Te 

4 The phenomenon of gell ing is called re-bodying by Walstra et al. ( 1 999) and involves partial coalescence. For 

this to happen, warming to a temperature at which approximately 60% of the fat crystals melt is crucial. 

5 Tests were carried out i n  the presence and absence of an air b ubble by oscillating or shaking closed tubes at 

standardised temperatures . 
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Whaiti & Fryer 1 974, 1 975). In general , i t  was concluded that free fat, which was considered 

to be a measure of fat globule stabi l i ty, was most read i ly released in the tem perature range 

1 5-40° C. S imi lar resu lts for untreated and cooled raw mi lk were reported by Herbst et al. 

( 1 984), Lehman ( 1 988b) a nd Kessler & F ink  (1 992). 

The stabi l ity of the fat globules against coa lescence is  affected by the l i qu id :sol id fat ratio, 

which in turn is affected by the temperature. Partial coal escence can occur read i ly prov ided 

that at least part of the fat is  present in crystall i ne form ( Mu lder & Walstra , 1 974). In the 

absence of crysta ls, fu ll coa lescence can occur, but this seldom happens in practice (Walstra 

et al. , 1 999).  Both partial coal escence and full coalescence result i n  a decreased fat globu le  

surface area and hence the shedding of MFGM constitu ents into the mil k plasma (Wal stra, 

1 983). At low tem peratures « 7°C), the fat globules conta i n  a high proportion of sol id fat a nd 

are much more resistant to shear stress ( M i l ler & Puhan, 1 986b; H i nrichs, 1 994; Hi nrichs & 

Kessler, 1 995). Al so, the residual l iqu id fat is then reta ined i n  the pores of the crystal 

network. In this case, no l iqu id fat is avai lable  to act as a "glue" to hold the globul es together 

in a granule upon mi lk  fat globule damage (Walstra et al. , 1 999). 

Besides affecting the l iquid : sol id fat ratio of the core fat of the fat globules, the tem perature 

would also be expected to affect the crysta l l isation behav iour of the various mem brane 

constituents. Little is known a bout the relationsh i p  between the physical state of MFGM 

constituents and mem bra ne stabil ity, and th is area deserves further attention i n  future 

research. 

Temperature and fat globule size distribution 

The effect of heat ing on the fat globule size d istri bution a ppears not to have been stud ied 

systematica l ly .  F ink & Kessl er ( 1 985a) reported that the fat gl obu le s ize distri bution changed 

when cream was heated abov e 90°C, but van Boekel & Fol kerts ( 1 991 ) cla imed that heati ng 

did not affect the fat globule size distri bution .  Agitation is a confou nding factor (van Boekel & 

Walstra, 1 989) and the results of the study of Corredig and Oalgleish ( 1 996), comparing 

ind irect heating and d i rect steam inj ection, suggest that agitation has a greater effect than 

temperature. Hence, further work is required to elucidate the effect of temperature on the fat 

globule size d istri bution of m i l k  and cream as a function of tem perature and time in the 

absence of mechanical agitation .  

2.3 .2 Bacteriolog ical qual i ty and mastitis 

Harvested mi lk  conta ins bacter ia from both the cow's udder and the external env ironment. 

Bacteria in milk may produce enzymes such as l i pases, phosphol i pases, protei nases and 

glycosidic hydrolases. These could affect the properties and com position of the MFGM 

(Shimizu et al. , 1 980; McPherson & Kitchen, 1 983), and may lead to fl avour defects such as 

rancid mi lk or bitty cream (rev i ewed by Deeth & F itz-Geral d ,  1 995) .  I t  may be assumed that 
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significant changes in the MFGM occur only when such bacteria are present in sufficiently 

h igh numbers ( i . e . ,  i n  poor qual i ty mi lk) .  

1 7  

Mastitis may also resul t  i n  the production of enzymes; mastitic mil k has been found to have 

h igher levels of acid hydrolases, which could change the surface charge of the MFGM. 

Furthermore, the MFG M of fat globules i n  mastitic m i lk  appears to contain  less phosphol ip id ,  

more prote in and two add i tional protein components compared with mi lk  from healthy udders 

(Anderson & Cawston, 1 975). Nevertheless, the effects of mastitis on the MFGM are not wel l  

known as  l ittle research has been carried out  i n  th is  area (McPherson & Kitchen,  1 983); 

further work would be warranted . 

2.3 .3 Stage of lactation and season 

From a study on bovine m i l k  from 3 t01 80 days post partum ,  Bitman and Wood ( 1 990) 

concl uded that the relative amounts of the five major phosphol i p id classes ( phosphatidyl 

ethanolamine, phosphatidyl chol ine, phosphatidyl inositol , phosphatidyl serine and 

sph ingomyel in )  remained constant. This constancy contrasts with results obtained for buffalo 

mi lk ,  which showed sign ificant changes in relative lev els  of phosphol i p ids dur ing lactation .  

Sph ingomyel i n  was found to be the predominant phosphol ipid i n  early lactation (Hofi et al. , 

1 977) .  Furthermore, during the last 2 months of lactation,  phosphatidyl chol ine and 

sphi ngomyelin were reported to decrease significantly i n  bovine mi l k (Ki nsel ia ,  1 970) .  

The total phosphol ip id and cholesterol contents of bov ine mi lk  at 1 80 days of lactat ion were 

lower than those in early lactation ( Bitman & Wood , 1 990). This wou ld ind icate a decreased 

quantity of MFGM material on fat globules if the mean fat globule s ize remained constant or 

decreased during that period ( Bitman & Wood , 1 990) .  Furthermore, these authors found that 

the fatty acid compositions of indiv idual phosphol i pids changed throughout lactation . This 

cou l d  result in changes in MFGM fluid ity and hence fat globule stabi l ity. 

In buffalo mi lk ,  major differences in the carbohydrate contents of the MFGM were o bserved 

whe n comparing colostrum and mid- ,  early- and late-l actation mi lk .  Sia l ic acid ,  hexose and 

hexosamine levels tended to be lower in colostrum mi lk  than in the other mi lks .  SOS-PAGE 

showed eight major protein bands in colostrum m i l k  compared with six bands in the other 

mi l ks. Total phosphol i pid levels d id  not change sign ificantly from the day of partur it ion to the 

final day of lactation .  N itrogen resu l ts were variable ,  but tended to i ncrease somewhat i n  late 

lactation . S imi larly, the number of protein bands ident ified by isoelectric focusing i ncreased 

with the advancement of lactation (Singh & Gangu l i ,  1 976). Eva luation of the recoveries of 

the enzymes alkal i ne phosphatase, XO, S'-nucleotidase, glucose-6-phosphatase, thiam ine 

pyrophosphatase and y-gl utamyl transpeptidase i n  the cream of buffalo mi lk suggested that 

the com position of the MFGM had changed dur ing lactation (S ingh et al. , 1 977). I n  another 

study on buffalo M FG M  (Hofi et al. , 1 977), the amount of both neutral l ipids and 

phosphol i p ids (ex pressed as per un it volume of m i l k  or per un i t  fat globule mass) decreased 
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from colostrum to a min imum at about the third month of l actation and then i ncreased 

continuously until the end of lactation. Mem brane protein levels decreased from the 

maximum level s observed i n  colostrum to rather constant levels for most of the rema inder of 

lactation, although there tended to be a sl ight i ncrease towards the end of lactation.  For 

bov ine mi lk ,  from both Holstein and Jersey cows, the levels of BTN and XO, both of which 

are major mem brane proteins, were high in early lactation ,  decreased as lactation 

progressed to its midpoint and then rose towards  the end of lactation. However, the molar 

ratio BTN :XO (about 4: 1 )  remai ned constant (Mondy & Keenan,  1 993). These trends i n  

MFGM protein contents were confirmed i n  a recent study (Ye et al. , 2002) (breed : Fries ian ;  

S ingh,  personal com mu nication ,  2003), except that the BTN :XO ratio was estimated to be 

a bout 3 : 1 .  The PAS 7 content was hig her in mid season tha n in either early or late season 

( Ye et al. , 2002 ). The total gangl ioside content a ppeared to vary in much the same fashion 

a s  the contents of BTN and XO, i .e. i t  was high in colostrum ,  decreased in early lactation a nd 

tended to i ncrease in late lactation  (Martin et al. , 2001 ). The pattern of i ndiv idual 

gangl iosides varied with the stage of lactation (Martin et al. , 2001 ) .  

I n  buffalo mi lk ,  the total mem brane material (g/1 00 g fat) increased dur ing su mmer months 

a nd reached a maximum in September (Asker et al. , 1 978). As this coincided with late 

lactation,  the increased membrane material may have been due to an increase i n  smaller fat 

g lobu les, wh ich have relatively more mem brane material per u n it volume of core fat than 

larger g lobules ( Hofi et al. , 1 977;  Asker et al. , 1 978).  However, the fat globule size 

d istri bution was not measured i n  these stud ies. Nev erthel ess, it is known that the average fat 

globule diameter is affected by the stage of lactat ion.  Accord ing to Mulder & Walstra ( 1 974), 

the fat globule d iameter, being at a maximum in early lactation, decreases throughout 

lactation. However, from the data shown, the average decrease appears to be min imal after 

about 25-30 weeks of l actation .  Furthermore, recent resu l ts suggest that no significant 

change in the fat gl obule size d istribution occurs after mid-lactation (Ye et al. , 2002).  As the 

latter study involved only three sa mpl i ng poi nts duri ng lactat ion, confirmat ion of the 

observations on the fat globule size distribution is requ ired , i nclud i ng com parisons between 

d ifferent breeds. In contrast to the fat content, the fat globule s ize d istri bution does not 

a ppear to change significantly during mi lki ng (Gu i nard-F lament et aI. , 2001 ) .  This would 

mean that a representative sample for the measurement of the fat globule size distribution 

can be taken at any time during i nd ividual mi lkings. However, these results should be 

interpreted with caution as previous stud ies of the changes i n  fat globule size distri bution 

dur ing single mi lkings were inconclu sive ( Keenan et al. , 1 988). 

When considered together, the above results suggest that the qua ntity of membra ne materia l  

is l ower i n  mid lactation than i n  either early or late lactation .  This cou ld indicate that the fat 

g lobules in mid-lactation are less stable than those at either the beg i nning or the end of 

lactation. This hypothesis needs to be tested , in particular  because it is i n  disagreement with 
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earl ier concl usions that late-lactation mi lk  fat globu les are more u nstable, presumably 

because of a reduced quantity of mem brane material (Kinsel la ,  1 970). 

A shortcoming of most stud ies i s  that sam pl i ng was not continued for a ful l season or 

lactation  period and that the fat globule size d istri bution was not measured . Furthermore, in 

most stud ies, sam pl ing was carried out i ntermittently. This makes it d ifficult  to compare the 

effect of any long term changes with short term variation . Future studies should i nvolve 

regular and frequent sam pl i ng intervals .  
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Genera l ly ,  i t  is d ifficul t  to positively identify the factors responsible for variation in  the 

composition of the MFGM when com paring different studies. In most stud ies, the 

experimental design did not a l low for an  evaluation of the separate effects of stage of 

lactation and season. Hence ,  it i s  d ifficult to d iscern which of these variables are responsible 

for the observed resu l ts and to what degree. Future experiments would require a control led 

feed i ng reg ime, as factors other than stage of l actation, such as feed (the qual ity of wh ich 

can be season dependent), may have confounded the results obtained i n  previous stud ies. 

Furthermore, the results of the study on buffalo m i l k  suggest that mammary gland 

development pl ays a significant role (S ingh & Gangu l i ,  1 976), particularly i n  the days 

immediately post partum.  On the basis of the fact that large com positional changes occur i n  

the first few days post partu m (Anderson & Cheeseman, 1 975),  i t  i s  postulated that 

significant changes in fat globu le  stabi l ity take place during this period . 

I t  may be concl uded that the structure and the composition of the MFGM do change 

throughout lactation .  The rel ationship of these changes to the fat globule size d istri bution is 

not c lear and further stud ies are requ ired to prov ide a fu ndamental understand i ng of the 

phenomena i nvolved . Although the relationsh i p  between total membrane material and the 

stabi l ity of the fat globu le needs to be further explored , it is postu lated that the stabi l ity of the 

fat globule is affected by stage of lactation and/or season.  This postu lation agrees with that 

of others (Kessler & Fink, 1 992) ,  but neither the extent nor the d i rection ( i ncreased or 

decreased stabi l ity) is known with certai nty, as concrete ex perimental data are sti l l  l acki ng. 

2.4 Conclusions 

The MFGM is subject to changes i n  com posit ion and structure from the moment the fat 

globu l e  l eaves the mammary secretory cel l .  Changes to the MFGM whi le  the fat globule is 

sti l l  i n  the mammary gland appear to i nvolve re-arrangement of membrane com ponents and 

subsequent l oss of some of the membrane material . However, the phenomena i nvolved are 

not wel l  understood and further research to obta in  a fundamental understandi ng is required . 

U pon m i l k  harvesti ng and further mi l k handl i ng ,  further changes to the MFGM take place. 

Depend i ng on the type and degree of treatment, this may i nvolve different physico-chemical 

i nteractions between various membrane components, the loss of membrane components 

and/or adsorption of com ponents from the mi lk  plasma. However, the effects appear to be 
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variab le and dependent on physiolog ical (cow) factors, and much rema ins to be l earned 

about the phenomena on a molecular  l evel . 

20 

Future research should increasi ngly focus on studying the milk fat g lobule in its native 

env i ronment ( i . e . ,  milk plasma) and in real time. Such stud ies wil l  contri bute significantly to 

the understanding of the MFG M and how it changes post secretion by the mammary 

secretory cel l .  This knowledge wil l  ultimately l ead to improved mi l k-hand l i ng practices, more 

efficient manufacturing processes and better dairy products. 



cnapter j: I ne Mt-GM - metnodologles tor measunng mi lK tat globule (membrane) damage 

3 The M FGM - methodol ogies for measuring mil k fat 
g l obule (membrane) damage 

The content of this chapter was published in the International Dairy Journal (2004), 747-760. 

3.1 Introduction 

I n  contrast to the suckl i ng calf, wh ich i ngests mi lk  straight from the cow's udder, the use of 

bov ine mi lk  for human purposes general ly i nvolves various m i l k-hand l i ng a nd treatment steps 

between the moment of mi l k extraction and that of consumption . These steps may affect 

substantia l ly the composition  and characteristics of the mi lk .  Chapter 2 discussed aspects of 

changes i n  the MFGM both prior to and after mi lk  harvest ing.  The present chapter focuses on 

methodology used to determine changes in the MFGM that may resu l t  from mil k-hand l i ng 

practices from the point of m i l k  extraction u nti l processing at the factory. A summary of the 

techniques d iscussed in this rev iew is presented in Table 3 . 1 . 

3.2 Principles and a ppl ication of methodology for measuring MFGM damage 

3.2.1  Defin itions of mi lk  fat globule damage and MFGM damage 

Ll 

Reports in the l i terature often use the term "fat globule damage" to denote that changes have 

occurred i n  the fat globules as a consequence of mi lk handl i ng and treatment. However, what is 

meant by the word "damage" is not always cl ear from the terminology used ; neither i s  i t  clear 

whether the phenomena d iscussed relate specifical ly to the MFGM, the fat globu le as a whole ,  

or both. Thus, it appears that terminology has general ly been used in  an in tu itive sense only 

and that no attempts have been made to define it. Hence, clarity i n  termi no logy is needed . 

F i rstly ,  the question "What actual ly is the MFG M?" should be answered.  At fi rst glance, it is 

tempting to answer th is question from both a compositional perspective and a structural 

perspective as fol lows. 

Defin it ion 1 :  

"The MFGM is a layer, consisting of many d ifferent compounds (main ly polar and neutral l i pids, 

prote ins a nd enzymes), that surrounds a more or less spherical core that predominantly 

consists of neutral l i pids. The MFGM origi nates from three sublayers, namely, an i nnermost 

l ayer that ex isted on the intracel l u lar fat d roplet, an outer b i layer membrane that orig inated from 

the apical plasma membrane and a protei naceous coat located at the i nner leaflet of the bi layer 

membrane that presumably originated in part from the cytoplasm of the secretory cel l . "  

Although this defi nition may be criticised for being i ncom plete and  lengthy, it would be a very 

useful summary of what constitutes the MFG M .  However, another approach is possible .  One 

cou ld focus on the intended u l timate purpose of the fat g lobule, i .e .  d igestion by the suckl i ng 

young. I n  this case, the defi n ition of the MFGM could be formulated as fo l lows. 
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Table 3 .1  Su mmary of the main techniques reported in the l i terature for measuring MFG( M) damage. 

Tech nique 

"Free fat" 

Free fatty acids (FFAs) 

Lipolysable fat 

Total "free fat" 

Desorption of MFGM 

com ponents 

I nterfacial properties 

Comments Selected references 

Two d ifferent techniques: ( 1 )  temperature Deeth & Fitz-Gerald ( 1 978); Halter et al. 

cycl i ng and centrifugation; (2)  solvent ( 1 978); F ink & Kessler et al. ( 1 983); 

extraction 

W ide range of methods 

Similar technique to that for measuring 

FFAs, but control l i ng some variables.  

Evers et al. (2001 a) 

Deeth & Fitz-Gerald ( 1 995);  Evers & 

Palfreyman (2001 ); Evers et al. (2001 b) 

Deeth & Fitz-Gerald ( 1 975, 1 978); Mi l ler 

& Puhan ( 1 986a); lametti et al. ( 1 997) ;  

May i nvolve the use of  an external l ipase Giangiacomo & Bonomi ( 1 993) 

Defi ned as the sum of free fat and FFAs 

Desorption techniques measure the l oss 

of one or more MFGM constituents; 

adsorption techniques measure the 

adsorption of components from the mi lk  

pl asma onto the MFGM 

Hal ter et al. ( 1 978); Kirst ( 1 980b, c ,  1 981 , 

1 996) 

Baumrucker & Keenan ( 1 973); Stannard 

( 1 975); Patton et al. ( 1 980b); Keenan et 

al. ( 1 983b) 

Techniques used include measurement Phipps & Temple ( 1 982); F ink & Kessler 

of surface charge, surface hydrophobicity ( 1 985a); G iangiacomo & Bonomi ( 1 993); 

Potential for future research 

Not recommended . Methods produce 

highly variable results 

Can be a useful indicator of MFGM 

damage when the l i mitations of the 

method used are u nderstood 

Has potential . Requ i res tight control of 

method parameters 

Not recommended 

Has potential . S imultaneous 

measurement of the d istribution of a 

range of d ifferent components wi l l  

improve the rel iabi l ity of the technique 

Good potential . Techniques, as appl ied to 

measurement of MFGM damage, are still 
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Fat globule size 

d istri bution 

M icroscopy 

S ieving and v iscosity 

I nfrared spectroscopy 

and interfacial tension 

Various techniques have been used , 

i ncluding l ight m icroscopy, turbid ity 

measurement, laser l ight scatteri ng, 

electronic counting and electroacoustics 

Techniques used i nclude l ight 

microscopy, electron microscopy and 

confocal laser m icroscopy. 

Measures fat globule aggregation 

Measures C=O ester bond 

Creaming or separation Employs the d ifference i n  density 

between fat globules and mil k plasma 

M ichalski  et al. (2001 b) 

Horvath( 1 974); Lehman ( 1 988c); 

M ichalski et al. (2002b) 

Buchheim (1986);  H inrichs & Kessler 

( 1 995); J. M. Evers & R. H i rst 

(unpubl ished results, 2001 ; F igure 3. 1 )  

Kammerlehner & Kessler ( 1 980); H inrichs 

( 1 994) 

Rudzik ( 1 987) 

Aule & Worstorff ( 1 975); Lehman 

( 1 988b); Liang et al.  (2000) 

in stage of infancy 

Good potential 

Good potential . Advances in microscopy 

techniques should progress the 

fundamental understand i ng of changes 

occurri ng to the MFGM 

Sieving - Not recommended as 

i nstrumental techniques prov ide more 

i nformation .  

Viscosity - Limited potential 

Has potential . Technique as appl ied to 

measurement of MFG( M) damage is in 

very early stage of infancy 

Limited potential . Fat g lobule size 

d istri bution may prov ide more i nformative 

data 
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Definit ion 2 :  

"The MFGM is a l ayer around a smal l  g lobular mass of fat that effects a stable emulsion of this 

fat i n  an aqueous medium for the purpose of facilitating i ngestion and digestion of the fat by the 

suckl i ng  young."  

A third approach cou ld  be based on the assumption that the layer surrounding the fat g lobule is ,  

on a molecular level , i n  a state of constant fl ux (the rate of change depending on  circumstances; 

Chapter 2). Against the background of a molecularly ever-changing membrane, it wou ld  be 

useful to define the MFGM with respect to its status at a given poi nt in time with which any 

future changes might be compared . From this perspective ,  the fol lowing defi n it ion wou ld  

natural ly  fol low. 

Defi n it ion 3: 

"The MFGM constitutes those parts of the fat globule that envelope the l i pid core immediately 

after secretion by the mammary secretory cel l . "  

I n  fact, yet further definitions are poss ib le  and  the word ing of any  of these wou ld  depend on the 

context of the discussion in  wh ich the defi nition was given .  For each of these defi n it ions, it 

would need to be rea l ised that the com position and structure of the MFGM wil l  vary between 

i ndividual globules and probably even  between d ifferent l ocations on the same globule .  It wi l l  

also be clear that, fai l i ng the abi l ity to measure exactly the com position and structure of the 

MFGM, a ny such defin ition can be used only i n  a conceptual sense. 

For the purpose of the ensu i ng d iscussion of changes in the MFGM after excretion from the 

mammary gland, defi nit ion 3 is used in this rev iew. 

Secondly, on the basis of this defin it ion of the MFGM, the term "MFGM damage" would have to 

exclude those changes that occur natural l y, either i n  the mammary gland or in the suckl i ng 

young's d igestive system ,  but wou ld i ncl ude those changes that are i nflicted by mil k hand l i ng 

and treatment during a nd after extracting bov ine mi l k for human use. Hence, i n  the context of 

the current  review, MFG M damage is defi ned as: 

"MFGM damage constitutes those changes to the composit ion or structure of the MFGM that 

occur as a consequence of mil k hand l i ng and treatment dur ing or after m i l k  extraction ,  such as 

those caused by mechanical ly i nduced motion of fat globu les, changes in temperature, m icrobial 

growth and agei ng, and any biochemical reactions resu lt ing therefrom ." 

It should be noted that this defin it ion does not d istingu ish between the different degrees of 

damage that are possible, or whether these are measurab le i n  practice. However, it does 

i nclude changes in the MFGM that are caused by enzymes produced by bacteria after 

extraction of the mi lk from the udder. 
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Third ly ,  for future d iscussions, it is proposed here to d isti ngu ish between M FG M  damage a nd 

m i l k  fat globule damage. The former relates to changes occurri ng i n  the MFGM alone, whereas 

the latter relates to changes occurring in the whole fat globule, i ncl uding its size and shape. 

W hen the fat globule as a whole is changed , i .e .  when the changes go beyond those occurring 

i n  the MFGM,  it i s  proper to speak about "mi lk fat globule damage", and this cou ld  be defined 

as :  

"M i l kfat globule damage constitutes those changes i n  the mi lk fat g lobule, add itional to those 

occurring in the MFGM alone, that occur as a consequence of m i l k  handl i ng and treatment 

during and after m i lk  extraction ,  such as those caused by mechanical ly i nduced motion of fat 

g lobu les, changes in temperature, microbial growth and ageing, and any biochem ical reactions 

resu lt ing therefrom." 

From the above definit ions of mi lk fat g lobule damage and MFGM damage, i t  is ev ident that mi l k 

fat globule damage is always accompanied by MFGM damage, but that the converse is not 

necessari ly true. 

Two major types of m i lk  fat g lobule damage may be d isti nguished : ( 1 )  where the average fat 

globule s ize is reduced , and (2 )  where the average fat globule s ize is i ncreased through partial , 

or ful l ,  coalescence. The former effect results i n  the adsorption of surface-active compounds on 

to the fat globu le-mi l k  plasma i nterface, whereas the latter effect results in the shedding of 

membrane material from the MFGM into the mi lk  plasma . 

3.2.2 Methodologies used for measuring mi lk fat globule (membrane) damage 

"Free fat" 

"Free fat" is a term used in the l iterature to denote a particular parameter that has been cla imed 

to correlate with the degree of damage to, or stabi l ity of, fat globules. However, the term is 

a m biguous and various defi nit ions of what constitutes "free fat" have been given. These i ncl ude: 

( 1 )  fat i nside damaged globules (Fink & Kessler, 1 983), or fat that is insufficiently enclosed by 

a n  undamaged membrane 1 (Kessler & Fi nk, 1 992); (2) fat that has leaked out of damaged 

g lobules (F ink & Kessler, 1 983) ;  (3)  "the proportion of fat extracted by centrifugation at 60°C", 

when a centrifugation method was used (Te Whaiti & Fryer, 1 975);  and (4) "solvent-extractable 

fat" when an extraction method was used (Deeth & Fitz-Gerald ,  1 978). The last two defin itions 

defi ne free fat as a method-dependent parameter. Method-dependent approaches to 

term inology are also used i n  standard methods issued by organ isations such as  the 

1 This interpretation appears to be based on that of Lagoni & Peters ( 1 959) and denotes partly or completely denuded 

fat. H owever, the existence of such denuded fat for times beyond a fraction of a second is considered to be 

impossible by Walstra and co-workers (e.g., see van Boekel & Folkerts, 1 99 1 ; Walstra, 1 995). 
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I nternational Dairy Federation ( I DF) and the I nternational Standards Organisation ( ISO)
2 

and 

such definitions hel p to avoid ambiguity .  However, the use of method-dependent definitions has 

the d isadvantage that resul ts produced by different methods cannot be com pa red . Hence, great 

care in i nterpretation of results is needed when the same term is used but d ifferent methods 

have been employed . I ndeed , comparisons of extraction and centrifugat ion methods have 

shown that these methods do not g ive comparable results (F ink & Kessler, 1 986a, b). The 

fol lowing sections review these two techn iques of free fat determi nation in som e  detai l . 

"Free fat" centrifugation methods 

The free fat centrifugation method is said to make use of a d ifference i n  density between fat that 

has escaped from the fat globule and fat that is sti l l  surrounded by a native membrane (Halter et 

al. , 1 978; F ink  & Kessler, 1 983; Kessler & F ink ,  1 992). The method general ly i nvolves warm ing 

the sample (m i l k  or cream) i n  a bottle hav ing a n  elongated neck,  raising the surface of the 

contents so that it is located in the neck of the bottle and centrifuging to separate the so-ca l led 

free fat i nto the neck of the bottle. Repeated heating, cool ing and centrifugation steps may be 

appl ied. The height of the separated "free fat" col umn is estimated and used as  a measure of 

the degree of fat globule damage or the fat globule stabil ity. A number of d ifferent versions of 

this method have been reported (Webb & Hal l , 1 935; Rothwel l ,  1 962; Di l l ier-Zu lauf & 

Wirasekara, 1 971 ; Ismai l et al. , 1 972a, b; Te Whaiti & Fryer, 1 975). 

Halter et al. ( 1 978) employed a specia l ly developed free fat butyrometer, and centrifuged the 

d i l uted sample at 65°C in  the presence of the fat-soluble dye Sudan I l l .  This m ethod enabled 

the authors to measure as l i ttle as 0.002 g free fat. Nevertheless, the method a ppeared to be 

prone to error3, and was subsequently standard ised for cream by F ink & Kessler ( 1 983; 1 986a) .  

The latter authors found that the degree of d i l ut ion, the centrifugation t ime and  the pH of the 

di l uent all s ignificantly affected the free fat values. Using the standardised method, the error of 

the method was reported to be ± 0.03% free fat for 30% cream sam ples. 

Free fat centrifugation methods have been used to study the effects of various factors 

associated with fat globule damage i n  m i lk ,  i ncluding fat content, cow breed , fat globule s ize 

distribution, sti rring, cool i ng, storage temperature and mechanical stress (Te W haiti & Fryer, 

1 976a; Herbst et al. , 1 984). However, the performance of the method has been reported to be 

unsatisfactory in some studies; using fresh m i l k  from a Friesian herd , Deeth & F itz-Gerald 

( 1 978) cou ld  not obta in  meani ngful results with this method . For cream , free fat centrifugation 

methods have been used to determine the degree of fat globule damage occurr ing in cream 

crysta l l is ing si los ( Palfreyman ,  1 988), or to identify points in a cream processing l ine where fat 

globule damage occurred (W i l l iams, 1 986). The effects of freezing, heating,  sti rr ing, pumping 

2 For example, the definition of the fat content determined by the Rose Gottlieb method for m i lk  is defined as follows 

by IOF and ISO standards: "The mass fract ion of substances determined by the procedure specified i n  this 

International Standard" (e .g. ,  IOF, 1 996). 

3 The Te W haiti & Fryer ( 1 975) free fat method has also been reported to be prone to large errors ( Palfreyman, 1 988). 
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and homogenisation on fat globule stabi l ity i n  cream have also been investigated (Webb & Hal l ,  

1 935; Kammerlehner & Kessler, 1 980; F i n k  & Kessler, 1 985a) .  Fink & Kessler ( 1 985b,  1 986b) 

concluded that the centrifugation method could detect mechanical damage caused throug h 

pumpi ng,  but not by homogenisation or heati ng if the method was appl ied immed iately after 

these treatments. Only when homogenised or heated cream had been stored for a prolonged 

period of time (3-4 weeks) cou ld  the centrifugation method detect changes. 

"Free fat" extraction methods 

Free fat extraction methods i nvolve the mix ing of the sam ple with an organic solvent fol lowed by 

gravimetric determination of the extracted fat. It has been c laimed that the solvent d issolves the 

fat that is outside the mem brane (as in the centrifugation m ethod), but a lso penetrates damaged 

fat globules that have become permeable ,  and thus d issolves the fat from the core of such 

globules (F ink & Kessler, 1 983, 1 986b).  As in the case of the free fat centrifugation method ,  

various versions of the m ethod have been reported . 

Lagon i  & Peters ( 1 959) a nd  Kirst ( 1 980a) extracted the sam ple three times with a mixture of 

d iethyl ether and petroleu m  ether, and thus essential ly used the Rose Gottl ieb principle 

(Gottl ieb, 1 892) except for the digestion step, whereas Au le & Worstorff ( 1 975), Deeth & Fitz­

Gerald ( 1 978) and Lehman ( 1 988b) used either hexane or petroleum ether as the solvent. 

Furthermore, significant variations in sam ple size, solvent volume and other conditions were 

used . A notable variation of the free fat extraction method involved pass ing low fat or d i lu ted 

milk (fat content < 3.0 g 1 00 m L-
1
) through a chromatogra phic column conta in ing sil ica gel , 

washing the column with d i sti l led water, el uting the absorbed fat with chloroform and 

grav imetrical l y  determin i  ng the extracted fat (Aristova et aI. , 1 974). 

I t  has been reported that the extraction method could  not detect damage caused by pumping,  

supposedly because the a mount of fat g lobule damage done by pum ping was too l i ttle to be 

detected g iven the error of the test (± 0.2%; Fi nk & Kessler,  1 986b).  However, the extraction 

method was reported to be able to detect changes i n  the stabi l ity of the MFGM caused by 

heating and homogenisation (F ink & Kessler, 1 985a , c, 1 986c). 

Critique 

It is ev ident from the l iterature that the term "free fat" is controversial . The existence of free fat 

has been d isputed repeatedly by some authors who say that fat cannot be free (van Boekel & 

Walstra , 1 989, 1 995; van Boekel & Fol kerts, 1 991 ; Walstra , 1 995; Walstra et al. , 1 999). 

Al though parts of the orig inal membrane may be removed from the fat g lobule, these denuded 

areas are said to be quickl y  covered by surface-active material present i n  the mi lk  plasma ( i .e . ,  

i n  about 0 .0 1  s; Walstra , 1 995) .  

Owing to the poor robustness, free fat methods tend to exh i bit poor repeatabi l i ty. Hence, various 

authors (Aule & Worstorff, 1 975; Deeth & Fitz-Gerald, 1 978; F ink & Kessler, 1 983, 1 986b; Fang, 
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1 998; Walstra et aI. , 1 999) have pointed out that the cond itions of the methods need to be 

tightly control led in order to obtain repeatable results .  Another shortcoming of the techniques is 

that damage to the membrane that does not resu l t  i n  the release of free fat during the 

appl ication of the method cannot be detected (Stannard ,  1 975). 

Furthermore, a deta i led study of a number of variabl es of the free fat extraction method showed 

that the method i tself damages fat g lobules, thereby magnifying, or even generat ing,  the 

extractable fat resul t  ( Evers et al. , 2001 a) .  Simi lar conclusions may be drawn from a study by 

Ismail et al. ( 1 972b)  regard i ng the free fat centrifugation method. I n  this study, the free fat 

content of cream,  aged at room tem perature for 4 days, increased after 1 day, but thereafter 

steadi ly decreased to zero over the following 3 days. It is improbable that free fat was formed 

in it ia l ly and su bsequ ently became covered by a native membrane u pon stand i ng of the cream. I t  

i s  more l ikely that the  centrifugation method generates free fat dur ing the test. I f  so, then  the 

results of this study m ay be explai ned by the fat globules showing a changing degree of stabi l ity 

against coalescence upon ageing. Thus, the concepts underly ing the free fat methods, as 

defined by F ink & Kessler ( 1 986a, b) ,  are questionable. The free fat methods shou ld  probably 

be considered as some form of fat globule stabil ity test to which the sample is subjected , rather 

than the measurement of an analytical parameter (van Boekel & Walstra , 1 989). 

Free Fatty Acids 

When the MFGM is damaged , native mi lk l ipase can come into contact with the fat a nd l ipolyse 

the triacylglycerols of the fat g lobule core, resu l t ing in the formation of free fatty acids (FFAs), a 

process termed l i polysis. Consequently, i n  various stUdies, the FFA concentration has been 

measured to determine the degree of MFG(M) damage (Te Whaiti & Fryer, 1 976b; de Boer & 

Nooy, 1 980; Fluckiger & Hann i ,  1 980; Kirst, 1 980a, b, c, 1 981 , 1 996; F luckiger et al. , 1 981 ; 

Herbst et al. , 1 984 ; Rudzik, 1 987; Evers et al. , 2001 b ;  Wiki ng et al. , 2003). The FFA methods 

may be classified i nto three broad categories, viz. ( 1 )  titr imetric, (2) colorimetric and (3 )  

chromatographic ( I OF,  1 991 ) .  The pri nciples of FFA development and the methods u sed to 

determine the concentration of FFAs i n  mi lk and mi lk  products have been reviewed i n  detail 

elsewhere ( IOF,  1 975 ,  1 980, 1 991 ; Joshi & Thakar, 1 994; Col lomb & Spahn i ,  1 995; Deeth & 

Fitz-Gerald ,  1 995) and are not further discussed here . 

I nterpretation of FFA results to determine the degree of MFG(M) damage is d ifficult , because a 

number of variables i nfluence the development of FFAs, i ncl uding the type and duration of 

agitation, temperature (which affects the activity of the l ipase and the degree of crysta l l isation of 

the m i l k  fat) (Oeeth & Fitz-Gerald ,  1 977) and the amount of l i pase (Oeeth & F itz-Gera ld ,  1 995). 

I n  add ition, the in itial FFA concentration of the sam pl e  affects the extent of i ncrease of FFA 

levels i n  treated samples ( Lehman,  1 988a) .  This is probably a consequence of the i nh i bit ion of 

the l i pase by accumulation of FFAs at the fat globule/plasma interface (Anderson ,  1 983) .  

Furthermore, d ifferent FFA methods g ive d ifferent FFA recoveries (e .g . ,  IOF ,  1 991 ; Evers, 

2003) . Final ly ,  d ifferences in the suscepti b i l ity of ind ividual mi l ks, wh ich depend on the 
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vu l nerabil ity of the MFGM and the balance of activating factors and inh ibiting factors , have been 

observed ( Deeth & F itz-Gera ld ,  1 995; Evers, 2003). The above reasons would expl a i n  why, i n  

some stud ies, d ifferences between repeated measurements of the same treatment were l arger 

than those between d ifferent treatments ( Ki rst, 1 980a) .  

Al though the measurement of FFAs can be  a val id tool for assessing the organoleptic qual ity of 

m i l k, i t  has only l im ited use in  the assessment of MFGM damage (Deeth & Fitz-Gera ld ,  1 978), 

because the development of FFAs is a consequence of MFGM damage, and rel ies on a second 

variable ( i .e . ,  activ ity of the native l i pase). One must have a proper u nderstand ing of the 

pr inc iple of the method used and the effects of the mi l k-hand l i ng step (Lehman, 1 988b) .  Even 

then, particular care in the i nterpretation of the resu l ts is requ ired . 

Lipo/ysab/e fat 

The above-mentioned problems with FFA analysis as an  ind icator of MFG(M) damage may be 

partly overcome by applying the method under strictly standard ised cond itions. Deeth & Fitz­

G erald ( 1 975) i ncubated sam ples at  a fixed temperature (5°C) for a fixed period of t ime (20 h ) .  

Th is  method was modified by Mi l ler & Puhan ( 1 986a) ,  who i ncubated the sample at  3rC for 48 

h after add ing hydrogen peroxide to preserve the sam ple.  The latter authors defined the fraction 

of the mil k fat that can be hydrolysed by the native milk l ipase, as a consequence of mechanical 

treatment of the mi lk ,  as " I i polysable fat" . The i ncrease in the FFA level was determi ned by 

calcu lat ing the difference between the FFA levels of sam ples taken before and after the 

m echanical treatment. The method was cla imed to be particularly suitable as an ind icator of the 

d egree of disruption (d isru ption increases the ava i labi l i ty of substrate for the native l ipase 

because of an increased fat g lobu le  surface area4) .  Although th is approach overcomes some of 

the problems mentioned above for FFA analysis, it does not address the fact that d ifferent mi l ks 

may exh ibit d ifferent changes ( i ncreases) in FFA level when subjected to the same treatment. 

Hence, the method would be of l im ited use for determin ing the effect of mechanica l  damage 

quantitatively .  

The problem of a different response of the native l i pase i n  different mi lks may be overcome by 

add i ng a foreign l i pase to the mil k followed by incu bation under standard ised cond it ions. 

Hemingway et al. ( 1 970) adjusted the pH of 1 0  mL of mi lk to pH = 8,  added 1 .0 mL of porcine 

pancreatic l ipase (approx imately 0.3 units/mL) and i ncubated the sample at 3rC ( i ncubation 

time not given). FFAs were titrated with NaOH ( 1 .25 M)  i n  a pH-stat modeS . A sim i l a r  approach 

was taken by lametti et al. ( 1 997) and Fang ( 1 998) ,  although the l atter author i ncubated the 

treated sample for 24 h and titrated the FFAs d i rectly rather than by using a pH-stat method . 

4 The lipase is believed to be attached to the casein micelles (Deeth & Fitz-Gerald, 1 995). W hen casein micelles 

"repair" damaged fat globules, the lipase is brought into contact with the fat globule core fat. 

5 In this method, a small q uantity of a certain l ipase is added to a pH-adjusted substrate (e.g. ,  mi lk,  cream etc . ) ,  which 

may have been di luted with water. The volume of an alkali titrant required to keep the pH constant for a fixed period 

of time is then measured (Stewart et al. ,  1 975 ; lametti et al. , 1 997). 
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Deeth and Fitz-Gerald ( 1 978) added a fungal l i pase (from Candida cylindraceae
6
),  which does 

not attack i ntact fat globules ( Deeth & F itz-Gera ld ,  1 995; J. M .  Evers, unpubl ished resul ts, 

2001 ), and incubated the sam ples at 5° C for 20 h. Net l i polysis by the enzyme was determined 

by subtracting the FFA content of controls i ncubated with 0.5 mL of water in place of the l i pase. 

Lipolysa ble fat methods have been used both in model ex peri ments and i n  practice ( Deeth & 

Fitz-Gera ld ,  1 978; Mil ler & Puhan, 1 986a; Fang,  1 998). Factors investigated i ncl ude the effect of 

a ir  incorporation, temperature, fat content and suscepti bi l ity to damage of m i lk  from different 

cows. Mea ni ngful results appear to have been produced . 

A practical problem with these methods is the potential for the growth of bacteria, which can 

produce significant concentrations of l ipase, phosphatase or prote inase dur ing i ncubation of the 

sam ple. These may attack the intact MFGM, resulti ng in i nflated l i polysable fat resu l ts being 

produced . Furthermore, lactic acid produced by bacteria during the i ncubation of the sa m ple 

i nterferes with the FFA a nalysis in an FFA-Ievel-dependent way (no lactic acid is  produced 

when FFA levels are high;  J .  M. Evers, unpubl ished results, 2001 ) .  Hence, the growth of 

bacteria must be in hi bited in a manner that does not i nterfere with the action of the native or 

added l i pase, or with the FFA determination . The pH-stat method approach ( Iametti et aI. , 1 997) 

may overcome some of these problems as the assay time is of the order of a few mi nutes. FFA 

concentrations measured with this technique were positively and sign ificantly correlated with the 

degree of homogenisation of the sa mples ,  i ndicating an increase in enzyme-accessibl e  su rface 

area upon homogenisation ( Iametti et al. , 1 997). I t  remains to be determ ined whether this 

tech nique is  robust and sensitive enough to determine the effects of less severe mechanical 

treatments than that infl icted by homogenisation. 

Total "free fat" 

The amount of the so-cal led total "free fat" has been calculated from the sum of the free fat and 

FFA contents of the sa me sam ple ( Halter et al. , 1 978). This parameter has been used in some 

other studies as well (Kirst, 1 980b, c,  1 981 , 1 996; Herbst et al. , 1 984) .  Considering the 

d ifficul ties associated with the free fat and F FA methodologies as mentioned abov e, the value of 

the total "free fat" parameter is questionable. 

Desorption of MFGM components 

Hand l i ng and treatment of mil k can cause the release of certa in MFGM com ponents, or entire 

mem brane p ieces, into the mi lk plasma (see Cha pter 2) .  The distribution of MFGM com ponents 

has been used as a tool for correlating the severity of a mechan ical treatm ent of m i l k  with 

MFGM damage. The methods may address com ponents of either the l ipid fraction or the protein 

fraction, as discussed in the next two sections, respectively .  

6 Currently called Candida rugosa. 
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Lipid fraction 

The change i n  distribution of the phosphol i p ids between the fat phase and the m il k  p lasma of 

m i l k  and cream after certai n  treatments ( heating ,  cool ing, centrifugation and homogenisat ion) 

has been used as an indicator of MFGM damage (Koops & Tarassuk, 1 959; G reenbank & 

Pal lansch, 1 96 1 ; Anderson et aI. , 1 972; Patton et al. , 1 980b) . Total phosphol i pid concentrations 

were typical ly calculated from m easured phosphorus contents of fat extracted by means of the 

Rose Gottl ieb procedure. However, none of these stud ies reported the use of a modified version 

of the Rose Gottl ieb method (Walstra & de Graaf, 1 962) to maximise phosphol i p id recovery. 

Hence, it must be assumed that the reported phosphol ipid results were based on  i ncom plete 

phosphol ip id recoveries. I n  contrast, Keenan et al. ( 1 983b) employed an extraction us ing a 

m ixture of chloroform and methanol (2 :  1 v/v), which is known to be an efficient solvent for 

phosphol i pid recovery. The results of Greenbank  & Pal lansch ( 1 961 ) have been questioned 

because the preparation of the samples for analysis did not i ncl ude steps to remove non-l i pids 

from l ipid extracts (Keenan et aI. , 1 983b). These observations do not necessari ly mean that the 

concl usions reached in  the stud ies concerned were i nval id ,  but at least they should be 

considered as tentative .  The distri bution of i nd iv idual phosphol i pids, if measured,  was 

determi ned us ing thin layer chromatography ( Patton et al. , 1 980b; Keenan et al. , 1 983b). 

In add ition to measuring the d istribution of the phosphol i pids, Patton et al. ( 1 980b) and Keenan 

et al. ( 1 983b) also measured the d istribution of cholesterol using colorimetric m ethods. Modern 

gas chromatographic techniques would offer i ncreased accuracy (Richard son et al. , 1 994) and 

wou ld also al low for simultaneous determi nation  of other sterols .  Alternatively, cholesterol may 

be determined enzymical ly (Graham & Higgins, 1 997). 

Protein fraction 

Various authors have attem pted to i nfer the degree of MFGM damage from the activ ity of 

certa in enzymes that transfer to milk plasma, but that are normally associated with the MFGM.  

The MFGM markers selected i nclude XO ( Reuter et al. , 1 975;  Stannard, 1 975; Wiking et  al. , 

2003), a lkal i ne phosphatase (Stannard ,  1 975; Deeth & F itz-Gera ld ,  1 978; Salvatierra et al. , 

1 978), 5'-nucleotidase ( Baumrucker & Keenan ,  1 973; Keenan et al. , 1 983b), adenosine 

tri phosphatase ( Baumrucker & Keenan, 1 973),  phosphodiesterase I ( Keenan et aI. , 1 983b) and 

acid phosphatase (Keenan et aI. , 1 983b). XO activity has been determined using polarographic, 

rad ioenzym ic or colorimetric methods (Ki rst, 1 980a) .  Deeth & F itz-Gera ld ( 1 978) found that the 

release of alkal ine phosphatase i nto the mi lk  plasma increased with increasing t ime of agitation .  

Critique 

The measurement of desorption of MFGM com ponents as a way of measuring the degree of 

MFGM damage is conceptual ly attractive, but may not be a straightforward matter. For example,  

the desorption of XO also depends on factors other than mechanical activatio n  (e .g . ,  trace 

element content and temperature) and, therefore, this enzyme has been considered to be of 
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only l imited use for the determination of the degree of mechanical ly i nduced changes i n  the 

MFGM (Kirst, 1 980a) .  Wiking et al. (2003) found that their assay for measur ing the XO activity i n  

mil k plasma was not sensitive enough to detect the effect of mechanical stress i nfl icted o n  fat 

globules by pumping. Measuring the activity of XO can be misleading because XO is redox 

sensitive; measurement of the d istri bution of the actual mass of XO would probably prov ide 

more meani ngful results (Keenan & Patton ,  1 995). 

I n  genera l ,  a number of aspects deserve attention .  Fi rst, the ease with which the release of the 

constituent from the membrane occurs wi l l  depend on the type of com ponent (sterol , l i pid ,  

prote in ), its association with other membrane components (type of chemical and/or physical 

bond i ng) and its location in the membrane ( i nner or outer bi layer l eaflet or trans-membrane) .  

Second, the membrane composition varies between the fat globules of different mi lks, and even 

between fat globules of the same mil k sam ple (Walstra & Jenness, 1 984) .  It is not known how 

this m ight affect the overall release of the membrane components. Third, the th ickness of the 

membrane of i ndividual globules is not un iform (Walstra et a/. , 1 999) . This, in turn ,  ind icates that 

there is no such thing as a un iform membrane com position .  I t  is therefore not known how 

representative the release of a com ponent is for the bulk of the mi l k fat globules.  Fourth,  the 

release of mem brane components may be expected to be temperature dependent, and thus the 

handl i ng/storage history of the mi l k prior to testing may significantly affect the measurement 

response. Furthermore, heat treatment may a lter the activ ity of the enzyme of i nterest, thereby 

interferi ng with the measurement response. 

Consideri ng the above-mentioned aspects, it would seem to be risky to base conclusions a bout 

MFGM damage on the resul ts of measuring the release of just one component. I t  would seem to 

be more desirable to measure the release of a range of com ponents, both l i pids and protei ns, 

as th is  would i mprove the abi l ity to draw conclusions regard i ng MFG M  damage, both 

quantitatively a nd qual itatively. 

Measurement of interfacial properties 

Changes i n  the MFGM potential ly result i n  changes in  the i nterfacial properties of the fat 

globu les. This phenomenon may be uti l ised to correlate the l atter changes with the former 

changes. 

Surface charge 

At physiol ogical pH val ues, fat g lobules carry a negative charge because of the presence of a 

range of phosphol i p ids, wh ich conta in a negatively charged phosphate group,  and other 

membrane com ponents such as glycosphi ngol i pids contain ing sial ic acid . 

C hanges i n  the composition or structure of the membrane (caused , for example,  by adsorption 

of components from the milk plasma on to the fat globule i nterface) may be accompa nied by 

changes in the overall charge of the fat globules. The latter changes can be estimated by 
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measuring the change in mobi l ity of the fat g lobules i n  an electric field (F ink & Kessler, 1 985a; 

F i nk, 1 986).  Although this technique does provide a tool for determining whether changes have 

occurred on the surfaces of the fat globules, electrophoretic mobil i ty is not necessari ly a l inear 

function of the surface coverage of the fat g lobules by milk plasma prote ins ( Dalgleish & Banks, 

1 991 ) . 

An extension of this technique, using l aser Doppler electrophoresis, i nvolved the calculation of 

the apparent s potential from the electrophoretic mobi l ity ( M ichalski et al. , 2001 b).  This 

technique was a ppl ied to m i l k, cream and washed mi lk  fat globules i n  buffer. The apparent S 

potential thus calculated was correlated with the degree of fat globule membrane damage u pon 

homogenisation .  There was a sigmoid relationsh ip between the fraction of membrane covered 

by plasma proteins and the i ncrease in the absol ute value of the S potential . Add it ional ly, the 

method a ppeared to be su i table for measur ing the degree of damage infl icted by other 

mechanical treatments, such as u l trasonication, high speed mixing, shear ing at h igh shear rate 

and pumping.  The method may also be su itable for determin ing the effect of heat treatment and 

moderate mechan ical treatment, and is capable of detecting changes to the MFGM when no 

significant change in fat gl obule size distri bution has occurred (Michal ski et al. , 2001 b) .  

Surface hvdrophobicitv 

The properties of the MFGM of fat globu l es i n  mi lk or cream have also been studied by 

measur ing the change i n  colour resu lti ng from the bind ing of a l ipophi l ic p H  indicator (Neutral 

Red) to the MFGM (Giang iacomo & Bonomi ,  1 993; l ametti et al. , 1 997; N i elsen et al. , 2000). 

Hydrophobic patches or positive charges on the fat globule surface were shown to stabil ise the 

orange-yel l ow, unprotonated, form of the indicator, whereas hydrophi l ic regions or negatively 

charged parts stab i l ised the purple-red , protonated , form. Trist imulus color imetry was used to 

detect changes in  the colour  of the cream/Neutral Red m ixtures. It was cla imed that this method 

could  be useful for discr iminating between the effects of relatively mi ld treatments of cream and, 

in combination with other a pproaches, cou ld be hel pful in understanding a nd quantifying the 

nature and extent of alterations taking place at the molecu lar level in the M FG M  of processed 

cream ( Giang iacomo & Bonomi ,  1 993). 

Interfacial tension 

An experimental method for measur ing the i nterfacial tension, y, of i nd iv idual  fat globules 

i nvolved the suction of a si ngle globule i nto a capi l lary tube connected by water-fi l l ed tu b ing to a 

water reservoir  the height of which cou ld  be adjusted to vary the suction pressure (Ph i  pps & 

Temple, 1 982) .  The Laplace equation ( Equation 1 )  was used to ca lculate y, with L'1P being the 

pressure d ifference between the i nside and outside of the capi l lary tube, R1 being the rad ius of 

the fat g lobu le and R2 bei ng the rad ius of the i nside of the capi l lary tu be . 

L'1P = 2 Y ( 1 /R1 - 1/R2) ( 1  ) 
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Although the resu lts obtained had a relatively l arge error, an i ncrease in y could be d iscerned 

after fat globule damage was infl icted by shaking a sample of mi l k at room tem perature . This 

i ndicated that some surface-active material had been lost from the M FGM.  It was found that the 

change in  y partly reversed upon  standing, indicati ng the adsorption of surface-active matter. 

Disadvantages of this method were: ( 1 ) the ted ious nature of the test, (2) the need to atta in 

considerable sk i l l  i n  the construction of pipettes, and (3) the need to atta in  considerable sk i l l  in  

the man ipulation of droplets under a microscope (Ph i pps & Temple, 1 982). Another drawback of 

the m ethod was that no resul ts cou ld  be obtai ned for globu les with a d iameter of less than about 

2 jJm. It is currently assumed that smal ler fat globules possess the same type of membrane as 

larger fat globu les ( Keenan & Dylewski ,  1 995), and hence it must necessari ly be assumed at the 

present time that the y of these smaller globules is not significantly d ifferent from that of larger 

globules (> 2 jJm).  It is noteworthy that, despite the importance of the data produced , the results 

of the study of Phi pps & Temple  ( 1 982) have never been verified experimental ly by other 

i nvestigators. A more rapid and conven ient method of determ in ing the y of i nd iv idual fat 

globules could  prove to be an  important tool i n  the study of MFGM d amage. 

Fat globule size distribution 

Fat g lobu les i n  mi lk vary in size from < 0 . 1  jJm to about 1 0  jJm .  The d istribution curve of fat 

g lobu l e  sizes, when plotted as a volume frequency d istribution, is approximately Gaussian 

(Mu lder & Walstra , 1 974). A change in the fat globu le size d istr ibut ion is i ndicative of m i l k  fat 

g lobule damage (Horvath, 1 974; F ink  & Kessler, 1 985c, 1 986d ,  e; Lehman,  1 988c; van Boekel 

& Fol kerts, 1 991 ) .  

The fat globule size d istribution has been determined using various techniques, such as various 

forms of microscopy, turbidity measurements, electronic impulse cou nting methods and 

electroacoustics (Ki rst, 1 980a; M ichalski et al. , 2001 a) .  The results are dependent on whether a 

case i n-d issolv ing agent is used , and , if so, which agent (van Boekel & Fol kerts, 1 991 ; McCrae & 

Lepoetre, 1 996) .  If no casein-d issolv ing agent is used , fat globule aggregate formation through 

case i n  i nteractions may cause an apparent increase in  the average globule d iameter. 

Currently, the fat globule size d istri bution is usua l ly  estimated from l aser l ight scattering 

measurements (e.g . ,  McCrae & Lepoetre, 1 996; M ichalski et al. , 2001 a ,  2002a, c; Wik ing et al. , 

2003) .  The technique has been used successfu l ly  to correlate changes i n  the fat globule size 

d istr ibution of mi lk or cream with the severity of mechanical treatment such as blend ing (J .  M .  

Evers, unpubl ished results, 2001 ) ,  pum ping (M ichalski et al. , 2002b; W i king e t  al. , 2003), 

homogen isation (McCrae & Lepoetre, 1 996; Michalski et al. , 2002b) ,  shearing and 

ultrasonication (M ichalski et al. , 2002b) .  A novel method of analysing the particle size 

d istr ibution data, which involves d iv id i ng the size d istribution plot i nto zones and calcu lat ing the 

area u nder the curve in each zone, has been reported to be particularl y  useful in assessing the 

extents of mechanical ly induced d isruption and coalescence of fat g lobules ( Downey et al. , 

2002) .  
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Microscopy 

Microscopy has been used mainly to determine the degree of MFG(M)  damage qual itatively.  

However, it cou ld also be used to measure fat globule damage quantitatively if  a statistical 

morphometric approach is used (Keenan & Patton, 1 995). Sam ples of treated mi lk  or cream 

have been investigated using normal l ig ht microscopy (King, 1 95 1 ; F ink  & Kessler, 1 986d , e; 

Hinrichs & Kessler, 1 995), electron microscopy ( Darl ing & Butcher, 1 978; Keenan et al. , 1 983b; 

Buchheim , 1 986) and CLSM ( Fang, 1 998; J. M. Evers & R. Hirst , unpubl ished results, 2001 , 

F igure 3. 1 ) . Although it is a general truth that microscopy images must be interpreted with care, 

this is particularly so when the fat globul es are first isolated and then subjected to fixation steps, 

as is done, for example, in the case of electron microscopy (Caroll et al. , 1 972; Oortwijn et al. , 

1 977) .  Nevertheless, microscopy can detect changes in the MFGM u pon mi lk handl ing that are 

d i fficult or i mpossible to determine otherwise. A combination of freeze-fracture su rface 

repl icat ion a nd negative stain ing may be particularly su itable for studying changes in interfacial 

layers of fat globu les in mil k (Schmidt & Buchheim, 1 992). Significant progress in knowledge of 

the ul trastructure of MFGM damage wil l be made when microscopy techniques are able to 

follow cha nges in the MFGM in its native envi ronment and in real t ime. Future research wi l l  

probably increasingly involve the use of AFM and CLSM.  AF M in particu lar holds promise as it 

has a s imi lar resolution to that of electron microscopy and has the ca pacity for studyi ng the 

surface nanostructure of i nterfacial f i lms  in real t ime in  an aqueous env i ronment (Yang et al. , 

1 993; Gunn ing et al. , 1 996; Kolb et al. , 1 999; Dufr€me & Lee, 2000). 

Viscosity and sieving 

MFG(M) damage may resul t  i n  the formation of fat globule aggregates, which causes an 

increase in v i scosity. This phenomenon has been used as a tool for measuri ng fat gl obule 

damage under control led ex perimental cond itions (H inrichs, 1 994; H i nrichs & Kessler, 1 995). I n  

practice, the method might be usefu l for identify ing operations i n  the mil k-hand l ing chain that 

cause significant fat globule aggregatio n.  

A d i rect method for determin ing the degree of fat globule aggregation i nvolved the siev ing of fat 

globu le agglomerates using a f i l ter of pore size 0 . 1 9  mm (Kammerlehner & Kessler, 1 980) . This 

method does not seem to be particu larly sens itive and fat globu le  size d istribution 

measurements using instrumental techniques would prov ide more u seful i nformation . 
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Figure 3 . 1  Confocal laser scann ing micrograph of a mi l k sample that was damaged by 

blend ing for 1 5  s at 40°C us ing a kitchen blender, and incubated with Candida 

rugosa l i pase for 24 h at 40°C. Close-up micrograph of an aggregate showed 

extensive fat globu le coalescence, the presence of non-globular fat and a prote in  

network. Confocal laser scanning microscopy was performed using dua l  sta i n i ng.  

Fat was sta ined with Ni le Blue (excitation wavelength : 488 nm)  and protei n  was 

sta ined with Fast Green FCF (excitation wavelength: 568 nm). Micrograph colours: 

red = fat; green = protei n .  Bar = 1 0  j.Jm. (J. M. Evers & R.  H i rst, unpubl ished 

results, 2001 ) .  

Infrared spectroscopy 

A novel way of measuring MFG M damage involved measuring the absorbance of the m i l k  i n  a 

selected portion of the i nfrared spectrum ( 1 800-1 700 cm-
1
; C=O ester bond) ( Rudzik, 1 987).  

The breaking of the ester bond of fat was assumed to be associated with loss of fat. A 

d ifference spectrum of the treated m i lk  compared with the original untreated mi lk  was used as a 

qual itative indicator of the degree of fat globule damage. The same technique was used to 

determine changes in proteins by measur ing the shift i n  frequency of three peaks in the amide 

region ( 1 600-1 500 cm-1 ) (Rudzik, 1 987) .  However, the technique was used i n  model 

experiments on mi lk  that was severely damaged by repeated pumping .  W hether i t  is sufficiently 

sensitive to detect smaller changes that occur in practice remains to be tested . However, the 

use of m odern Fourier transform infrared i nstruments may be expected to improve the potential 

of the technique, as indicated by model studies i nvestigati ng the molecular basis of i nteractions 

betwee n 13-lactoglobu l in  and phosphol i pid bilayers ( Lefevre & Subaride, 2000). 
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Separation and creaming methods 

Measurement of the percentage of fat i n  the skim mi lk  separated from ag itated mi l k using a 

l aboratory separator prov ides a n  estimate of the extent of d ispersion or homogen isation of the 

fat globules (Au le  & Worstorff, 1 975;  Deeth & Fitz-Gerald ,  1 978; de Boer & Nooy, 1 980; 

Lehman, 1 988b). General ly ,  the fat content of the separated skim mi l k i ncreases with i ncreased 

intensity or duration of the mechanica l  treatment suffered by the origi nal m i lk .  To obta in  

meaningfu l results ,  the same test conditions (temperature of the mi lk, flow rate to  the separator, 

cream fat content and type of separator) must be mai ntained within a series of experiments 

( Lehman,  1 988b) . 

Creaming methods measure the rate of creami ng of fat globules. Disruption of larger globu les 

would result i n  a reduced crea m i ng rate, whereas formation of fat globule aggregates or the 

presence of ( partial ly) coalesced fat globules would result in an i ncreased cream ing rate 

(Walstra, 1 995). Creaming tests may be performed using a centrifuge and the rate of creaming 

may be determi ned photograph ical ly by measuring the turbidity grad ient over the length of the 

centrifuge tube ( Liang et al. , 2000) .  

3.3 General discussion 

The use of the term "mil k fat globule damage" has been criticised , because it is deemed to be a 

very l oose term (Walstra, 1 995) .  I ndeed , fi ndings reported in the l iterature may seem to be i n  

confl ict with each other, because of  d ifferent assumed meanings of the term fat globule 

damage. For example, on the basis of shear stress data , H inrichs ( 1 994) reported that, at a low 

temperature (5°C ;  high proport ion of sol id fat), the fat globule i s  more stab le  to damage than at 

h igher temperatures. I n  contrast, M i l ler & Puhan ( 1 986b), usi ng a l ipolysable fat method and 

i nvestigati ng the effect of cool i ng and st irring, reported that the fat globu le  damage i ncreased 

with decreasing temperature. I n  fact, the resu l ts of these experiments do not necessari ly 

contrad ict each other, when it i s  real ised that the authors measured d ifferent forms of fat globu le  

damage ( i .e . ,  different phenomena) by using d ifferent methods .  Hence, i t  may be concl uded 

that, when d ifferent methods are used to measure fat globule d amage, and when the princi ples 

of the respective methods are not ful ly understood, it must be assumed that these different 

m ethods actual ly measure the results of d ifferent phenomena . 

Thus,  method-specific terminology is requ i red to avoid confusion  and to be able to compare l ike 

with l i ke. This observation is consistent with that of Deeth & Fi tz-Gerald ( 1 978), who concl uded 

that d ifferent methods measure d ifferent consequences of agitation treatments, and that each of 

these gives results that vary in different ways with temperature , duration and severity of 

agitation. 

Although the terms "MFGM damage" and "mi l k  fat globu le damage" are not specific from a 

fu ndamental science perspective, they can have a proper place i n  communications with dairy 

industry personnel who have some understand ing of the mi lk  fat globule, but who do not 
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possess an i n-depth physico-chem ical understand i ng of the MFGM.  In d iscussions with such 

person nel , the terms "MFGM damage" and "mi l k fat globu le damage" may be u sed to convey 

concepts of changes to the MFGM and the m i l k  fat globu le as a resu lt of mi l k hand l ing and 

treatment. 

38 

The fact that knowledge of the MFGM structure, and particularly the molecu l ar arrangement of 

the components i n  the MFGM, is stil l i n  its i nfancy is a major inh ibiti ng factor i n  the development 

of fundamenta l ly  understood methods that can be used in a routine fash ion in practice. Hence, 

i ncreasing knowledge of the molecu lar  arrangement of MFGM constituents and the membrane's 

general structure would appear to be key objectives of future research. I t  is env isaged that, 

u l timately ,  techn iques that wi l l  be able to accurately correlate mi l k-hand l ing and treatment steps 

with the kind and degree of changes ("damage") occurring to the MFGM wil l  be developed . 

Such techniques wi l l  probably fi rst be developed i n  a research environment. However, they may 

form the basis on wh ich routine methods, suita ble for appl ication i n  the fiel d ,  can be developed . 

I n  turn , this wi l l  a l low predictions to be made regard ing the effects of MFGM damage on 

downstream processing of the mi lk  and the properties of fi n ished products. 
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4 Development of fluorescence microscopy techniq ues for 
studying the M FGM 

Chapter 3 concl uded that s ign ificant progress i n  knowledge of the ultrastructure of intact MFGM 

and damaged MFGM wil l  be made when m icroscopy techn iques are able to fol low changes i n  

the MFGM i n  its native env i ronment and i n  real time. Several authors have used fat-soluble  

fluorescent dyes such a s  N i le  Red o r  Ni le Bl ue to stain mil k fat globules i n  m i l k  and mi lk 

products, using e ither conventional fluorescence microscopy or CLSM
1 

( McKenna, 1 997; 

Sutheerewattananonda et al. , 1 997; Herbert et al. , 1 999; Everett & Olson, 2003; Trachoo, 2003; 

Evers, 2004b ;  M ichalski et al. , 2004a; Ye et al. , 2005; Lopez et al. , 2007; M ichalski et al. , 2007; 

Ye et al. , 2007). However, as the dyes used in these studies do not locate i n  the MFGM,  but 

penetrate through it and dissolve into the fat core of the g lobules, they prov ide no i nformation  

about the MFGM (Figure 4. 1 ) .  

F igure 4.1 Human mil k fat globules sta ined with Ni le Red and imaged us ing CLSM.  The dye 

reveals the core fat of the fat globules, but fai l s  to show mem brane features. 

The fluorescent dye Acrid ine Orange (F igure 4.2) has been used to v isual ise fat globules ( King ,  

1 958; Scolozzi et al. , 2003) ,  o r  cytoplasmic crescents associated with fat g lobules (Janssen & 
Walstra , 1 982; Patton & Huston , 1 988), but this dye is presumed to sta in  cytoplasmic matter 

rather than the MFGM itself (Scolozzi et al. , 2003). 

Klebanov et al. ( 1 972) stud ied conformational properties of the MFGM by measuring 

autofluorescence of MFGM proteins (more specifica l ly, that of the tryptophan amino acid 

residue) using spectrofluorometry . However, these authors isolated the fat globu les from the 

mi lk  and, add itional ly, separated the l i pids from the membrane to study re-suspended 

1 The abbreviation "CLSM" is used in this thesis for either "confaeal laser scanning microscopy" or "confocal laser 

scanning m icroscope" . The context determines which term applies. 
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membrane fragments. Consequently, no i nformation  about the MFGM of fat globules i n  their 

native environment was obtained . 
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Fig ure 4.2 Molecular structures of selected fluorescent probes reported in the l i terature as 

hav ing been used for staining mi lk fat globu les.  (A) Ni le Blue.  (B)  Ni le Red . (C) 

Acrid i ne Orange. (0 )  Alexa Fluor® 488 conjugate . 

Hence, it appears that no studies have been reported in which fl uorescent dyes were used to 

study the MFGM of fat globules in their native environment. Furthermore, an  enquiry by the 

author at one of the major manufacturers of fluorescent dyes ( Molecular Probes, Eugene, OR, 

USA) revealed that this company did not know of the use of a ny of its dyes to sta i n  the MFGM.  

It was hypothesised that the molecular structure of some commercial ly availab le fluorescent 

probes would favour the binding to, or association with, the MFGM rather than the fat core of 

m i l k  fat globules. It was further hypothesised that fl uorescent probes could be selected that 

possessed a molecular structure such that they cou ld  be added to m i lk  and stain  the fat 

g lobules in their native env ironment to reveal novel structural and/or com positional deta i ls  of the 

M FGM.  



Chapter 4: Development of fluorescence microscopy techniques for studying the MFGM 

This chapter descri bes the screen ing of potential probes and development of fluorescence 

microscopy techniques for studying aspects of the MFG M of fat globules in their native 

env i ronment. Figure 4 .3  shows a flow d iagram of the experimental strategy. 
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Phase I: Theoretical assessment of suitability of a wide range of commercially available probes 

.[J. 
Phase 11 :  Create shortlist and purchase p robes 

Phase Ill :  Conduct screening experiments and determine which probes have the best potential 

Phase IV: Conduct validation work on selected probes 

F ig u re 4.3 Flow diagram of planned experimental approach for developing microscopy 

techniques for i nvestigating the MFGM us ing fl uorescent probes. 

Chapter 5 descri bes further val idation work for one particu lar probe, the lecti n wheat germ 

aggl uti n in (WGA). Chapter 6 focuses on the sign ificance of the sta in ing patterns of selected 

probes appl ied to mil k of d ifferent species. 

4.1 Theoretical assessment of the potential s u itabil ity of fluorescent probes for 

staining the MFG M 

Without the ava i labi l ity of publ ished appl ications deta i l i ng the use of fl uorescent probes for 

sta i n ing the MFGM specifical ly, it was decided to study the molecular  structures of a large range 

of commercial ly avai lable fluorescent probes and to assess the probab i l ity (on physico-chemical 

grounds) that these com pou nds would locate in ,  or b i nd to, the MFGM rather than diffuse i nto 

the fat core of the globu le ,  or remain exclusively in the aqueous mi lk  plasma phase. I n  add i tion, 

the ease of use of these probes, from a practical perspective, was assessed . The fol l owing 

criteria were considered of importance: 

• class of compound (e .g . ,  fatty acid ,  phosphol ip id ,  sph ingol i pid ,  l i popolysaccharide, organ ic 

dye, lecti n ,  etc . ); 

• Excitation spectru m and emission spectrum ( i .e . ,  whether the microscope fi lters of avai lable  

microscopes - for both conventional fluorescence microscopy and CLSM - allowed imaging 

of the fl uorescent probe) ;  

• The degree of fluorescence in  water ( ideal ly this should be as low as possi ble so that there is 

no background fl uorescence of the mi lk plasma caused by a portion of the probe molecules 

that is not bound to the MFGM); 

• The price of the fluorescent probe; 
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• Storage and hand l i ng requirements (e.g. ,  some probes requ ire storage at tem peratures 

below -40°C; others can be stored at room temperature); 

• Sol u bi l ity in commonly used solvents2 , v iz .  water, ethanol , d imethylformamide (DMF)  and 

d imethylsulfoxide (D MSO) as wel l as uncommon solvents; 

• Toxicity data. 
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About 40 potentia l ly useful probes were identified (Append ix 1 ) . Maximum potential for 

success was then determi ned by selecting probes that could be used in both conventional 

fl uorescent microscopy and CLS M (using the instruments avai labl e  at the Fonterra Research 

Centre and Massey Un iversity), that were not too ex pensive ,  or that wou ld not present 

storage d ifficulties. As a cost-saving strategy, a sa mpler kit of l i pophi l ic  probes (classes: 

oxacarbocya nine ( DiO) ,  aminostyryl (DiA) , indocarbocyanine (D i l ) ; Table 4 . 1 )  was 

purchased , which contained 1 mg each of n ine different probes (ki t  price NZ$ 4743). These, 

p lus some others, were purchased for screening ex periments. Sel ected data for all tested 

probes are shown in Ta ble 4. 1 .  (Some probes from the l i pophil ic sa mpler kit were not tested 

because the avai lable microscope wavelength fi lters were not su itable). Ful l  product names 

and molecu lar structures of these probes are shown, where avai lable ,  in Table 4 .2 .  

4.2 In itial screen ing experiments 

4.2.1 Health and safety 

A hazard analysis was performed for each of the probes. There a ppeared not to be any 

particular health and safety r isk associated with the lectins and it was decided that standard 

laboratory safety practices would be adequate for deal ing with these compou nds. For the other 

probes, no tox icity data or health hazards data were ava i lable.  To el iminate any r isk, it was 

decided that, in addition to sta ndard la boratory safety practices, these com pounds be treated 

with caution, i .e .  to use nitri l e  gloves (resistant to penetration of organic compounds) and to 

wear a dust mask when weighing out the chemica l .  

4.2.2 Solvent fo r making up the stock so lution 

Except for the lectins and styryl probes (which are water-soluble) ,  i n it ial screen ing experi ments 

were performed using ethanol (96%, Merck, Darmstadt, Germany) as solvent. The pri nci pal 

reason for using ethanol was that this solvent has a lower tox icity compared with that of DMF or 

DMSO. 

2 As recommended by the manufacturer of the fluorescent probes ( Molecular Probes). 

3 2004 price. 



C hapter 4: Development of fluorescence microscopy techniq ues for studying the MFGM 

Table 4.1 Selected data for fl uorescent probes that were purchased for in itial screen ing.  

Code1 Class 

C 1 1 252 Lectin 

0 1 09 Organic dye 

0275 Oxacarbocyanine 

0282 Indocarbocyanine 

03883 Am inostyryl 

07776 I ndocarbocya ni ne 

07777 I ndocarbocyanine 

07778 Oxacarbocyanine 

07779 I ndocarbocyan ine 

N31 6 Fatty acid 

T31 66/ Styryl dye 
T 1 33207,

8 

T31 647 Styryl dye 

W 1 1 261  Lect in 

W 1 1 262 Lect in 

W32466 Lect in 

W32465 Lect in 

Molecular Probes catalogue code. 

2 According to the manufacturer. 

Abbreviation 

ConA488
4 

NA5 

DiOC1S(3)  

O i IC1S(3)  

DiA 

D i IC1S( 3)-DS 

SP-Di IC1S(3)  

SP-DiOC1S(3) 

5,5'-Ph2-
O i IC1 S(3)  

NA5 

FM4-64 

F M 1 -84 

WGA4889 

WGA594 

WGA647 

WGA680 

Excitation/Em iss io n Cose 
maxima2 (nm) NZ$ (unit 

s ize in mg) 

495 / 51 9  227 (5) 

497 / 51 96 2 1 0 ( 1 00) 

484 / 501  425 ( 1 00) 

549 / 565 425 ( 1 00) 

491 / 6 1 3  366 (25) 

555 / 570 425 (5) 

556 / 573 425 (5) 

497 / 51 3  425 (5) 

576 / 599 425 (5) 

467 / 539 1 68 ( 1 00) 

Depends on pH and 609 ( 1 ) 
type of membrane 

Depends on pH and 557 ( 1 )  
type of membrane 

495 / 51 9  372-459 (5) 

590 / 61 7  

650 / 665 

679 / 702 

3 Approximate prices; based on 2005/2006 price lists. 
4 

Concanavalin A; "488" is a 3-digit code reflecting the excitation maximum of the Alexa Fluor® conjugate. 

5 N ot applicable. 

6 Spectra of this product are pH-dependent; these data are for basic solutions prepared in methanol containing a 

trace of KOH . 
7 

8 

This probe was suggested, because of its known water solubility, by Molecular Probes experts during a meeting 

at their office in Eugene (OR, US) where the author discussed initial results obtained with some of the other 

probes. Hence, this probe was screened about a year after the others. 

Same product as T3166, but d ifferent packaging. As the T 1 3320 was purchased, this product code will be 

referred to hereafter as FM4-64. 

9 Wheat germ agglutinin; the 3-digit code reflects the approximate excitation maximum of the Alexa Fluor® 

conjugate. 

43 



Chapter4: Development of fluorescence microscopy techniques for studying the MFGM 44 

Table 4.2 Product codes, product/chemical names and structures (where avai lab le) for 

the screened fl uorescent probes4 . 

Abbreviation 

ConA488 

Product name 

Concanaval i n  A, Alexa Fluor® 488 

conjugate 

Product code 

0 1 09 

Product name 

5-00decanoylaminofl uorescei n  

Abbreviation 

Product name 

3,3'-Oioctadecyloxacarbocyan ine 

perchlorate 

H
O 

Structure of this fl uorescent probe was not 

ava i lable .  For structural detai l  of ConA refer 

to e .g .  Becker et al. ( 1 976) and Sharon & 
Lis (2003). For a d iscussion of the 

preparation of fluorescent ConA, refer to 

Mal lucci ( 1 976) . Refer to F igure 4 .2 for the 

structure of the Alexa Fluor® 488 conjugate . 

o 

N -C-(C 2) oC 3 
1 1  
o 

Figure 4.4 Molecular structure of 0 1 09. 

(JC �>- CH = CH - CH =< OD 
I + I 

(9H2) 7 (9H2) 7 
C H 3  CH3 

CI 04 

Figure 4.5 Molecular structure of OiOC18(3) .  

4 Data obtained from Molecular Probes; reproduced with permission. 
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Abbreviation 

Product name 

1 , 1  '-Dioctadecyl -3,3,3' ,3'­

tetra methyl i ndocarbocyani  ne 

perchlorate 

Abbreviation 

DiA 

Product name 

4-( 4-( D i hex ad ecyl a m i no )styryl )-N­

methyl pyrid in ium iodide 

Abbreviation 

Product name 

1 , 1  '-Dioctadecyl-3,3,3' ,3'­

tetramethyl i ndocarbocyan i ne-5, 5'­

d isu lfon ic acid 

Abbreviation 

Product name 

1 , 1  '-Dioctadecyl -6,6'-di( 4-

su lfophenyl )-3, 3, 3', 3'­

tetramethyl indocarbocyan ine 

F ig ure 4.6 Molecular structure of Di IC1 8(3). 

Fig ure 4.7 Molecular structure of DiA. 

Fig ure 4.8 Molecular structure of D i IC1 8(3)-DS. 

H3C CH3 H3C CH3 
Y' " 

I I CH =CHCH I 
Y' :0... N +  � " 

I I I I ::--.. (9H2) 1 7 (9H2)1 7 /-°35 CH3 CH3 

Fig ure 4.9 Molecular structure of SP-Di IC18(3) .  
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Abb reviation 

SP-DiOC,s(3) 

Product name 

3,3'-Dioctadecyl-5, 5'-di( 4-

sulfophenyl )-oxacarbocyan ine, 

sod ium salt 

Abbreviation 

5,5'-Phr Di IC,s(3)  

Product name 

1 , 1 '-Dioctadecyl -5, 5'diphenyl-3,3,3 ' ,3'­

tetra m ethyl i ndocarbocyani ne chloride 

Product code 

N31 6 

Product name 

6-(N-(7 -Nitrobenz-2-oxa-1 ,3-diazol-4-

yl )am ino )hexanoic acid 

Abbreviation 

FM4-64 

Product name 

N-(3-Triethylammoniumpropyl)-4-

(6-( 4-( d iethylamino )phenyl ) 

hexatrienyl )pyrid in ium dibromide 

Fig ure 4.1 0 Molecu lar structure of S P-DiOC'8(3) .  

CH =CHCH 

Cl 

Fig ure 4.1 1 Molecular structure of 5, 5'-Phr Di IC ,s(3) .  

Figure 4.1 2  Molecular structure of N31 6 .  

Figure 4.1 3  Molecular structure of FM4-64. 
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Abbreviation 

FM1 -84 

2 Br 
Product name 

N-( 3-Triethylammoniumpropyl )-4-( 4-

(di pentylam i no )styryl )pyrid in ium 

d ibromide 

Figure 4. 1 4  Molecular  structure of FM 1 -84 . 

Abbreviation 

WGA488/594/64 7/680 

Product name 

Wheat germ aggluti n in ,  Alexa Fluor® 488/594/647/680 

conjugate; 

4.2.3 Materials and equi pment 

For structural deta i l  of WGA refer to 

Sharon & Lis (2003). Refer to 

Figure 4.2 for the structure of the 

Alexa Fl uor® 488 conjugate. For 

other Alexa Fluor® conjugates, 

refer to Molecular Probes. 

Bov i ne mi l k was obtained from Massey Un iv ersity No. 1 Dairy Farm ( Palmerston North) .  The 

herd consisted of Friesian cows of m ixed age and l actation (town m i l k  supply). The vast majority 

of samples was taken from the cooled bul k ta nk. I n  some cases, sam ples were obtai ned from 

the m i l k  l i ne after the plate heat exchanger. The mi lk was analysed a nd found to be of normal 

composition .  If not used immed iately, sam ples were stored at 4°C u ntil analysis. Human mil k 

was donated by a heal thy vol unteer over a period that included the th ird and part of the fourth 

year of conti nuous l actation, and was general ly  used on the day of sampl i ng .  

Depend i ng on i nstrument ava i labi l ity, conventional fl uorescence microscopy was performed 

usi ng one of the following instruments: ( 1 )  Zeiss Ax iophot (Carl Zeiss, Gotti ngen,  Germany), 

fitted with an RT colour SPOT camera; (2) Zeiss Axiokop 2 Plus, fitted with an Ax iocam MRC5 

camera; ( 3) Olympus BX51 (Olympus Austra l ia ,  Mt Waverley, Austral ia )  fitted with an Optromics 

camera. 

From the ava i lab le microscope fi lters for conventional fluorescence microscopy, the fil ter 

com bi nation that gave the best brightness of fluorescence em ission was selected . 

F luorescent probes were purchased from Molecular Probes. 

4.2.4 Preparation of stock solutions 

Probe stock sol utions of about 1 mg/m L  were prepared . This concentration is typical for non­

da i ry appl ications and was deemed to be a useful starting poi nt for sta in ing fat globules in mi l k. 
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Using this concentration, the fol lowing probes read ily d issolved i n  ethanol : N31 6, D 1 09 a nd 

D i IC1 8( 3) .  Using sonication ,  the fol lowing probes ful ly d issolved withi n 1 h :  DiA and D i IC ' 8( 3)­

DS . I n  contrast, Di IC,8(3), SP-Di IC, 8(3) ,  SP-DiOC'8(3)  and 5,5'-Ph2- D i lC' 8(3)  d id  not ful ly 

d issolve even after 1 h of sonication. For these probes, the supernatant was used for 

experiments, wh ich means that the exact concentration of the probes in the mi lk  was not known . 

ConA and WGA were d issolved i n  phosphate buffered sal i ne ( PBS; pH 7 .4)  or water, and styryl 

probes (FM4-64, FM1 -84) were d issolved i n  water, using 5 min of sonication where necessary. 

Al l stock sol utions were protected from l ight by wrapp ing v ials in a luminum foil and were stored 

at temperatures in accordance with the manufacturer's recommendations. 

4.2.5 Preparation for microscopy imaging 

Probe stock solutions, or supernatants, were added to mil k sam ples typically at a ratio of 1 : 1 00 

(v/v) ,  un less stated otherwise. For l i pophi l ic probes, this approach is consistent with the l abel l ing 

technique for p lasma membranes which is typical ly done by i njectio n  of an  ethanol-dissolved 

solution of the probe into the aqueous phase (Wolf, 1 988). This resu lted in final probe 

concentrations of 1 0  �g/mL mi lk  for the probes that were fu l ly d issolved in the stock sol ution 

solvent. At a l l  t imes, sta ined mi lk  samples were protected from l ight by wrapp ing via ls in 

aluminum foil . 

A smal l al iquot ( 5-1 0 �L) of the sta i ned mi lk  was placed on a microscope sl ide and covered by 

a cover sl i p  (either 20x 20 or 25 x 25 mm). It was found that the placement of the cover sl i p  

could  cause damage5 to the fat globules if it was placed on the microscope sl ide with one edge 

touching the sl ide, and at an angle of about 30-45° , and then al lowed to drop onto the sam ple 

under the force of gravity. The best procedure was found to be to gently lower the cover sl i p  

keeping i t  para l lel to the m icroscope sl ide, until i t  touched the sam pl e, and  then releasing the 

cover sl ip ,  a l lowi ng it to settle by grav ity. I n  genera l ,  this procedure prevented damage to the fat 

globules in most i nstances. However, as a precaution, concl usions a bout the state of the fat 

globules were not made on the basis of observ ing fat globu les in the middle of the sl ide, as this 

area tended to be prone to showing damaged fat g lobules. Presumably,  there was more 

pressure at the centre than in the off-centre areas under the cover s l ip .  

4.2.6 M icroscopy res ults 

Table 4 .3 summarises the f ind i ngs of the i n itial screen ing ex periments. 

5 Damage was visually evident from irregularly shaped fat globules and extensive fat globule coalescence. 



Table 4.3 Summary of in itial screening results for a range of fluorescent probes as observed by conventional fl uorescence m icroscopy. 

Pro be 

ConA488 

0 1 09 

OiOC1 8(3) 

O i IC1 8(3) 

OiA 

O i IC1 8(3)-
OS 

Bovine mi lk  

Most fat globules a ppeared not to have a stai ned membrane. The 
appearance of the fluorescence was of a particulate nature ( i .e . ,  not 
smooth along the per iphery of the fat globule). ConA 488 seemed to 
promote aggregation of fat g lobules. F luorescence i ntensity appeared 
to be greatest where fat globules touched each other. A typical 
example is shown in Figure 4 . 1 5 .  

Probe appeared to be located in the MFGM, but  faded rapidly maki ng 
imaging d ifficu lt .  

A smal l  portion « 5%) of fat globu les fl uoresced , but fluorescence was 
bright. 

A small portion « 5%) of fat globu les fl uoresced , but fl uorescence was 
bright. 

A smal l  portion « 5%) of fat globu les fluoresced , but fluorescence was 
bright. 

A smal l portion « 5%) of fat globules fluoresced , but fl uorescence was 
bright. 

Human mi lk  

Weak sta in ing of mem branes of  a significant proportion of fat globules.  
F luorescence seemed to fade relatively rapid ly.  

Not tested . 

A smal l portion « 5%) of fat g lobules fl uoresced . However, 
fl uorescence i ntensity was variable; some fat globules fluoresced 
brightly ,  whereas the fl uorescence of others was relatively faint. 
F luorescence withi n  a single MFGM appeared to be variable.  

A smal l portion « 5%) of fat g lobules fl uoresced . However, 
fluorescence i ntensity was variable; some fat globules fluoresced 
brightly, whereas the fl uorescence of others was relatively weak .  
F luorescence with in a single MFGM appeared to be variable. 

A smal l portion « 5%) of fat globules fluoresced , but fl uorescence was 
bright. F luorescence with in  a s ing le MFGM appeared to be variable .  

A small portion « 5%) of fat globules fluoresced , but fl uorescence 
i ntensity was variable; some fat globules fluoresced brightly, whereas 
the fluorescence of others was relatively weak.  
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Probe Bovine mi lk  Human mi lk  

SP- A small portion « 5%) of fat globules fl uoresced . F luorescence was Not tested.  
D i IC1 8(3) bright, but faded relatively rapidly. 

SP- A smal l portion « 5%) of fat globules fluoresced . F luorescence was Not tested . 
D iOC18(3) weak. Avai lable wavelength filter may not have been optimal . 

5, 5'-Ph2- A smal l portion « 5%) of fat globules fluoresced . F luorescence was Not tested . 
D i IC18(3) bright, but faded rel atively rapidly. 

N31 6 Fluorescent rings were observed around fat globules. However, the Not tested . 
mi lk  plasma also fluoresced . Hence, it was d ifficult to determine 
whether the MFGMs were actual ly stai ned or whether this was an 
artifact due to d iffraction from the mi lk  plasma.  Fluorescence faded 
rapidly. 

FM1 -84 Virtual ly no fat globules were sta ined after 4 h i ncu bation at room Fat globule membranes were sta ined after 1 h and 4 h incubation time 
temperature. A sta ining protocol i nvolv ing 2 .5  h i ncubation of the at room temperature, but fl uorescence was weak. Substantial sta in ing 
mi l k/probe mixture at 40°C did not resu l t  i n  a significant improvement. of the mi lk  plasma occurred . Fluorescence faded rapidly. 
S ign ificant background i nterference occurred , presumably because 
components i n  the mi lk  plasma i nteracted with the probe. 

FM4-64 Most fat globules were sta ined after 4 h i ncubation at room Most fat globules were sta ined after 3 .5  h i ncubation at room 
temperature, but fl uorescence was very weak and faded relatively temperature, but fl uorescence was weak  and faded relatively rapidly. 
rapidly. However, available wavelength filter may not have been However, avai lable wavelength filter may not have been optimal . 
optimal . 

WGA4881 Effective sta i n ing of the membranes of almost a l l  fat globules. Effective sta i n ing of the membranes of almost a l l  fat globu les.  

WGA594 
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Figure 4. 1 5  Conventiona l  microscopy image (combined phase contrast and fluorescence) of a 

bov ine mi lk sam ple stained with ConA 488 (green). Note that ConA fluorescence 

seems to be i nterspersed between fat globules in fat globule aggregates. Most fat 

g lobu les were not sta ined by ConA 488. 

4.2.7 Discussion 

The results in Table 4.3 showed that the lecti n  ConA 488, and the l i pophi l ic probes D 1 09, S P­

D i I C,8(3) ,  SP-DiOC,8(3), 5, 5'-Ph2- Di IC,8(3) ,  N316 and F M 1 -84 appeared to have l imited 

potential for studying the membranes of bov ine mi lk  fat g lobules either because of poor sta i n ing 

of the MFGM,  high background fl uorescence, or poor photostabi l ity of the probe ( rapid fad i ng of 

fl uorescence u pon excitat ion) .  Hence, i n  some cases, the probes were not tested on human 

mi lk .  

As the lecti ns WGA488 and WGA594 stained the membranes of most fat globu les and the 

l i pophi l ic probes DiOC, 8(3), D i IC,8(3), DiA and D i IC'8(3)-DS brightly stained at least a proportion 

of the fat globules in both bov ine mi lk  and human mi lk, these probes were selected for further 

study. Although FM4-64 sta i ned fat globules only weakly ,  i t  was decided to further study its 

suitabi l i ty as sub-optimal  wavelength filter settings had been used in the screen ing experiment. 

4.3 Lipophi l ic probes - Ethanol ic stocks: effect of concentration 

As mentioned above, the screening experiments showed that for the l i pophi l ic probes 

DiOC, 8( 3), D i I C, 8(3), D iA and Di I C18(3)-DS only a small proportion of fat globules were sta i ned 

when us ing an ethanol ic probe stock solution . This was thought to be either the resu lt of 
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d ifferent fat globules possess ing different physico-chem ical properti es (al lowing some fat 

globules to be stai ned , but not others), or insufficient probe being present for the number of fat 

globules in the sample. Hence, d ifferent ratios of probe stock sol ut ion to mi lk  sam ple  were 

exami ned using conventional fluorescence m icroscopy (for DiA :mi lk  the ratios were 0 : 1 00, 

1 : 1 00, 2 : 1 00, or 4 : 1 00; for Di IC1s(3) : mi lk the ratios were 0 : 1 00, 1 : 1 00, 3: 1 00,  or 5: 1 00 v/v) .  
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I ncreasing the volume of the probe stock solution i n  the mi lk i ncreased the proportion of sta ined 

fat globu les. However, the background fluorescence i nterference tended to i ncrease also. An 

i ncreasi ng volume of Di IC1s(3) stock solution in the mi lk also i ncreased the number of red 

fl uorescent particles, presu mably undissolved particulate probe; they could not be small fat 

globules because stained fat globu les were yel low, not red . The rati o  4 : 1 00 for DiA stock to mi lk  

sa m ple  resu l ted in a l l  fat globules being sta ined , although the majority were on ly weakly 

fl uorescent ( Figure 4 . 1 6) .  

I n  sum mary, these observations suggested that the mechanism of fat globule sta i ning was a 

fu nction of the concentrations of the probe and ethanol in the mi lk. Presu mably, at ratios of 

1 : 1 00 or 2 : 1 00 (v/v) the i nitial squ irt of ethanol ic stock sol ution i nto the mil k sa mple created 

local ly an environment conducive to d iffusion of the probe into the fat globules. However, as the 

probe stock solution became progressively d i l uted as it diffused further in the mi lk  sample, the 

ratio of etha nolic probe stock to mi lk  sample changed such that the condit ions for the upta ke of 

probe molecules by the mem branes of the fat globules beca me u nfavourable. Two ex periments 

prov ided further su pport for this ex pla nation.  In the first experi ment, a combined ethanol ic probe 

stock,  conta ini ng DiOC1s(3) and D i IC1 s(3)-DS , was added to bov ine mi lk, which resulted in the 

sta in ing of a proportion of fat globules by either Di IC1 s(3)-DS or by both probes. However, when 

the com bi ned stock was first added to the skim fraction of this m i l k, followed by addit ion of the 

crea m fraction and mixing, virtually none of the larger fat globules ( i .e . ,  from the added cream) 

were sta ined . I n  the second experiment, an aqueous Di IC1s(3)-DS stock was added to a human 

mi lk  sam ple. No fat globules appeared to be sta ined after 20 min  i ncu bation at room 

temperature. However ,  fl uorescence of fat globules was apparent when ethanol was added at 

1 0% (v/v) and increased with addit ional ethanol in the same sample (fi nal concentration 25% 

v/v) .  

Hence, for fat globule sta in ing to occur using these probes, etha nol must be present at relatively 

high concentrations. However, etha nol is known to denature the MFGM proteins6, and therefore 

assessing mi lk samples that conta in significa nt amou nts of ethanol was not com pati ble with the 

objective of studying the MFGM in its native env ironment. Further, concern ing the appl ication of 

fl uorescent probes for studyi ng dairy products, these results rei nforce the im portance of 

recogn i sing the potential effects of probe solvents on the sa mpl e  matrix . Although this has been 

recogn ised i n  some stud ies (Gunasekaran & Di ng, 1 999; Auty et al. , 2001 ), this has not always 

6 In fact, this phenomenon is utilised in the Rose-Gottlieb method for determining the fat content of mi lk  to destabilise 

the MFGM and render the fat in the globu les available for extraction by a solvent (Evers & H ughes, 2002). 
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been the case (e .g . ,  Herbert et al. , 1 999 ; Lopez et al. , 2007). Thus, caution is required i n  

i nterpreting the results of studies i n  which organic probe solvents have been used but their 

effect on the sample matrix has not been reported . 

Fig u re 4. 1 6  Conventional fluorescence m icroscopy image of DiA-sta ined (40 �g/mL m i l k) 

bov ine fat globules. 

4.4 Lipophil ic probes - Effect of probe stock solvent 
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I t  was hypothesised that use of a d ifferent solvent from ethanol for the probe stock sol ution 

might overcome the problem of i ncom plete sta in ing of fat globules in the mi lk, whi le  not 

adversely affecti ng the env i ronment of the fat globules.  Two types of solvent were tested . Type 

1 solvents were non-polar solvents that carried the suspended probe into the mi lk .  I n this case, 

the exchange of the probe from the carrier solvent to the MFG M  was expected to rely on 

col l isions between droplets of the non-polar stock conta i n ing the suspended probe a nd the fat 

g lobules themselves. Type 2 solvents were polar solvents that completely dissolved the probe 

and that were completely miscible with water (to a l low mixing of the probe stock sol ution with 

the mi lk  sample). I n  this case, sta in ing of the MFGM was expected to rely on the diffusion of 

d issolved probe molecules i nto the MFGM.  

Concentrations of  the probes in  these stock solutions were 1 mg/mL for a l l  experiments, un less 

stated otherwise. As the type of stock solvent may affect the abi l ity of a probe to sta in  the 

MFGM,  some of the probes that were prev iously shown to have l i ttl e potential for sta in i ng fat 

globules when added as an ethanol ic stock to the m i l k  sample (Table 4.3) were tested aga in .  
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4.4. 1 Type 1 ( no n-polar) solvents 

Hexane 
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Hexane (Merck, ?: 98.0%) was tested as a solvent for DiA. DiA did not d issolve in hexane, but a 

suspens ion was obta ined after 5 min sonication at 40-50°C. The addit ion of th is stock to milk at 

a ratio of 1 : 1 00 (v/v) resulted in sign ificant fat globule damage as ev idenced by partial 

coalescence of fat globu les and the presence of non-spherical fat globules. Very few of these 

were sta ined by DiA. Addit ion of this stock to mi lk  at a ratio of 2: 1 00 (v/v) increased the degree 

of fat globule damage as ev idenced by large pools of free fat. Hence , hexane was not 

considered a su itable probe solvent. I ncidental ly ,  as these pools of fat were not sta ined by DiA, 

it may be concluded that DiA does not d issolve in neutral fat, or, if it does, ex hib its no 

substantial fluorescence emission upon partitioning into th is l i p id environment. 

FFMR 

Free frozen milk fat for recombin ing (FFMR) (Fonterra, Palmerston North ,  New Zealand) was 

tested as a probe stock solvent for DiA. DiA could not be d issolved in FFMR (which also 

expla ins the fai lure of DiA to sta i n  the free fat in the hexane experiment), but a suspension was 

obta i ned after 5 min sonication at 40-50°C. Mixing the FFMR probe suspension and mi lk  (at a 

ratio of either 1 : 1 00 or 2 : 1 00 v/v) by inversion of the sa m ple v ial resulted in only very few fat 

globules being stained . The ab i l i ty of the probe to sta in the fat globules would have been 

affected by the frequency of coll i sions between FFMR droplets and fat globules as wel l as the 

rate of exchange of DiA between FFMR droplets and fat gl obules during each col l is ion. From 

the very low number of fat globules being sta ined , it appeared that the number of col l i s ions was 

very low and/or the effectiveness of the exchange of the probe from the FFMR to the fat g lobule 

was very poor. However, the fat globules that were stained looked the sa me as those that were 

stai ned by the ethanol ic  DiA stock. This suggested that the probe-globule interaction in a mi lk  

environment contain ing some ethanol ( 1 -2% v/v) was s imi lar  to that i n  an environment wi thout 

ethanol . This might mean that low concentrations of etha nol (e.g . ,  1 % v/v ) could be safely used 

in mi lk .  Further work would be required to determ ine this. However, as the addition of somewhat 

higher ratios of ethanol ic probe stock to mi lk (5 :  1 00 v/v) caused partial coal escence of some fat 

globules, there would seem to be a risk that a lower concentration ( 1 %  v/v) of ethanol in the mil k 

might sti l l effect some cha nges to the MFGM structure by denatur ing some membrane proteins 

even if these changes were not severe enough to ( partial ly) destabi l ise the mem brane. 

4.4.2 Type 2 (po lar) solvents 

DMF 

DMF7 (m in imum 98. 5%, M&B Ltd . ,  Dagenham, UK) read i ly d issolved the DiA probe. When this 

stock solution was added to mi lk at a ratio of 1 : 1 00 (v/v) ,  v irtual ly no fat globules were sta ined . A 

large number of red particles were observed,  which i n  an add itional experiment were shown to 

7 One of the solvents recommended by Molecular Probes for preparing stock solutions of various lipophi lic probes. 
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be undissolved DiA. Hence, the mix ing of DMF-dissolved DiA with milk resulted in DiA coming 

out of solution and aggregati ng i nto particles that were v isible u nder the microscope. Using DMF 

in  the mi lk at concentrations greater than 1 % (v/v )  resul ted in s ignificant destabi l isation of fat 

globules (burst globu les). 

DMF also fully d issolved DiOC1s( 3) .  I n  contrast to DiA, when this probe stock was added to 

bov ine mi lk ,  a num ber of fat globules were stai ned (about the same proportion as that of a mil k 

sa mple stained with an ethanol ic DiOC1s(3) stock sol ution). However, fading of fluorescent fat 

globules appeared to be more ra p id than when a n  ethanol ic DiOC1s(3) stock was used . 

Together, these resu lts showed that DMF was not a su itable probe solvent. 

DMSO 

DMSO (GPR grade, minimum 98%; BDH, Poole, UK) readily d issolved Di IC1s(3) and DiOC1s(3) 

(the latter requ i red 5 min son ication). The use of this stock solvent did not appear to damage fat 

globules ( i .e . ,  there was an absence of coalescence of fat globules). However, the sta ining 

efficacy of Di IC1 s(3) carried by this solvent into the mi lk sample was poor in bov i ne mil k and 

human mil k. Furthermore, mi l k sta i ned by DMSO-DiIC 1 s(3) stock showed a sign ificantly greater 

number of undissolved probe particles than that sta ined by etha nolic Di IC1s(3). 

In contrast to DMSO-dissolved D i IC18(3), using DMSO-dissolved DiOC1 8(3) resulted in most fat 

g lobules i n  human mi lk  be ing sta ined . Howev er, the large majority of fat globules was only very 

wea kly fluorescent, although some fat globules were brig htly fluorescent. As had been observed 

for DMSO-dissolved D i IC18(3), many small fluorescent particles were seen. In human mi lk ,  

ethanol ic  DiOC1s(3) resulted in very few und issolved particles ev en though about the same 

proportion of fat globul es was stained as com pared with the DMSO-d issolved D iOC1s(3). For 

bovine mi lk ,  no d ifference was observed between the mi lk  sta ined with etha nol ic  DiOC1s(3) 

stock or DMSO DiOC1s(3) stock i n  terms of the proportion of sta ined fat globules or und issolved 

probe particl es. Hence, DMSO offered no adva ntages over ethanol as a probe stock solvent. 

CitiFluor 

CitiFluor (a mixture of gl ycerol and PBS; Agar Scientific Ltd . ,  Stansted, UK) was tested as probe 

solvent for DiA, N31 6 and D1 09. DiA did not d i ssolve, but a suspension could be made after 5 

min son ication at 40-50DC. Appl ication of this stock to mi lk ,  at either 1 % or 2% (v/v) ,  resul ted in 

v irtually no fat globules being sta ined . This suggested that DiA in an und issolv ed state is  not 

taken up by the MFGM.  Most of the D1 09 coul d  be dissolved at a concentration of 1 .45 mg/m L 

after son ication for 30 min at 40-50DC. Resul ts for D1 09 were simi lar to those obtai ned with 

ethanol ic D 1 09 probe stock solution, i . e.  rapid fad ing of sta i ned MFGM (Table 4 .3). N31 6  

d issolved wel l at 1 mg/m L with the aid of son ication .  Stai n ing of the fat globu l e  membranes wa s 

simi lar to that observed when using the etha nol ic N31 6 (Table 4 .3), except that background 

( i . e . ,  m i l k  plasma) fluorescence i nterference was much reduced compared with that obtained 



Chapter 4: D evelopment of fluorescence microscopy techniques for studying the MFGM 

when usi ng the ethanolic N31 6 probe stock solution. These results showed that, overal l ,  

CitiFl uor was not a suitable solvent for these probes. 

Water 
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Mil l i-Q water was tested as a probe stock solvent for DiA, DiOC1s(3) and D i I C1s(3) .  DiA coul d  

not be dissolved (even after 2 5  m i n  sonication) ,  but a un iform suspension was obta ined . This 

suspension was fil tered through a 1 7  I-lm d isc fi lter to remove large probe aggregates. When 

appl ied to mi lk this probe stock fai led to sta i n  any fat globules. Und issolved probe aggregates 

were abu ndant (showing up as small red particles). The add ition of ethanol to the stained mi l k 

sample ( 1 : 1 00 v/v) did not i ncrease the number of fl uorescent fat g lobules. This supports the 

earl ier observation (section 4.3) that when adding an ethanol ic stock of DiA to mi lk, the squ irt of 

stock sol ut ion i nto the mi lk momentarily creates an env ironment conducive to the i nteraction of 

the probe with the mem branes of the fat globules ( i .e . ,  a relatively high ratio of ethanol :mi l k 

sample) .  Both DiOC1 s(3) and D i IC1 s(3) seemed to be as i nsol u ble  i n  water as DiA was .  

Additiona l ly ,  these probes had poor suspension properties; even after 65 m in  sonication only a 

small proportion appeared to be suspended. 

Mi l l i-Q water was also tested as a probe stock solvent for D i IC1 s(3)-DS at a concentration of 3 

mg/mL. I n  contrast to DiA, DiOC1s(3) and Di I C1s( 3), a sign ificant proportion ,  but not al l , of the 

D i IC1 s( 3)-DS probe d issolved . Add ition of this stock to human mi lk and bov i ne mi lk  samples 

resul ted i n  sta ining of fat globules .  Differences i n  sta ining efficacies between human and bov ine 

fat globul es,  both i n  terms of intensity of MFG M fl uorescence and the total number of fat 

globu les being sta i ned with in  a given time i nterval ,  suggested significant d ifferences in  the 

MFGM composition and/or structure between these species. Because of the high potential of 

using aqueous D i IC1 s(3)-DS, it was decided to conduct a detailed study to i nvestigate the effect 

of time and temperature on its MFGM stain ing efficacy (see section 4 .5) .  

4.5 Lipo phi l ic probe Di IC1s(3)-DS (aqueous stock) - Optim ising sta i ning cond itions 

I n itial experiments had shown that D i IC1s(3)-DS com pletely d issolved in ethanol at a 

concentration of 1 mg/mL, but that using this stock resulted i n  only a smal l proportion of fat 

globules being rapidly stained « 5 min) ;  these fat gl obules were brightly fl uorescent. 

Furthermore, i n itial experiments using aqueous d issolved Di I C1 s(3)-DS showed that th is probe 

could  sta i n  fat g lobules, but apparently at a much slower rate than that obtai ned when using the 

ethanol ic stock ( hours rather than minutes at room temperature). 

A series of experiments were conducted with the a im of optimis ing the MFGM sta ini ng 

cond itions using aqueous Di IC1 s(3)-DS stock. 

4.5.1 Effect of concentration 

An aqueous stock was prepared that contained 3 mg Di IC1s(3)-DS/mL, part of which was not 

d issolved . The sta in ing efficacy was assessed qual i tatively (relative degree of fluorescence 
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intensity of sta i ned fat globul es) after 1 -1 . 5  h i ncu bation at room temperature for two ratios of 

stock :human mil k (0 .33: 1 00 and 1 : 1 00 v/v ,  respectively). At the ratio 0 .33: 1 00 (v/v)  few fat 

globules appeared to be sta i ned , whereas at the ratio 1 : 1 00 (v/v) most fat g lobu les were 

sta i ned . Using conventional fluorescence microscopy, the fl uorescence i ntensity across the 

membranes a ppeared not to be homogeneous as some areas of the mem brane were shown to 

be less fluorescent than the surrounding membrane or eve n  non-fl uorescent (Figure 4 . 1 7) .  A 

number of fat g lobu les contained a few mainly large (relative to the size of the fat globu le)  non­

fluorescent areas, which tended to be roughly circular (arrows). I n  contrast, other fat globules 

contained a relatively large number of small non-fluorescent areas (double arrows). 

Bov ine mi l k sam ples stained at a ratio 1 : 1 00 (v/v) and observed after 3.5 h i ncubation at room 

temperature, yielded proportionally less sta ined fat globu les compared with human mi lk .  Also, 

on average,  the fluorescence i ntensity of the fat globules that were sta ined was less than that of 

the fat globules i n  human mi lk .  Furthermore, non-fl uorescent patches were not observed , 

al though membrane fluorescence intensity d id  appear to be variable on some fat globules. 

4.5.2 Effect of incubation temperature and time 

I t  was observed that fat globules of human mi lk  samples stained at a stock:sample ratio of 2 : 1 00 

(v/v ) using aqueous Di IC1 8( 3)-DS stock ( 3  mg/mL) and incubated overnight at 5°C exhibited 

mem branes that were fluorescing at much greater i ntensity than the same samples i ncubated at 

room temperature for 20 m in  or 1 . 5 h .  Furthermore, the average membrane fl uorescence 

intensity after 1 . 5 h i ncubation was greater than that after 20 min i ncu bation .  These resu l ts 

strongly i nd icated that there was a time-temperature relationship that affected the sta in ing 

efficacy of fat globule mem branes. A series of experiments were conducted to optimise the 

sta ining protocol using aqueous Di IC1 8(3)-DS stock. 

Effect of incubation time at room temperature followed by overnight incubation at 5°C 

Bov ine and human mi lk samples were sta ined using D i IC1 8( 3)-DS stock (aqueous; 3 mg/mL)  at 

two levels  (the stock:sample ratios were 1 : 1 00 and 5 : 1 00 (v/v), respectively). The intensity of 

the membrane fl uorescence was assessed using conventional fluorescence microscopy after 

0.4,  1 ,  2, 3, 5 and 7 h incubation at room temperature and again after 1 d fol lowing overnight 

incubation at 4°C. The camera exposure time was kept constant at 2 1 5  ms. 
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Figure 4. 17  Human fat globules i n  mi lk sta ined usi ng D i IC'8(3)-DS (aqueous stock) and imaged 

using conventional fluorescence microscopy. Arrows ind icate fat g lobu les showing 

relatively large non-fl uorescent areas, whereas double arrows ind icate fat globu les 

conta in ing relatively small non-fluorescent areas. 

For human mil k, fat globule membranes were clearly stained after 3 h incubation, although after 

5 h i ncu bation sta in ing of the membranes was, on average, brighter. Overnight i ncu bation at 

4°C resul ted in bright sta in ing of fat globules for both concentrations. However, significant 

d ifferences in the degree of membrane fluorescence between d ifferent fat g lobules of the same 

sample were observed i rrespective of  the i ncubation time. Th is  suggests a d ifferent rate of 

d iffusion of Di IC '8(3)-DS into human fat globule membranes for d ifferent fat Globules with in the 

same mi lk .  

For bovine mi lk, on average, fat globule mem branes d id not �I uoresce as brightly as those i n  

human mi lk for com parable incubation times . Furthermore, it appeared that D i IC ' 8(3 )-DS 

associated with mi lk  plasma components in bov ine m i l k, which resulted in significant 

background i nterference. This made it difficult to d ist inguish fat globules from the backgrou nd . 

This phenomenon was not observed with human mi lk, probably because the protei n  

concentration i n  human milk is 3-4 times smaller than that i n  bov ine mil k, and/or bov ine mil k 

may perhaps conta i n  a relatively h i�h proportion of t iny fat globules. Differences i n  membrane 

fluorescence intensity as a functio o l  of  incubation t ime were less pronounceo than those for 

human mi lk .  Little improvement in staini ng efficacy seemed to occur beyond 3-5 h i ncubation 

time. Dark (non-fl uorescent) patches, as seen on human mi lk  fat globules, were not observed 

on bovine mi lk  fat globu les .  Overnight storage of the bov ine mi lk sample at 4°C resulted i n  

bright stai ning of a l l  fat globules for both concentrations. This suggests that, given t ime, 
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Di IC,s(3)-DS wi l l  d iffuse i nto all bovine fat globu le  membranes, and that, as observed above for 

human mi lk ,  the rate of diffusion of D i IC,s(3)-DS i nto membranes is different for different fat 

g lobules with in the same milk. Hence, these results suggest d ifferences in  membrane 

structure/composition between species as wel l  as between fat globules within the same sam ple.  

The number of smal l fluorescent particles (und issolved Di IC,s(3)-DS) i n  the mi lk samples was 

clearly sign ificantly greater for the stock:sample ratio of 5: 1 00 (v/v) tha n  for the ratio of 1 :  1 00 

(v/v ) .  On the one hand,  the presence of und issolved probe i n  the stock increases the 

background ( i .e . ,  mil k plasma) fl uorescence, but on the other hand it i ncreases the effective 

concentration of dissolved Di IC,s(3)-DS in  the mi lk sample resulting i n  a sl ightly better 

mem brane sta in ing efficacy. 

DilC1s(3)-DS staining efficacy using unfiltered and filtered stocks 

To i nvestigate whether the background interference caused by the u nd issolved Di IC,s(3)-DS 

part icl es could be reduced , the sta in ing efficacl of unfi ltered D i IC,s(3)-DS (1 mg/mL) stock, 

conta i ning a large number of undissolved probe particles, and a port ion of the same stock, 

fil tered through a 0 .02 IJm d isc fi lter (v irtual ly free from und issolved probe particles), were 

compared using conventional fl uorescence microscopy. 

Filtered D i IC,s(3)-DS stock was added ( ratio 2 :  1 00 v/v) to both bovine mi lk  and human mi lk  

sam ples and its mem brane staining efficacy was evaluated after about 2 h and 5 h i ncubation at  

room temperature and aga i n  after overnight storage at 4°C .  It was ev ident that the sta i ning 

efficacy of the filtered Di IC,s(3)-DS was significantly l ower than that of the unfi ltered parent 

stock. Human mi lk fat globules were somewhat stained after 5 h but not significantly after 2 h. 

Bov ine mil k fat globules appeared not to be stained at all even after overnight i ncubation. 

Further experiments, using fresh and aged (2 days at 4°C) bov i ne m i lk, confirmed the time­

temperature relationsh ip with regard to sta in ing efficacy of the fat globules as wel l  as the effect 

of ageing. Increasing i ncubation times ( 1 0, 30, 60 and 1 20 m in )  at 40°C9 resu l ted , on  average, 

in greater fluorescence intensity of fat globule membranes. However, significant d ifferences 

between fat globu les within a sample were observed ;  some fat globu les were very brightly 

sta ined , whereas the majority was l ess i ntensely sta i ned and some appeared to be sta ined very 

weakly or not at a l l .  At all i ncubation t imes, the fl uorescence i ntensity of the fat globules in the 

aged mi lk appeared to be greater than that of the fresh mi lk .  Fluorescence of fat globules was 

more intense, on average, for the samples stai ned using the unfiltered stock compared with 

sam ples sta ined with the filtered stock. 

8 Assessed q ualitatively by comparing the relative degree of fluorescence intensity of fat globules. 

9 The temperature of 40°C is close to the physiological temperature. Furthermore, at 40°C all the fat in the fat 

globules is l iquid ensuring free exchange (if any) between components of the core fat and the MFGM. The 

incubation time was not extended beyond 1 20 min in order to minimise the risk of bacteriological spoilage of the 

sample. 
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An add itional experiment, using fresh bovine mi lk, compared the sta in ing effects of u nfiltered 

stock with that of the fil tered stock at both 40°C and 50°C at d ifferent i ncubation times ( 30, 60,  

90 and 1 20 min) .  Al though longer i ncubation times at 40°C improved the sta i n ing effect, even 

after 1 20 min fat globules were general ly only weakly sta ined . Sta i n ing of fat g lobules was better 

at 50°C than at 40°C,  with 1 20 min i ncubation time yield i ng the best sta in ing results .  At this 

point, experiments using incubation temperatures greater than 50°C were not conducted as it 

was known that the MFGM changes at higher tem peratures (e .g . ,  BTN and XO start to 

aggregate at 60°C (Ye et al. , 2002) and at 65°C, serum proteins start to i nteract with the MFGM 

(Corred ig & Dalg leish, 1 996) .  

The above results for different sta in ing rates indicated d ifferences i n  MFGM structure 

/com position between the human MFGM and the bov ine MFG M  as wel l  as a changing 

mem brane during ageing . From a review of the l iterature it is clear that cold ageing does affect 

the MFGM composition ( Chapter 2), and the current sta in ing results confirm this, but it is not 

clear how the MFGM changes u pon cold ageing. Hence, it is d ifficult to expla in  why the 

fluorescence i ntensity of Di IC'8(3)-DS-stai ned fat globules is greater in cold-aged m i l k  than that 

in fresh mi lk .  This shou ld  be explored in future work. Furthermore, it appeared that when the 

unfiltered stock was used , some of the in it ial ly und issolved D i IC' 8(3)-DS d issolved in the mi l k 

plasma thereby increasing the effective concentration of D i lC'8(3)-DS in  the mi lk  samp le and 

prov id ing quicker v is ible  sta in ing of the fat globules. Alternatively ,  individual undissolved 

particles m ight have i nteracted with membranes d irectly resu l ti ng in a transfer of probe to the 

mem brane. The former explanation seems to be more l i kely. 

4.6 Lectin probes 

A significant advantage of using the lecti n probes over most of the l i pophi l ic probes was the 

abil ity to make up stock solutions using buffer or water as the solvent. This al lowed for mix ing of 

the stock with the sample i n  the knowledge that the stock solvent d id not d i rectly alter the 

MFGM. However, for both ConA and WGA, the appl ication of the stock sol utions to m i l k  

samples at a ratio 1 : 1 00 (v/v) resulted i n  the onset of clustering of  fat globu les (for ConA, see 

Figure 4. 1 8). The rapid cl ustering of fat globules observed in this work agreed with results from 

prev ious i nvestigations ( Keenan et al. , 1 974; Patton & Hu bert, 1 983) which showed that ConA 

binding to MFGM is nearly complete with in 1 0  min for both bov i ne and caprine mil k .  Al though 

the fat globule clusteri ng p henomenon was ev idence for the desi red b ind ing of the lectin with 

the MFG M ,  it was an undesirable side-effect from the perspective of microscopy imaging. For 

WGA, l imi ted fat globule cl ustering was observed during the first 5-1 0  min after mixi ng of the 

probe stock and the mi lk  sample .  Hence, the sta in ing protocol developed for WGA probe 

involved i maging the samples as soon as possible after the add ition of the stock to the mi l k 

sample.  
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Fig ure 4.1 8  Conventional microscopy image of bov ine mi l k sta i ned with ConA 488 showing the 

presence of a significant number of fat globu le clusters. (A) F luorescence image. (8)  

Combined bright fie ld and fl uorescence image. Note the presence of  a significant 

number of fat globule  cl usters (compare with corresponding fluorescence image). 

4.7 CLSM 

4.7 .1  Aims 

Conventional fluorescence microscopy al lows imaging of objects with relatively l ittle effort as the 

operation of the i nstrument is v ery simi lar to that used for bright field microscopy. The technique 

is particularly useful for relatively quick assessments of large numbers of fat globules. However, 

a d isadvantage is that, at the magn ification needed to detect the detail , fluorescent parts of the 

globule and its surroundings that are out-of-focus produce unwa nted l ight which is collected by 

the microscope objective, thus reducing the contrast of the signal from the reg ion of focus 

( I noue, 1 995). To produce better qual ity images and to obta in  a greater degree of resol ution of 

parts of the membranes of fat globules in their native env i ronment, the suitabi l ity of CLSM was 

investigated . This microscopy technique a l lows imaging of optical sections even below the 

surface of a specimen ( refer to Append ix 2 for an explanation of the princip le of the CLSM) .  I n  

contrast to conventional fluorescence microscopy, the operation of the i nstrument requ i res 

special tra in ing, particularly i n  operating the rather extensive software package .  Such tra i n ing 

was undertaken by the author to obta in sufficient expertise to routi nely use the CLSM for the 

imaging of fat globules. 

CLSM has been used before to image fat globules in mi lk  (Fang, 1 998; Herbert et al. , 1 999; 

Evers, 2004b) ,  but the dyes employed sta ined the fat core of the globu les rather than the 

MFGM.  Hence,  at the t ime the work reported in this thesis was conducted there were no known 

reports of the appl ication of CLSM to studying the MFGM specifical ly .  Furthermore, there were 
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no known reports of stud ies in which the membranes of fat globules in their native environment 

had been studied by using three-d imensional (3-D) imag i ng 
1 0. 

Therefore, the first a im was to develop a CLSM protocol for maki ng two-d i mensional (2-D) 

images of fat globules through sta in ing the MFGM.  The second a im was to develop a protocol 

for generating 3-D images of fat globules through sta ining the MFGM.  The third a im was to 

develop CLSM protocols for observ ing multi ple sta i n ing ( i . e . ,  using two or more probes) of fat 

globu les usi ng either 2-D or 3-D imaging techniques. Imaging was performed usi ng a Leica 

DMRBE TCS CLSM (Leica M icrosystems GmbH, Wetzlar, Germany). 

4.7 .2 CLSM - 2-D and 3-D imaging of fat g lobules using s ingle sta ins 

The sta in ing protocol and s l ide preparation technique developed for conventional fl uorescence 

microscopy were also found to be suitable for CLSM,  except that a sample vol ume of 6 .5  IJL 

was typical ly used (for conve ntional microscopy the typical sample volume was 7 .5  IJL) .  W ith 

this smal ler volume, the fat globu les became immobile more qu ickly on the m icroscope sl ide.  

The absence of any motion during imaging was fou nd to be critica l ly important for obtain ing 

good qual ity CLSM images
1 1

; when using a sample volume of 7 .5 1JL most fat globu les often 

kept on moving for several hours. Even if there were only very small movements, good qual i ty 

images cou ld not be made. F igure 4 . 1 9
12  

shows an example  of a poor qual ity image as a 

consequence of a m inute rocking motion of the fat globule. 

A general sta i ning protocol is descri bed i n  Append ix 3 and optimised CLSM parameters for 

selected probes are summarised in Append ix 4 . 

1 0  In addition, expert advice obtained in New Zealand prior to the current work suggested that it would not be possible 

to generate 3-D images of fat globules. 

1 1  This comment applies to the CLSM used in this study, which was 10 years old. Preliminary experience with a 

modern CLSM suggested that, owing to the very rapid scanning capability of modern instruments, some movement 

in fat globules during scanning at low zoom can be tolerated in  certain scanning modes. 

1 2  For some of the following images, a scale bar is not avai lable. Unfortunately, because at the end of this project the 

CLSM broke down beyond repair, the scale bars could not be retrieved. Typically, the fat globule diameters would 

have been within the range 4-8 IJ m .  
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Figure 4. 1 9  CLSM image of a bov i ne fat globule the membrane of which was stained using 

D i IC18(3)-DS (ethanolic stock). Th is  image shows that even a very sl ight rocki ng 

motion, probably with an ampl itude as small as 1 00 nm, resulted in a bl urry image 

of the MFG M .  Exact size of fat globule not known (probably about 3-4 IJm) .  

2-D imaging 

The developed 2-D CLSM imaging technique was shown to highl ight successfu l ly aspects of the 

fat globu les us ing a range of fl uorescent probes (see F igure 4.20, and Figure 4.24). The 

fluorescence i ntensities i n  the images, based on a grey scale,  were g iven false colours which 

varied from black ( no fl uorescence) to red (optimum) to white (h igh i ntensity) to blue 

(overexposure) .  In th is thesis,  where colour pri nti ng d id not enhance the image, images are 

printed i n  grey scale. Prior to imaging, the correct laser l evel setting was estimated by pre­

il l um inating the fat globu le(s) and varying the detector voltage level and,  if necessary , the laser 

output l evel . This process was more an art than a science and requ ired experience to strike a 

good balance between avoid ing underex posing areas that had a low concentration of 

fl uorescent probe and overexposing areas that conta ined a high concentration of fluorescent 

probe. 

3-D imaging 

To construct 3-D images, the CLSM takes sequential depth scans of the specimen and then the 

microscopist reconstructs these images by using the CLSM software to generate a 3-D image. 

Hence, the microscopist must first determine the maximum width and the length as wel l  as the 

full depth of the object to be imaged . 
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Figure 4.20 2-D images of human fat globules. (A) Stained with DiOC18(3) (ethanol ic 

stock) .  Optical sect ion of the middle of the fat globu le .  The MFGM is 

somewhat sta ined (see position between 1 1 -2 o'clock) .  The core of the fat 

globu le  contained som e  fluorescent probe, but it was not homogeneously 

stained . (8) Sta ined with Di IC1 8(3) (ethanol ic stock) .  O ptical section of the 

middle of the fat globu l e. In add ition to the MFGM, a part of the fat globule 

core was also stained, but fluorescence was not hom ogeneously d istri buted . A 

fluorescent bulge (denoting membranous matter) was observed at a position of 

about 1 0  o'clock. (C)  S tained with DiA (ethanol ic stock) .  Optical section of the 

middle of the fat globu le .  The MFGM was highly fluorescent, but fl uorescence 

i ntensity varied significantly. The core of the fat globule was essentia l ly  non­

fluorescent. (D)  Stai ned with Di IC18(3)-DS (ethanol ic stock). The MFGM of fat 

globules was fl uorescent, whereas the cores of the fat g lobules were non­

fl uorescent. True partia l  coalescence is ev ident from the absence of a sta ined 

membrane at the place where the two globules are jo i ned together. 
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To o bta in 3-D images of si ngle fat g lobules in mi l k, the fol lowing protocol was used . F i rst, after 

adjust ing the microscope stage to bri ng the fat globule of i nterest to the desired posit ion (as 

v iewed on the screen) ,  the microscope zoom was adjusted to ensure the desired magnificat ion 

of the fat globule was obta ined , as v iewed on the screen . Then the microscope stage was 

adj usted along the Z-d i rection (up  and down) and the computer was i nstructed as to which Z­

posit ion corresponded with the top of the fat globu le and wh ich with the bottom .  This defi ned the 

total depth of the scan area . Next, the amou nt of laser l ight required to obta in optimum 

fluorescence was determined by scann ing the fat globule through th is depth and varying the 

laser output. Depend i ng on the fl uorescence parameters of the probe used and the number of 

l ine scans 
13 desi red , i n  practice the level of excitation l ight was often chosen such that some 

parts of the top of the fat globule were sl ightly overexposed . This reduced the risk of total loss of 

fluorescence for the lower parts of the fat globule as a consequence of photobleaching of the 

13 The l ine scan number n determines how many times a particular l ine in the defined X-Y raster pattern is scanned, 

and thus also affects the time required to complete the scan. The line scan number that can be selected follows the 

formu la n = 2x, where x is an integer, and where the quality of the scan generally increases with an increasing value 

of x. The increase in the q uality, if any, of each depth scan ( and hence the final 3-D i mage) must be weighed up 

against the extra time needed to perform the scan. 
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probe. (The fat globu le  is repeatedly i l l uminated by the l aser l ight during subsequent depth 

scans. Hence, photo-bleaching effects become more pronounced with both an i ncreas ing l i ne 

scan number and number of depth scans). F inal ly, the com puter was instructed to execute the 

entire depth scan .  The imag ing could take up to 20 m in  depending on the number of depths 

scans and the l i ne scan number. Using this protocol , i t  was shown that 3-D images cou ld 

successfu l l y  be made of fat globules stained using a range of fluorescent probes (F igu re 4 .21  

and Figure 4 .22) .  Stereo glasses are requ ired ( located on the i nside of  the back cover) to obta in 

the 3-D effect. Factors that improved the chances of obtaining good qual ity 3-D images of fat 

g lobu les were: ( 1 )  a h ighly fluorescent mem brane (this a l lowed the laser be set at low output, 

thus min imis ing photobleach ing) ;  (2) a min imum fat globule diameter of about 3-4 IJ m ,  as this 

reduced the risk of movement during imaging and improved the chance of identifying d ifferent 

d istribution patterns of the probe if these existed . For probes that sta ined the MFGM only, the 3-

D images often showed gaps between the optical sections because of selecti ng suboptimal 

sect ioning parameters (Figure 4 .22A). These gaps could be artificia l ly  smoothed out by using 

image processing software (F igure 4.228). In the current study it was decided not to do  this, but 

i nstead to rely on the human mind to imagine the connecting membrane patterns. However, with 

newer versions of the CLSM,  modern 3-D graphical software and improved scann ing 

experience, it is env isaged that the 3-D image qual ity of sta ined fat globules wi l l  be s ign ificantly 

enhanced in the future. 

4.7.3 CLSM - 2-D imaging of fat globules using dual stains 

Multifl uorescence experiments i nvolve specimens in which more than one target is l abel led or 

the same target is label led by d ifferent probes. Dual or triple label l i ng techniques for sta in ing 

d ifferent components (e.g . ,  fat, protein  and whey) i n  m i lk  and mi lk  products have been reported 

in the l i terature (Herbert et al. , 1 999; Auty et al. , 2001 ; Evers, 2004b; M ichalski et al. , 2004a) .  

However, there appear to be  no publ ished studies i n  wh ich more than one probe has  been used 

to sta in fat globu les. Hence, the aim of this part of the project was to develop fluorescence 

microscopy techniques using two, or if possi ble, three d ifferent probes for staining fat globules, 

and particularly the MFGM.  

I n it ial work focused on  using conventional fl uorescence microscopy. Results obtai ned from 

experiments in which d ifferent l i pophi l ic probes (us ing ethanol stocks) were added sequential l y  

to a mi l k sample seemed to suggest that d ifferent probes associated with d ifferent fat globules, 

and not with the same fat globules (Figure 4 .23). 
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Fig u re 4.21 (A) 3-D image of a human fat globule sta ined by using DiOC1s(3} (ethanolic stock). The probe appears to be d istributed throughout the 

fat globule i n  a "spotty" manner. The scale bar is not entirely accurate ( probably up to 1 0% too large) as it was copied from another 

image of very s imi lar magnification . Note that the depth of the 3-D effect is affected by the d istance the v iewer is from the image: the 

further away from the image, the greater the 3-D effect. Distortions occur either way from the optimum:  if the v iewer is too close to the 

image, the fat globule will look somewhat squashed , whereas when the v iewer is too far away, the fat globule looks somewhat e l l i ptical 

rather than globul ar. (8)  3-D image of three DiA-stai ned (ethanolic stock) human fat globules that were touching each other. The 

small est fat globule was about 4 IJm in d iameter, the largest about 71Jm.  Note the spotty d istribution of the probe on the fat globule 

surface. (C) 3-D image of a human fat globule sta i ned by us ing D i lC1 s(3} (ethanol ic stock). The probe appears to be mainly located i n  

the MFGM, but i s  also partly located in the fat core. Some non-fl uorescent patches appear to be elongated (arrows) .  
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Figure 4.22 W GA488-stained bovine fat globule in mi lk  that was heat treated ( 75°C, 5 min)  and 

shaken (30 s) .  (A) 3-D image showing gaps between the stack of optical sections. 

Note that it is d ifficult to see the sta in ing pattern of the bottom of the fat globule (at 

the back i n  the image) as the v iew is partia l ly obscured by the sta i ning of the top of 

the fat globu le (front of the image) .  (8)  The gaps between the optical sections of 

F igure 4.22A have been smoothed out using ImageSpace image processing 

software (version 5 . 1 ,  Molecular Dynamics, Si l icon Valley, US).  Th is 3-D rendering 

of the fat globu le  shows two levels of fl uorescence i ntensity. High i ntensity results 

from "overlappi ng" stained areas at the top and bottom of the fat globu le .  Low 

i ntensity means there is no overl app ing of the area stained at the top of the globule 

by an area at the bottom of the fat globule or v ice versa . Note, that this renderi ng 

a l l ows better visual isation of the sta in ing pattern at the bottom of the fat globu le ,  

but  makes it more difficult to  see the sta ining pattern at  the top of  the fat globule .  

However, a su bsequent experiment in which two l i pophi l ic probes (O i IC1 8(3)-DS and OiOC18(3))  

were added to the mi lk i n  a com bined probe stock sol ution ( in ethanol ) yielded some fat 

globu les that were sta ined by both probes. Hence, when ethanol ic stocks are used , the probes 

must be com bined in the sam e  stock. It wou l d  seem good practice to also use a combi ned­

probe stock when usi ng aqueous probe stocks. For example ,  when sta in i ng fat globules usi ng 

d ifferent fluorescent conjugates of the same marker (e .g . ,  l ecti n)  a combined stock would need 

to be used , because sequential add ition of the probes wou ld result in the first probe b ind ing to 

ava i lable sites on the MFGM,  and thus com peting "unfai rly" with the second probe. 
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Figure 4.23 Conventional microscopy image of human mi lk  fat globules to which DiA stock 

(ethanol ic) and DiOC1 8(3) stock (ethanolic) had been added sequential ly. (A) Bright 

field image. Arrows denote the fat globules that were sta ined in the corresponding 

fl uorescence image. (B)  Correspond ing fluorescence microscopy image of Figure 

4 .23A. I n  this image, one fat globu le  was stained by DiA (yel low) a nd one by 

D i IC18(3) (green) .  Note that the majority of fat globules were not sta i ned . The size 

of the sta ined fat globules is not known (probably about 1 0  IJm) .  

DilC1a(3)-DS in combination with WGA488, WGA594, WGA680 or Nile Red 

Dual sta in i ng us ing the l i pophi l ic probe Di IC1 8(3)-DS (aqueous stock) and the lecti n  WGA488 

was not successful because the emission spectra overlapped . Dual sta i ning us ing D i IC1 B(3)-DS 

and WGA594 was not successful as Di IC1B( 3)-DS was excited by both the 488 nm laser and the 

568 nm laser (the latter laser bei ng used also to excite WGA594) .  Hence, a l though Di I C1B(3)-DS 

emission could be col lected without i nterference from WGA594, imaging of WGA594 sta ined 

objects was compromised by overlap of fluorescence emission from Di IC1 B(3)-DS in  its 

spectru m .  Rather than compensating digital ly for the Di lC1B(3)-DS interference, it was 

considered to be more appropriate to combine Di IC1B(3)-DS with WGA hav ing a different Alexa 

Fl uor® conjugate to avoid overla p  of emission spectra . 
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As the CLS M  had three excitation wavelengths, namely 488, 568 and 647nm, it was thought 

that the use of a WGA conjugate that emits in the red reg ion of the vis ib le spectrum cou ld  be 

used i n  com bination with D i IC1 s(3)-DS. Hence, WGA680 was purchased and its suitabi l ity 

regard i ng sta in i ng the MFGM was examined . 
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Using the 647 nm l aser and a LP 665 nm filter, it was shown that there was no autofl uorescence 

of either human fat globules or bov ine fat globules in the emission reg ion of WGA680. However, 

the use of W GA680 was found not to be su itable for sta in ing the membranes of either human or 

bov ine fat g lobules, because of the low fluorescence intensity of the sta i ned membranes and 

extremely h igh rate of photobleaching .  Th is resul ted from the need to use a high l aser power to 

make the sta i ned membrane v isible, as the laser (647 nm)  did not excite the probe at its 

optimum excitation wavelength (680 nm) .  Al though there is a shoulder at 647 nm i n  the 

excitation wavelength curve of Alexa Fl uor® 680, the absorption at that wavelength is only 

about 60% of that at 680 nm. It appears that th is is not sufficient for practical purposes when 

imaging MFG M .  To verify that this was the correct explanation , sam ples from the same bovine 

mi lk were sta ined with WGA488. Only a l ow laser power was requ i red to obta in good images. 

This demonstrated that the carbohydrate-moieties (Figure 5 . 1 )  were avai lable to WGA, i .e .  the 

low fl uorescence intensity of WGA680-sta ined membranes was not due to a lack of 

carbohydrate resid ues i n  the MFGM. 

Combi n i ng D i IC1s( 3)-DS with Ni le Red was not successful because of a n  overlap of the 

respective em ission spectra that cou ld not be separated with the avai l able fi lters. 

FM4-64/WGA4BB 

Because of its broad em ission spectrum (significant above 500 nm; Du et al. , 1 998), N i le Blue 

could not be combined with FM4-64. Howev er, human mi lk  was successfu l ly  sta ined usi ng a 

combi ned stock solution conta in ing FM4-64 and WGA488 (concentration of each probe was 0 .5  

mg/mL PBS ( pH 7.4) ;  the ratio probe stock:mi lk sample was 1 : 50  (v/v )  to  compensate for the 

lower probe concentration in the stock) .  CLSM filter settings were opti m ised (Appendix 4)  and 

dual scanni ng of the sam ple was performed . Although background flu orescence was h igh ,  

images made of fat globules were adequate for qual itative assessment of the sta i n ing pattern 

( i .e . ,  absence, presence, or co-location of the probes). 

For two d ifferent fat globu les, Figure 4 .24 1 A and 1 B, and 2A and 2B, respectively, show 

exam ples of the images obta ined in the two channels. These images were then overlaid to 

study co-location of the probes in  the same fat globule  ( F igure 4.24, 1 C and 2C, respectively) 

and both WGA488 and FM4-64 were g iven a false colour (green and red , respectively) .  
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Figure 4.24 Dual stained human fat globules. Images label led "A" show WGA488 

fl uorescence in the CLS M channel 1 .  Images label led "B" show FM4-64 

fl uorescence in the CLS M channel 2 .  Images label led "C" show the overl a id 

images of "A" and "B". Fluorescence from each probe was given a fa lse colour 

(green = WGA488; red = FM4-64). ( 1 A) WGA488 staining showed that the fat 

globule cores were non-fl uorescent. Some fat globules conta in non-fluorescent 

patches on their mem branes. Distorted globules at the bottom of the image 

were the result of these gl obules mov ing during imaging .  ( 1  B) FM4-64 sta in ing 

showed that the MFGM of fat globules fluoresced, whereas the cores of the fat 

globules were non-fluorescent. Fat globules conta ined non-fluorescent patches 

on their mem branes. Distorted globules at the bottom of the image were the 

result of these globules moving during imag ing.  (1 C) Fluorescence i ntensity of 

WGA488 was much higher than that of FM4-64 and hence the large globule 

appears as if it i s  stained with WGA488 only. (2A) WGA488 sta in ing is clearly  

v is ible but not intense. (2B) FM4-64 sta ini ng intensity i s  variable across the 

membrane.  (2C) Bright fluorescent patches of FM4-64 (red) show co-location 

with WGA488 (green) .  
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Comparing 1 A with 2A highl ighted the fact that the degree of fluorescence of fat globules when 

WGA-stai ned ca n vary considera bly; the fluorescence intensity of the mem brane of the large fat 

globule in 1 A  was sign ificantly greater than that of the fat globule in 2A. The same phenomenon 

also appl ied to the l i pophi l ic probe, but in reverse order (the fat globule in 2B was more 

fluorescent than that in 1 B). Consequently, there were sign ificant differences between the 

overlay images. In  1 C, the WGA488 fluorescence was much greater than that of FM4-64, and 
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hence the MFG M  appeared green .  The presence of FM4-64 could only be detected u pon close 

exami nation of the electronic image, where a yel low l ine could be identified at some positions 

with in  the green ring thus reveal ing the location of FM4-64. In contrast, in 2C h ighly fl uorescent 

mem brane parts stained by FM4-64 ( red) were clearly v is ible; where there was a relatively low 

concentration of FM4-64 the membrane appeared green as WGA488 fl uorescence was 

dominant there. From these two exa mples the fol lowing was apparent: 

__ The absence of both probes in the same location resul ted in non-fl uorescent parts of the 

mem brane in the overlay images. Hence, these results demonstrated that the use of dual 

sta ining cou ld prov ide more information about the MFGM than the use of si ngle fluorescent 

probes. 

__ Using FM4-64 resul ted i n  very l ow background fl uorescence, whereas using WGA488 

resulted in h igh background fluorescence. 

• The phenomenon of two separately sta i ned concentric ri ngs with in a single fat globule (2A­

C) had been observed before with other probes and is d iscussed in deta i l  in Chapter 6. 

4.8 General d iscussion and conclusions 

4.8 .1  Hypotheses 

The work described in this chapter supported the hypotheses that the molecu lar structure of 

some commercia l ly avai lable fluorescent probes would favour the bi nding to, or association 

wi th, the MFGM rather than the fat core of milk fat globules. On the basis of the results obtained 

using water-soluble probes, the hypothesis that fl uorescent probes could be selected , that 

possessed a molecular structure such that they cou ld be added to mi lk  and sta in  the fat 

g lobu les i n  their native environment, to reveal novel structural and/or composit ional detai ls of 

the MFGM also appears val id . 

4.8.2 Screening programme 

A range of commercial ly avai lable probes was found to sta in  the membranes of fat globules in 

their native env i ronment (mi l k) . However, several probes (01 09, S P-Oi IC, 8( 3), 5, 5'-Ph2-

D i IC , 8(3) ,  N31 6) appeared to be unsu itable for routine analysis because of poor photostabi l ity. 

These probes were not considered for further microscopy work. However, these probes may be 

useful in combination with selected instrumental techniques (e.g . ,  flow cytometry; refer to 

C hapter 7) .  

S everal l i poph i l ic  probes (OiOC'8(3), Oi IC, 8(3) ,  D iA, and O i IC'8( 3)-OS) sta i ned a smal l  

proportion of fat globu les i n  a sample of m i l k  when added as an ethanol ic stock at  a ratio of 

1 -2 : 1 00 (v/v) i n  the mi lk .  These probes requ ire a particu lar ratio of ethanol ic  stock:mi l k sample 

for association of the probe with the fat globule (membrane) to occur. This ratio appears to be 
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optimal when the probe stock is just added to the sample .  As the probe stock progressively 

d iffuses i nto the mi lk sam ple, the stock becomes progressively di luted and further sta in ing of fat 

globules does not occur .  The sta in i ng of fat globu les is a lso affected by the type of solvent. For 

most of the l ipophi l ic probes, ethanol was shown to be a more useful stock solvent than 

CitiFluor, DMF, DMSO, FFMR, hexane or water as judged from the sta ining results or solvent 

toxicity data . 

Add ing ethanol to mi lk  carries the risk of denaturing membrane proteins of some fat g lobules, 

wh ich may affect the association of the probe with, or bind ing of the probe to, the MFGM a nd 

thereby create artifactual results. Although the final concentration of 1 % ethanol i n  the m i l k  (as 

in the current appl ication) may have l ittle effect, some fat g lobu les wil l  be exposed to much 

h igher concentrations and, at the present t ime,  it is impossible to d ist inguish between fat 

globules exposed to a high concentration of ethanol and those that were exposed to a low 

concentration of ethanol . It is further noted that a relatively low concentration of ethanol (5%,  

v/v)  is known to have a s ign ificant membrane-destabi l isi ng effect . Nevertheless, i n  this 

prel iminary work the sta in ing patterns of fat globules sta i ned by ethanol ic D i IC1s(3)-DS were not 

obv iously d ifferent from those in mil k stained by aqueous D i lC1 s(3)-DS.  Hence, further work 

investigating the effect of us ing ethanol ic stocks on the sta in i ng of fat globul es is warranted . As 

a precaution ,  most further va l idation work focused on probes that were at least partially sol uble  

i n  water. These i ncluded Di I C1 s(3)-DS , WGA (conjugated with d ifferent fluorophores) and  FM4-

64. Nevertheless, it is recommended that future work should also focus on DiOC1s(3) ,  D i IC1s(3) 

and DiA, or suitable analogues, as these probes have promis ing potential for sta in i ng either the 

fat globule core or the MFG M .  In particular, the oxacarbocyan ine DiOC1 s( 3) and the 

i ndocarbocyanine Di IC1s(3) yielded i ntrigu i ng results by d iffus ing inhomogeneously ,  but i n  

d ifferent patterns
14 , into the core fat of the g lobules (F igure 4 .20) ( refer also to section 4 .8 .3) .  

Water was shown to be  a su i table solvent for a l im ited range of probes. I t  appeared that for the 

lecti n probes add ing a 1 mg/mL stock solution to m i lk  at a ratio of 1 :  1 00 (v/v) resu l ted in a 

sufficient degree of stain ing.  For WGA, further val idation work on the effect of probe 

concentration is described in Chapter 5 .  

D i IC1 s(3)-DS was found to not fu l ly  d issolve i n  water a t  1 mg/mL. It a ppeared that part of the 

suspended D i I C1 s(3)-DS in the stock solution d issolved in the milk after add ing the probe stock 

to the mi lk  sample.  The contri bution of the und issolved stock particl es to the sta in i ng efficacy 

was significant when compared with a sample  that did not conta in  u nd issolved probe, but 

increasing the volume of probe stock (whether d issolved or undissolved) to the mi lk  gave only a 

marginal improvement i n  membrane sta ining efficacy. Furthermore, the staining pattern of the 

14 D iOC'8(3) is d istributed in  a spotty pattern, whereas Di IC'8(3)  is distributed in  a streaky manner. Furthermore, 

D iOC'8(3) appears to be poorly d istributed in the MFGM (notice the absence of a defined border-line around the fat 

globule in F igure 4.20A, whereas Di IC'8(3) is clearly present in the MFGM as shown by the defined border- l ine 

around the fat globule in  Figure 4.20B).  
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MFGM appeared not to be affected (as determined by v isual assessment) by the final probe 

concentration ,  except when it was too low; membrane features did not then show up or were 

d ifficult to see. 
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S pecific targets for future work using these probes i nclude making improvements to the sta i ni ng 

protocols for DiOC,8(3), Di IC ,8(3) and DiA to ensure that the composition or structure of the 

MFGM is not affected (see a l so the discussion on the effect of ethanol in section 4 .8 . 3), wh i le  

ensuring that a l l  fat globu les that are sta inable are i ndeed sta ined by the probe. The results 

from the experiments using DiA ind icate that the probe must be dissolved to stain the fat 

globules and this probably a ppl ies to other probes as wel l .  ( I n  non-food appl ications, sometimes 

the d i rect appl ication of probe crystals  is a successful techn ique for sta i ning the specimen (e .g . ,  

Ozaki & Snider, 1 997; Ku bota e t  a l . ,  2004), but i n  the current study, this technique was shown 

not to work well for fat globules i n  m i lk) .  

4.8.3 L ipophil ic probes - Molecular structure and location/orientation in fat globules 

On the basis of i nformation publ ished by the manufacturer of the screened probes, the styryl 

probes (D iA, FM1 -84 and FM4-64) ,  oxacarbocyanine probes (D iOC'8(3) and SP-DiOC,8(3)) ,  

and indocarbocyani ne probes (D i IC'8(3) ,  D i IC'8(3)-DS, SP-Di IC,8(3) ,  5 ,5 '-Phr Di IC,8(3)) were 

expected to locate in the p hosphol i p id bi layer of the MFGM as shown i n  Figure 4.25.  

Styry/ probes 

The location of DiA in fat globules was i nconsistent. In som e  images this probe appeared to 

l ocate sole ly in the MFGM,  whereas in other images the probe appeared to also penetrate the 

MFGM and d iffuse i nto the core fat of the globules (results not shown) .  The latter contrasts with 

the observation that sol id DiA did not d issolve i n  FFMR (section 4 .4 . 1 ) . However, i n  the 

experiment i nvolving FFMR solid DiA was added to the FFMR, whereas the resu l ts that showed 

that DiA was also present in the core fat were obta ined after add ition of dissolved DiA ( in  

ethanol ic stock) to the mi lk  sample, and this may explain why in the l atter case some DiA 

partial ly d iffused into the fat core. In the l ight of these resu l ts ,  replacing the methyl group on the 

pyrid in ium ri ng of DiA by a carboxylated or sulfonated al kyl cha in of suitable length would make 

the compound more soluble i n  water as wel l  as promoting its location i n  the MFGM.  The effect 

of this mod ification and other potential mod ifications to the molecular structure might be 

explored in future i nvestigations. 

Amphiphi l ic styryl dyes such as FM4-64 i nsert i n  the outer l eaflet of membranes and have been 

widely used as fluorescent reporters of vesicle trafficki ng a nd organel le  organ isation i n  l iv i ng 

an imal and fungal cells (F ischer-Parton et al. , 2000) and a re i ncreasi ngly used i n  studies of 

l iv i ng plant cel l s  ( Bolte et al. , 2004). The current study showed that FM4-64 can also be used i n  

a food ( i . e . ,  mi l k) . I n  contrast to the i nconcl usive results regard ing the location of DiA, the F M4-

64 probe was found to locate solely in the MFGM. 
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Fig ure 4.25 Expected location a nd orientation of different types of fluorescent mem brane probes 

in a phosphol ip id bi layer. (A) Oiphenyl . (B)  & (C) Phosphochol i ne .  (0)  Oi IC1s(3) .  ( E )  

Fatty acid . ( F )  BOOI Py
15 fatty acid .  (G )  Rhodami ne glycerophosphoethanolam ine .  

(H)  OiA. ( I )  C12-fl uorescein (01 09). H ighly schematic. Not to scale. Reproduced with 

permission from Molecular Probes. 

The part of the molecular structure mainly responsible for membrane association is the 

d ial kylaminophenyl group (the so-cal led "ta i l "  of the molecu le ( Betz et al. , 1 996)) .  Hence, the 

observation that F M4-64 locates in the MFGM ,  and not in the fat g lobu le core, suggests that 

shorter dia l kyl cha i ns in the tail promote location of styryl probes in the MFGM rather than in the 

fat g lobule core (note that the ta i l  of OiA contai ns (-CH2)1 5CH3 ( i . e . ,  l ong dia lkyl ) chains). It 

remains to be elucidated in future stud ies what caused the differences in fl uorescence i ntensity 

of the probe i n  the MFGM.  Possibly, areas of high fluorescence intensity cou ld  denote h igh 

concentrations of F M4-64 i n  domains rich i n  basic phosphol ipids ( bright patches). However, 

15 4,4-Difluoro-4-bora-3a,4a-diaza-s-indacene (Boldyrev et al . . 2007). 
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domains rich i n  basic phosphol i pids m ight result i n  such high concentrations of FM4-64 that self­

quenching occurs a nd thus dark patches in the membrane result (F ishov & Woldringh,  1 999). 

Carbocyanine probes 

The images obta ined for Di IC ' 8(3)-DS-stained fat g lobules showed that the location of this probe 

corresponded with the expected location, as it was total ly absent from the fat core a nd v isible 

only in the MFGM.  In contrast, the images obtained for DiOC'8(3)-stained fat globules and 

D i I C' 8(3)-sta ined fat globules showed that these probes were found to be mainly or partly 

located in the fat core of the globules. This meant that the latter probes could either penetrate 

the phosphol i pid bi layer mem brane or enter the fat core v ia bilayer-denuded areas ( if present) 

on the fat globule. Contrary to N i le  Red or N ile  Bl ue ,  which are homogeneously d istri buted, 

D iOC'8(3) and D i IC'8(3) are distributed inhomogeneously in the fat globule core (Figure 4.20) .  I t  

is un l ikely that the use of ethanol ic stock caused these probes to l ocate i n  the fat core, for 

i nstance by ethanol diffusing i nto the fat core and thus carry ing the probe along . This was 

demonstrated through confirmatory experiments by sta ining bov ine mi lk  with a com bined stock 

sol ution conta in ing both DiOC'8(3) and Di IC'8(3)-DS.  I n  dual-sta ined fat globules, D i I C' 8(3)-DS 

was d istri buted in the MFGM whereas DiOC'8(3) was d istributed in the core of the fat g lobule 

(F igure 4.26) .  

Fig ure 4.26 Conventional fluorescence m icroscopy images of a fat globu le dual -stained with 

D i IC ' 8(3)-DS and DiOC18(3) usi ng a com bined probe stock. (A) D i IC, s( 3)-DS 

sta in i ng shown using an excitation/emission filter 520-570/570-640 nm ( i ncluded 

the em ission from D i lC'8(3)-DS , but excl uded the emission from DiOC, s(3)) .  

D i IC ,s(3)-DS was located in the MFGM .  (B)  Di IC,s(3)-DS and DiOC,s(3) shown by 

using an excitation/emission fi l ter 450-490/LP 51 5 nm which captured both 

Di IC ,s(3)-DS emission ,  although at reduced intensity
' 6 (ye l low; located in the 

MFGM),  and DiOC,s(3)  emission (green;  located inhomogeneously i n  the core) .  

1 6  H ence, brightly fluorescing fat globules were observed at reduced intensity compared with that seen using the other 

filter, and weakly fluorescing fat globules were not observed (note that the fat globules with faint M FGMs in (A) are 

not seen in (8)). 
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Hence, the different distri bution patterns of DiOC18(3) and D i IC1 8( 3) i n  the fat globule,  and the 

fact that the use of ethanol ic stocks of Di I C1 8(3)-DS (an analogue of these probes) as wel l  as of 

other l i pophi l ic probes do not resul t  i n  these probes d iffusi ng i nto the fat core, argue agai nst the 

supposit ion that the stock solvent carried the probe i nto the fat core. Probably, the 

hydroph i l ic/l i pophi l ic balance of DiOC1 8(3) and D i IC1 8(3) is such that it a l lows association with 

neutral fat (triacylglycerol s), possibly analogous to the tocopherols (for structures see Figure 

4.27) .  Conceivably, their d istribution is rel ated to the state of the fat ( l iqu id or crystal l i ne) .  For 

example, if the probe dissolved i n  either the l iquid fat or if i t  al igns itself with the crysta l l i ne 

phase, then the absence or presence of fluorescence within stai ned fat g lobules cou ld 

potential ly be used as i nd icators of the melting range of i ndiv idual fat g lobu les. Recently,  an  

increasing fat globu le d iameter was shown to be  associated with a higher crystal l isation 

temperature (Michalski, 2004; Michalski et al. , 2004a) .  However, this study i nvolved four 

relatively broad size classes (average volume/surface mean diameter of the particles diameters 

d4,3 were 0 .96, 3 .30, 6 .03 and 7 .34 IJm)  and thus provided no i nformation about individual fat 

globules. If the distribution of some fluorescent probes i nto the fat core is i ndeed related to the 

physical state of the fat, then the use of selective fluorescent probes combined with flow 

cytometry (see Chapter 7) would potentia l ly al low the study of fat mel ting/crysta l l isation 

properties of ind iv idual fat globules as a function of fat globule size . As some flow cytometry 

instruments al low the separation and col lection of d ifferent classes of particles, it should be 

possib le to perform subsequent analyses, such as smal l-angle X-ray d iffraction and nuclear 

magnetic resonance (NMR) spectroscopy , to study the crysta l l ine properties of such classes of 

fat globu les .  

R1 

HO 

R2 

Figure 4.27 Chemical structure of tocopherol (vitamin E) ;  ( i )  a-tocopherol : R1 , R2 and R3 are 

CH3; ( i i )  �-tocopherol : R 1  and R3 are CH3; ( i i i )  y-tocopherol : R2 and R3 are CH3; 

( iv )  is-tocopherol : R3 is CH3. Tocopherols are located i n  the core fat of the globule 

(Mulder & Walstra, 1 974). 

On the basis of the above results, some initial concl usions can be made regard ing the 

relationship between the molecular structure of the l i pophi l ic probes and their location in fat 

globules. Considering that D i IC1 s(3)-DS is a sulfonated analogue of D i IC1 s(3) ,  and that Di IC1s(3) 

tended to partly stain the core fat of the globule, whereas D i IC1 s(3)-DS sta i ned only the MFGM, 

it can be concluded that the sulfonic acid groups at the 5 ,5' positions of the i ndocarbocyanine 

r ings ( Figure 4.8) make the molecule  less l i pophi l ic. In turn, this apparently prevents D i IC1s(3)­

DS from penetrating the MFGM and diffusing i nto the core fat of the g lobule .  Therefore, a 5 ,5' 

sulfonic acid analogue of the oxacarbocyanine DiOC18(3) should sim ilarly locate i n  the MFGM 

only and not diffuse into the core fat .  Th is analogue is conceptual at the present t ime,  but may 
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be able to be synthesised on a commercial sca le .  Such a probe may have a d ifferent d istribution 

in the MFGM than that of D i IC 18(3)-DS and may thus allow the study of different aspects of the 

M FGM composition or structure. Add itional ly ,  the fluorescence quantum yield of such a 

sulfonated mem brane-bound probe would be expected to be greater than that of its parent 

molecule as the negatively charged sulfonate grou ps reduce the tendency of the probe to 

aggregate in membranes
1 7 (Molecular Probes) .  Furthermore, l i ke Di IC1 8(3)-DS , this analogue 

would be expected to be soluble i n  water, at l east to some degree, al lowi ng an  aqueous stock 

sol ution to be used instead of an ethanolic stock, thereby el iminating the potential risk of altering 

the membrane by the use of ethanol as a stock solvent. 

An a lternative way of rendering these carbocyanine probes less l i pophi l ic would  be by reducing 

the length of the 1 8-carbon al kyl chains. Changing the length of the al kyl cha ins does not 

significantly affect the spectral properties of these probes as these are determined by the 

heteroatoms i n  the terminal ri ng systems and the length of the unsaturated connecting bridge 

( Molecular Probes) . However, the length of the al kyl cha in  does affect the phase preference 

(fl uid or gel )  of the probe in co-ex isting membrane domains, and indocarbocyan i nes hav ing a 

C 1 8 al kyl chain  appear to prefer the gel phase (Wolf, 1 988). Hence, i ndocarbocyanines hav ing 

appropriately (short) a lkyl chains may potential ly be used to reveal information about the MFGM 

phase behav iour as a function of temperatu re . 

Chang ing the double bond bridge (-CH=CH-CH=) i n  Di IC1 8(3)-DS between the aromatic rings 

wou ld be expected to resul t  in spectral changes (and thus affect the colour of the probe). The 

excitation and emission wavelengths are expected to become longer as the number of double 

bonds i ncreases. This is due to a higher degree of conjugation between the a romatic r ings and 

double bonds, resu l ting i n  a l ower transition energy between the ground state and the excited 

state ( Betz et al. , 1 996) .  Hence, by changing the length of the double bond bridge in D i IC18(3)­

DS, it shou ld be possible to obta in analogues that have the same, or a very s imi lar, affinity for 

the MFGM as that of D i I C18(3)-DS, but that posses d ifferent excitation and emission wavelength 

spectra . This is an  important option to explore when developing multiple-sta in ing protocols as 

D i IC1 8(3)-DS has been found not to be com patible with some probes because of emission 

spectru m overlap .  

4.8.4 Binding of ConA to the MFGM 

Lectins are a class of protei ns that bind carbohydrates, aggl uti nate cel l s  and precipitate 

polysaccharides and glycoproteins (Sharon & Lis, 2003). Several stud ies have shown that a 

variety of lect ins b ind to MFG M oligosaccharides of either isolated or i ntact M FGM (Append ix 5). 

It appears that of the studies cited i n  Append ix 5 only one (Patton & Hubert, 1 983) i nvolved the 

bind ing of a lectin (ConA) to caprine mi lk fat g lobules i n  their native environment. However, in 

th is study the actual measurements were carried out on washed isolated fat globules and no 

17 Probe aggregation is a major cause of fluorescence quenching ( Molecular Probes, The Handbook). 
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fl uorescence microscopy was used . All stud ies that did i nvolve fl uorescence m icroscopy 

(Welsch et al. , 1 988; Buchheim et al. , 1 988b; Welsch et al. , 1 990) were conducted using 

washed fat g lobu les or MFG M  fragments ( i . e . ,  fat gl obu les were not studied in their native 

env i ronment). Furthermore, none of these stud ies i nvolved either bov ine m i l k  or the use of 

CLSM.  
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The resu l ts of the screening study suggest that, for either bov ine mil k or human mi lk, fl uorescent 

ConA binds in homogeneously to some fat globules. A significant proportion of fat globules 

appeared to be not stained at al l ;  for other fat globules only parts of the membrane were sta i ned 

(Figure 4. 1 5) .  These results agree with those obtai ned by electron microscopy (Horisberger et 

al. , 1 977), but contrast with those obta i ned using f luorescence m icroscopy ( Buchheim et aI. , 

1 988b). However, the latter study d id report that ConA fluorescence was weaker than that of 

WGA. Although no studies have been reported i n  the l i terature i n  which the b ind ing of ConA to 

i ntact bov ine or human fat globules i n  their native environment was studied , some general 

observations can be made if the different techniques used in the d ifferent stud ies are kept i n  

mind . 

The findings l isted in Append ix 5 show that ConA bind ing has been variably reported as 

exhibit ing weak to strong b ind ing to membranes of fat globu les of different species (bov ine ,  

human,  ov ine, caprine, equ ine, rat). For none of these species has a total lack of ConA bind ing 

to MFGM been reported . This means that glycoconj ugates in the MFGM of these species share 

a commonal ity i n  that they conta in  mannose and/or gl ucose residues. The bind i ng of Lens 

culinaris aggl uti n i n  (Append ix 5) prov ides further evidence for the presence of either or both of 

these residues i n  bov ine MFG M  and human MFG M .  

Concerning their location, the glycoconjugates conta ining the mannose and/or glucose residues 

appear to be external l y  d isposed in the MFGM ( Keenan et al. , 1 974). ConA has been reported 

to be bound by several electrophoretically separable glycoprotei ns from the bov i ne MFGM 

bilayer as wel l  as from the protei naceous i nternal coat ( i .e . ,  that part of the mem brane that was 

i nsol uble
1 8 

i n  1 %  Triton X-1 00 i n  1 0  mM Tris-HCI , pH 8) (Murray et al. , 1 979). This means that 

some of the externally located residues may be l inked to transmembrane prote ins that are 

anchored in the protei naceous coat. 

Using affinity chromatography, bovine PAS 1
1 9, 2° , PAS 2 ,  PAS 3,  PAS 4, PAS 5,  PAS 6, but not 

PAS 7, glycoprote ins were reta i ned by ConA (Kanno, 1 986) .  Hence, these proteins may be 

involved in the b ind ing of ConA to MFGM in its native env i ronment. Al though PAS 7 does not 

conta in  glucose it does conta in  mannose (Seok et al. , 2001 ) and therefore might have been 

expected to bind to ConA. The reason why PAS 7 did not do so i n  the study of Kanno ( 1 986) is 

18 1 h ,  37'C . 

1 9  PAS 1 is a historical name for MUC 1 (Patton et al. , 1 995). 

20 Although ConA bi nds to bovine MUC 1 , ConA does not bind to human MUC 1 ,  probably because of the absence of 

sign ificant levels of mannose, or a lack of accessibi l ity (Patton et al., 1 995). 
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not clear, but it could  be an issue of accessi bi l ity (at neutral pH ConA exists as a tetramer of 

about M, 1 1 0 ,000 (Liener, 1 976; Welsch et al. , 1 983)). The fact that in the p resent study ConA 

was found not to bind to most fat globules cou ld be related to a lack of accessibi l ity by the 

fl uorescent version of ConA to these residues
21

. Add itional ly, the fact that C onA has less dye 

per molecule (Molecular Probes, personal communication, 2005) would also contribute to a 

much lower fl uorescence intensity of fat globu les than that found when usi ng  WGA. 
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Bind ing of ConA to MFGM a ppears to occur rapid ly ,  i .e .  it is substantial ly  complete within  1 0-30 

min (Keenan et al. , 1 974; Patton & Hubert, 1 983). This rapid bind ing was fou nd to be a 

significant practical problem in  the current study as microscopy images freq uently showed 

extensive fat globule aggregation. I n  principle,  the degree of aggregation could form the basis of 

an aggl utination assay (us ing the rate of aggluti nation as the response factor, indicating the 

degree of glycosylation of the MFGM).  However, as fat globules have a natural tendency to 

aggregate in a milk sample on a microscope slide covered by a cover sl i p ,  and because th is 

aggregation does not appear to occur in a repeatable fashion, it would be d ifficult to separate 

the aggl utination action of ConA from the natural tendency of fat globu les to aggregate. 

Furthermore , studies of ConA bind ing to caprine MFGM showed that sol u ble  glycoproteins i n  

the mi l k serum as  well as other membra nous matter (ce l ls ,  tissue debris) a lso b ind to ConA 

(Patton & H ubert, 1 983) .  Consideri ng that ConA promotes agglut ination of cells, i t  may be 

speculated that, in milk, ConA also promotes aggregation of MFGM with non-MFGM matter 

(e .g . ,  m i lk  plasma membrane and somatic cel ls) .  In some of the images obtai ned ( not shown) 

there was some indication that this might i ndeed be the case. This would be an i nterferi ng factor 

i n  an aggluti nation assay . Hence, the possib i l ity of developing an agglut ination assay was not 

further pursued . 

I n  the l ight of the above, it was concl uded that the use of ConA488 in  comb ination with 

conventional fl uorescence microscopy techniques would  have only l im i ted potential in the study 

of the properties or structure of the MFG M .  Hence , no further work usi ng ConA was performed . 

4.8.5 Binding of WGA to the MFGM 

I n  contrast to ConA, WGA stained almost a l l  fat globules and thus showed a h igh potential for 

successful use in the study of the MFGM.  Further val idation and appl ication of this lectin is 

descri bed i n  Chapters 5 and 6 .  

21  This notion appears to agree with reports from the literature (H orisberger e t  al. , 1 9 7 7 ;  Horisberger & Tacchini­

Vonlanthen, 1 982) in which the effect of gold granule size to which ConA was conj ugated was investigated. These 

authors found that ConA bound to the membrane of red blood cells only when the size of the conjugated gold 

granule was less than 1 2  nm (in contrast, for W GA a gold granule size of up to 50 n m  still al lowed binding of W GA 

to red blood cell membrane). These results suggested that ConA binding sites are close to the bilayer and that 

access is masked by the glycocalyx (Horisberger & Tacchini-Vonlanthen, 1 982). From the results of the present 

study it would appear that the same may apply to the MFGM. 
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5 WGA-staining of the M FGM 

5.1  I ntroduction 
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Chapter 4 described the screen ing programme performed for identify ing suitable fluorescent 

MFGM probes. WGA was found to be a promis ing probe for stain ing the MFGM of at least 

human mi lk  and bov ine mi lk .  This chapter describes further val idation work conducted to better 

understand the l imitations and potential of WGA as a MFGM probe. With the exception of 

testing the effect of the concentration of the WGA on its sta ining efficacy, no work was done on  

human mi lk  as i t  was not avai lable a t  this stage of the experimental work.  Therefore, a l l  

experiments i n  this chapter i nvolv ing mil k samples were performed using bul k bov ine raw mi lk ,  

unless specified otherwise. Al though the main  aim of the current work was to study fat globules 

i n  their native env i ronment, i t  was recognised that it might be d ifficu l t  to study i nteractions 

between fat globu les and other m i l k  components in their native env ironment ( i .e . ,  mi l k), because 

mi lk  is a complex matrix . Studying sta ined fat globu les in model systems reduced the number of 

possible  confounding factors that might have been present when studying fat globules in their 

native environment. 

W here relevant, the individual sections i n  this chapter include short d iscussion/conclusion 

statements to aid the reader i n  com prehend ing key f indings. However, the overall s ign ificance of 

the results is d iscussed i n  the general d iscussion (section 5 .8) .  

5.2 Control experiments 

5.2.1 Verification that stained objects are fat g lobules 

Add ition of WGA stock to m i l k  showed that many objects in the mi lk  were stained (Chapter 4) .  

To confirm that the identity of the WGA-stained objects were i ndeed fat globules, and not, for 

example,  cel ls ,  a control experiment was conducted in which N i le Blue was used as a counter 

sta i n .  N i le  Blue is known to sta in  neutral fat; hence it stains the core of the fat globules only .  

Ni le Bl ue (4 IJL, saturated aqueous stock; fil tered) ,  was added to mi lk (1  mL) cond itioned to 

either 4°C or 20°C. After about 2 h ,  WGA488 stock ( 1  mg/mL; 5 JiL) was added just prior to 

assessment using a conventional fl uorescence microscope. N i le  Blue sta ining of fat globules 

was observed using filter set 2 (excitation maximum 365 nm; emission: LP 420 nm) that 

excluded WGA488 emission ,  whereas WGA488 sta ining was observed usi ng filter set 3 

(excitation: BP 450-490 nm ;  emission: LP 5 1 5  nm) .  All the objects stained by WGA488 were 

also sta ined by N i le  Blue demonstrating that WGA-sta ined objects were fat globu les and not 

cel l s  (the latter would not be sta i ned by Nile Blue, because they have an aqueous,  rather than a 

l i pid ,  i nterior). 
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5.2.2 Degree of non-specific binding of WGA488 to MFGM 
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The valid use of WGA as a specific MFGM stain  demanded the absence of non-specific b ind i ng 

of WGA to fat globu les.  WGA-fat globule b inding experiments were conducted using fat globules 

that had been washed us ing deionised water ( refer to Appendix 6 for the washing procedure) to 

ensure that binding of W GA to fat globules cou ld be stud ied i n  an env i ronment free from 

com peting binding sites for WGA488 (e.g . ,  glycosylated matter in the mi lk  plasma). WGA488 

stock was added to a phosphate buffer
' 

contain ing 0.2 M N-acetyl neurami nic acid ( NANA; min .  

95%,  Sigma, St .  Lou is, MO,  USA) (F igure 5. 1 )  at a ratio of 1 : 1 00 (v/v) and i ncu bated for 0 . 5  h at  

room temperature, before add ition of washed fat globules (suspended i n  deion ised water) to 

g ive a final concentration of fat s imi lar to that of mi lk .  The degree of fluorescence of fat globu les 

was assessed v isua l ly  us ing conventional fluorescence m icroscopy after 60-90 min and again 

after about 5 h .  Repeat experiments were conducted i n  which the concentration of the WGA488 

stock in the sugar-conta in i ng buffers was i ncreased up to a ratio of 6 : 1 00 (v/v ). Further bind ing 

specificity experiments were carried out as described above,  but using free N-acetyl -D­

gl ucosam ine (GlcNAc) (m in .  99. 0%,  Sigma)  (F igure 5 . 1 )  instead of free NANA. Calcu lations 

showed that the inh ibiting sugar was present in excess2 ( 1 06 times greater; calcu lations 

performed on molar basis) compared with the WGA concentration .  A control sam ple consisted 

of washed fat globu les added to NANA- and GlcNAc-free phosphate buffer conta ini ng WGA488. 

Typical results for the control sam ple,  the NANA sam ple and the G lcNAc sam ple after 60-90 

min of i ncubation are shown in Figure 5.2 .  

A B 
HO 

Figure 5.1 Chemical structures of sugars specifically bound by WGA. 

(A) N-acetyl neuramin ic acid. (8) N-acetyl-D-gl ucosamine .  

O H  

I n  the presence of free NANA no significant b ind ing of WGA488 with MFGM occurred even 

whe n the ratio of WGA stock: buffered sugar sol ution was increased u p  to 6 : 1 00 (v/v ), i .e .  u p  to 

six times greater than that typical ly used ( 1 : 1 00 v/v ) .  Furthermore, there appeared to be no t ime 

effect for at l east 5 h as there was no d ifference i n  results after 5 h .  Hence, it can be concl uded 

that for the association constants ( Ka), relating to the bind ing of WGA488 with its substrates 

(free NANA, bound NANA a nd bound GlcNAc), KaNANA-free » KaNANA-bound and also KaNANA-free » 

KaGlcNAC-bound ' 

1 Phosphate buffer (KH2PO., 0.001 M; Na2HPO., 0 .01  M) was adjusted to pH 7.3 using 0 . 1  M HCI.  

2 If the ratio inhibiting-sugar:lectin is not high enough proper blocking of the binding sites of the lectin may not occur 

(Johnsen et al. , 2000). 
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Figure 5.2 Testing the degree of non-specific binding of WGA488 to MFG M .  (A) Control sam ple (sugar­

free phosphate buffer with WGA-stained fat globu les). (B) Washed fat globu les in the 

presence of NANA and WGA488. (C) Washed fat g lobules in the presence of GlcNAc and 

WGA488. Bar = 20 IJm.  

I n  the presence of free GlcNAc, some WGA488 bind ing to fat globules occurred . The average 

fl uorescence intensity of fat g lobules appeared to i ncrease with the concentration of WGA488 

and with i ncubation t ime. Judged by the lower fl uorescence in tensity of the fat globules 

compared with that of the control , it may be concluded that this b ind ing was general ly 

s ignificantly l ess than that of W GA488 to fat g lobu les i n  the absence of free GlcNAc. Hence, it 

a ppears that WGA488 was inh ib ited i ncom pletely by free GlcNAc, but essentia l ly  inh ibited 

completely by free NANA. From the latter results, it is concl uded that WGA does not b ind in a 

non-specific manner to MFG M .  

5.2.3 WGA binding to MFGM - Effect of Alexa Fluor® conjugate 

The manufacturer of the fluorescent WGA conjugates markets a wide range of Alexa Fluor® 

conjugates. In principle, this a l lows the selection of a su itable WGA conjugate when a sta in ing 

protocol is desired that com bines WGA with (an)other probe(s) .  To verify that WGA bind ing to 

MFGM is not hi ndered or promoted by its fluorescent conjugate, a dual sta in ing experiment was 

conducted us ing two d ifferent WGA conjugates. Samples were assessed v isual ly using 

conventional fl uorescence microscopy. 

Prel im inary work, using i ndiv idual probes, showed that the ava i lable filter sets were not suitab le 

for WGA680-sta i ned fat globu les,  and this probe was not used . However, WGA488-sta ined fat 

g lobu les cou ld  be observed with filter set 3; no bleed-through was observed into filter set 4 

(excitation: BP 532 .5-557.5 nm ;  emission: BP 570-640 nm). The emission of WGA594-sta i ned 

fat globu les cou ld be observed3 with fi lter set 4, with min imum bleed-through i nto filter set 3 

(on ly the very brightly fluorescent WGA594-stained fat globules could be observed with filter set 

3) .  

Raw mi lk  was stained with a com bined stock (1  mL) conta in ing WGA488 and WGA594 (each 

0 . 5  mg/mL) and a subsample was observed us ing both fi lter set 3 and 4. The fl uorescence 

3 The fluorescence of WGA594-stained fat globules was somewhat weak com pared with that of the W GA488-stained 

fat globules, because use of filter set 4 resulted in su boptimal excitation ( about 50%) of the probe. 



Chapter 5: W GA-staining of the MFGM 84 

emission of WGA594, as seen by using filter set 4 ,  was somewhat weak  compared with that of 

WGA488 using fi lter set 3 ,  because the excitation fi lter of fi lter set 4 corresponded to a shou l der 

of the absorption curve at about 50% of the absorption maximum (589 ± 5 nm). Despite this, the 

emission of WGA594 was sufficient for visual assessment. In general , there was a good 

correlation between the relative i ntensity of sta ined fat globules as seen when usi ng filter set 3 

(WGA488) and that when using fi lter set 4 (WGA594) (F igure 5 .3) .  This suggested that binding 

of WGA to MFGM was not conjugate-dependent. 

Figure 5.3 Mi lk  dual -sta ined with WGA488 (A) and WGA594 ( 8) .  Com paring the relative 

fluorescence i ntensity of fat globules within each channel showed that the same fat 

globules were brightly or weakly sta ined (single arrows are examples of bright fat 

globu les; whereas double arrows are examples of relatively weakly fluorescent fat 

globu les). Note that, because of the time required to switch between filter sets a nd the 

t ime taken to capture the images, some fat globules have moved so that the fat g lobules 

i n  these two images are not necessar i ly present at identical positions. 

5.2.4 Heat stabi l ity of WGA 

Heat treatments are used in the dairy industry to safeguard the qual ity of the mi l k and to 

i nfl uence the properties of processed mi l k products ( Evers, 2004a) .  Prel iminary experiments 

involv ing heat treatment of WGA-stained mi lk  i nd icated that the fluorescence i ntensity of fat 

globules was affected by heati ng tem perature and time ( i . e . ,  fluorescence decreased with 

i ncreasing temperature and t ime; results not shown) .  To elucidate whether the heat treatments 

caused a change i n  the MFGM,  or whether WGA was heat-lab i le  a series of experiments was 

conducted . 

5.2.5  Heat treatment of mi lk  at  55°C and 90°C 

Milk samples ( 350 j.JL) were heated and subsequently cooled (1 min under cold runn ing tap 

water) either before or after add ition of the probe to the sam ple (Table 5 .5 . 1 ) . Subsamples of 

the sta ined m i l k  were assessed using a conventional fluorescence microscope. The microscope 
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camera exposure t ime was kept constant at 2 1 5  ms for a l l  samples. Two heat treatment levels 

were chosen:  mi ld (55°C)  and high (90°C) .  

Table 5.5.1  Experimental conditions i n  the heat stabil ity experiment for WGA488. 

No. Temperature Holding time Treatment' 

(0C) (min) 

55 1 HP 

2 55 1 PH 

3 55 1 0  HP 

4 55 1 0  PH 

5 55 1 5  HP 

6 55 1 5  PH 

7 55 90 HP 

8 55 90 PH 

9 90 HP 

1 0  90 PH 

1 1  90 1 0  HP 

1 2  90 1 0  PH 

1 3  90 20  HP 

1 4  90 20 PH 

Control Room temperature Probe added to 

sam ple at room 

temperature 

I HP = The sample was heated and cooled, and then the probe was added; PH = the probe was added to 

the sample, and then the sample was heated and cooled. 

It was fou nd that at 

• 55°C ,  fat globule cl usters were observed irrespective of whether the probe was added 

before or after the heat treatment for holding times of u p  to 90 min ;  

• 90°C,  no fat globu le  cl usters were observed irrespective of whether the probe was added 

before or after the heat treatment for hold ing times of u p  to 20 min ;  
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• 55°C ,  i ncreasing the hold ing time when the probe was added after the heat treatment ( i  .e . ,  

the HP  treatments) a ppeared to resu l t  i n  brighter fat globu les; 

• 55°C ,  when the probe was added prior to heating the sample, the fluorescence of fat 

g lobules heated for 1 0, 1 5, or 90 m in  was less than that of the sam ple heated for 1 m in ;  

• 90°C ,  the HP  treatment yielded fluorescent fat globules irrespective of hold ing time ;  
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• 90°C, the PH treatment only yielded fluorescent fat globules when the sa m ple was heated 

for 1 min.  Heating for 1 0  or 20 m i n  resul ted i n  the fat globules becoming virtual ly non-

fl uorescent. 

5.2.6 Heat treatment of WGA488 stock 
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Al iquots of WGA488 stock (3 .5  IJL) were pi petted i nto 4 mL v ials and held for 1 ,  1 0, or 20 min at 

90° C and cooled for 1 min u nder runn ing cold ta p water (the tem perature of the sa mple after the 

cool ing step was typically about 20°C as measured with a thermocouple thermometer4) .  Mil k 

(350 IJ L) was then added and the fl uorescence of fat globules was com pared with that of an 

unheated control sa m ple (WGA488 added to the mi lk  at room temperature). 

The fl uorescence intensity of fat globules was found to be in the order :  control > 1 min heated > 

1 0  m i n  heated > 20 min heated . The fl uorescence of fat globules of the samples heated for 1 0  

or 20 m in  was very weak and faded very quickly , i .e .  after 1 s of i l l um ination by the excitation 

source . 

5.2.7 Heat treatment of WGA488-stained mi lk  fo llowed by addition of WGA488 

WGA488 stock (3 .5 IJ L) was added to mil k (350 IJL). The stai ned sam ple was a l lowed to stand 

at room temperature for 6 min to al low the WGA to bind to the sugar residues, and the sa mple 

was then heated at 90°C for 10  min and cooled u nder cold ru nn ing tap water for 1 m in .  A 

subsample (7 .5  IJ L) was evaluated u nder the conventional fluorescence microscope after 1 5  

min (PH treatment). Subseq uently, W GA stock (3 .5  j.JL) was added to this heat treated sample 

and a subsa mple (7.5 IJ L) was evaluated (PHP treatment). A control sample (3 .5  IJL stock to 

350 IJ L mil k at RT) was also eval uated . No fluorescent fat globules were observed in the PH 

sa mpl e .  Significant fluorescence of fat globules was observed i n  the PHP sa m ple .  I n  the PHP 

sa mple ,  no fat globule clustering was observed , whereas in the control sample th is  was 

observed (as before) .  

5.2.8 Discussion & conclusions 

The results of the ex periments in sections 5 .2 .5-5.2 .7 showed conclusively that the loss of 

fluorescence of fat globules i n  pre-sta i ned heat treated mi lk  was caused by WGA bei ng heat 

labi le. The heat stabil ity of WGA was found to be both time and tem perature dependent. This 

mea ns that in experiments i nvolving heat treated milk, WGA must be added to the mi l k sam ple 

after the heat treatment. 

4 Simi larly, cooling of samples under running cold tap water for 1 min after heating at 75°C brought the tem perature 

down to 20°C. 



Chapter 5: W GA-stain ing of the MFGM 87 

Furthermore , the phenomenon of fat globule clustering, which is observed in WGA-stained mi l k 

at room temperature5, d isappears evidently as a consequence of heat treatment of the mi lk ,  not 

by denaturing WGA. The effect is rapid ,  i .e .  < 1 m in  at 90°C.  

I t  was considered desirable to undertake further work to better understand the i nteractions 

between m i l k  plasma components, WGA and the MFGM.  However, considering the complex 

i nteractions possible between d ifferent serum com ponents and the MFGM as a function of 

temperature and time,  experiments were conducted using model solutions so that complexity 

wou ld  be reduced . 

5.3 Reconstitution, heat treatment and sta in ing of washed fat globules 

As a prerequ isite to model studies i nvestigating the effect of i ndiv idual mi lk plasma components 

on WGA sta i n ing of fat globules, first it had to be establ ished whether washed fat globules 

would stay intact u pon reconstitution i n  an aqueous med ium and heat treatment prior to sta in ing 

with WGA. 

Washed cream (50 IJL; pH = 7. 1 3, i .e .  within the pH range i n  which the fluorescence was shown 

not to be affected ), obtai ned using the protocol described in Appendix 6, was d i luted with mil l i -Q 

water (450 IJ L)6 and WGA488 stock was added (5 IJL) to unheated or heat treated samples 

(75°C, 5 m in ,  cooled for 1 min  under cold running tap water). Images were captured using a 

constant camera exposure time for al l  images. 

It was fou nd that a lthough some fat globules were non-spherica l ,  most were spherica l . This 

showed that, in genera l ,  the washing procedure did not destabil ise the fat globules. 

Furthermore, the fat globu les were sta ined with WGA. Variation of fl uorescence intensity of fat 

globules was observed between d ifferent areas on the same sl ide.  Hence, to obta i n  a good 

impression of the fl uorescence of fat globules on the sl ide, mult iple images needed to be made. 

However, the number of replicates was l imited by l ogistical factors, i .e. the number of images 

that could be made per unit time ( it took 1 5-30 m in  general ly to assess the sl ide a nd to take 

four images) . 

Not surpr isingly, the washing procedure sign ificantly reduced the proportion of smal l  fat 

globules .  Therefore, most fat globu les were probably > 0 .5 IJm .  It was assu med that this wou ld 

not adversely affect the general outcomes of further stud ies i n  which washed fat g l obules were 

used i n  model systems. 

5 Recall that fat globule aggregation was also observed at 55°C. 

6 This ten-fold d i lution of cream appeared to reduce the number of fat globules on-slide to below that typical for mi lk .  

I n  subsequent experiments a five-fold di lution was used, which gave a concentration of fat globules on-slide that 

was similar to that in mi lk.  A practical advantage of using the five-fold di lution factor was that fat g lobu les 

immobi lised more qu ickly on the microscope slide (most in-focus fat globules needed to have become immobile 

before an i mage could be captured, otherwise movi ng fat globules would result i n  blurry l ines in  the image) . 
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In conclusion,  this experiment showed that it was possible (from a practical perspective) to 

isolate fat globules from their native mi lk  plasma env ironment by repeated washing using m il l i -Q 

water, and to sta in these washed fat globules using fluorescent WGA, even  when they were 

heat treated . 

Consideri ng the possible variation i n  fluorescence intensity of fat globules on the same sl ide (as 

determined visually), smal l  d ifferences in  fl uorescence intensity between different treatments 

cou ld not be detected with certa inty . However, gross d ifferences ( l ittle/weak fluorescent, 

medium fl uorescent, or brightly fluorescent) cou ld  be detected and the v isual evaluation method 

was based on this classification system .  Simi lar categorisation of fl uorescence microscopy 

results has been used in other stud ies (e .g . ,  Johnsen et al. , 2000) .  Nevertheless, more subtle 

d ifferences were sometimes observable, and ,  where appropriate, these were taken into 

account, al though the weighting of such results i n  formulating fi nal concl usions was significantly 

smaller than that of resu l ts that showed gross d ifferences. 

5.4 Effect of mi lk  plasma proteins on fluorescence intensity of WGA-stained MFGM 

To study the contribution of plasma proteins on the fluorescence of WGA-stained MFGM, a 

series of ex periments was conducted using sol utions of isolated plasma prote ins, and their 

effect on the fluorescence of washed fat globu les was i nvestigated . 

5.4.1 Caseins 

Of the case ins in mature mil k, only K-casein is glycosylated7 and conta ins NANA moieties
8 

(Swaisgood , 1 995), and thus can i nteract with WGA. 

K-Casein 

I solated K-casein (gift from S .  Anema, Fonterra Research Centre) was d issolved i n  mi l l i-Q 

water. The sol ubi l ity of K-casein was uncerta in ,  but from experience it was known that the 

isolated K-casein did not completely d issolve  in water (S .  Anema,  personal communication, 27 

July 2006 ) .  K-Casein (28.4 mg) was added to water (2 .70 mL) and after 2 h sti rri ng an al iquot of 

the solut ion was fil tered through a 0.45 I-lm d isc filter, which yielded a visual ly clear fil trate. 

Grav imetric analysis (drying at 1 02°C to constant weight) showed that the concentration of the 

d issolved K-casein  was 0.65 g/1 00 g, wh ich is about 2x its concentrat ion i n  mature bovine m il k9, 

Washed cream (60 I-lL) was di l uted with mi l l i-Q water or K-casein  solut ion (240 I-lL )  and 

WGA488 (3 .5  I-lL) was added to an  unheated solution or after heat treatment (75°C, 5 m in) .  The 

microscope camera exposure time was kept constant at 1 48 ms for al l images, and the 

7 However, in mature milk the non-glycosylated form is the major component ( - 85%). 

8 K-Casein g lycosylation in colostrum is more complex than that in mature mi lk and contains GlcNAc also 

(Swaisgood, 1 995). 

9 Typical K-casein concentration in milk is 0.35 g/1 00 9 (Jensen et al., 1 995). 
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fl uorescence intensity of fat globules in the d ifferent samples was compared v isual ly. Raw mi l k 

samples ( heat treated and unheated ) served as the controls. Repl icate images from different 

points were captured for each sl ide. 

The resu l ts showed : 

1 .  Fad ing of fl uorescence. 

Some fad ing of fat globule fluorescence intensity was observed duri ng assessment of the 

sample .  Hence, the effect of duration of excitation on fat globule fl uorescence was 

systematical ly studied through a time-series experiment (total 1 30 s, steps of 1 0  s). This 

clearly showed that fading was sign ificant with in 1 0  s i nterv als .  Hence, the sam ple had to be 

exposed for as l i ttle time as possible to the excitation l ight prior to capturing an  electronic 

image. Note that switch ing the microscope from v iewing the sample through the eye-p iece to 

v iewing the image through the camera , as projected on the com puter screen ,  requ i red 

refocusing the microscope. If this was done whi le  the microscope was i n  fl uorescence mode 

significant fad ing wou ld occur. As the total exposure time would then be d ifferent for d ifferent 

images (sometimes refocusing can be qu ick, at other times it can be slow) the abi l ity to 

compare the fluorescence intensity of fat globules on d ifferent images cou ld  be severely 

compromised . To prevent the latter from happening in this study of the effect of i ndiv idual 

plasma proteins on fluorescence i ntensity of WGA-stained MFGM,  a best-practice evaluation 

and image-capturing technique was developed as described in Append ix 7. This technique 

was used for su bsequent experiments. 

2. Motion of fat globules on the sl ide. 

Fat globules tended to keep moving for much longer times than usual ly observed when 

assessing a mi lk sample.  It appeared that the sample matrix (mi lk  plasma or aqueous protei n  

solut ion) affected the motion of fat globules o n  a m icroscope sl ide. I n  several cases, the fat 

globu les that came to rest and that touched one another coalesced . As ind iv idual fat 

globu les kept on  mov ing around (and thus could not be imaged ) i n  many cases the only 

option was to take images of the coalesced fat globules. Note that such coalescence was not 

representative of the fat g lobules in the parent sample .  

3. The effect of K-casein  on the fluorescence i ntensity of washed fat globules. 

The fl uorescence of washed fat globules re-suspended in  mi l l i-Q water was very weak.  

Heati ng d id not affect the fl uorescence i ntensity, but effected a change i n  the fat globules so 

that they d id  not coalesce. Simi larly ,  the fl uorescence of washed fat globules re-suspended 

in K-case i n  solution was a lso very weak but somewhat greater than that of fat globules re­

suspended in mi l l i-Q water. No significant change in fluorescence i ntensity u pon heat 

treatment was observed .  
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Sodium caseinate 

Na-caseinate ( Alanate 1 80, Fonterra Co-operative Group Ltd) was d issolved i n  mi l l i-Q water 

(0 .5 g/1 00 g )
1 0 and a clear filtrate was obta i ned by fi lteri ng through a 0 .45 IJm d isc fi lter. Fat 

globu le fl uorescence was assessed v isua l ly  after add ition of WGA488 stock ( 3. 5 IJL) to washed 

fat globu les in mi l l i-Q water or in the Na-casei nate solution (240 IJL). Re-suspended sam ples 

were either unheated or heat treated (75°C ,  5 min)  prior to add ition of the WGA488. Contro ls 

consisted of WGA488-stained protein solu tions ( i . e . ,  solutions conta in i ng no fat globules) .  

I n  contrast to the K-casein  results, washed fat globu les re-suspended in  Na-caseinate were 

found to be, on average, more fl uorescent than those in m i l l i -Q water . Heati ng of washed fat 

globu les in the presence of Na-caseinate seemed to result in an increase of " loose" fluorescent 

filamentous matter and fl uorescent "bits". These could  be caseinate (aggregates?) and/or parts 

of MFGM ( identifyi ng the origin of these was deemed to be outside the scope of the current 

study). Thickened fluorescent areas (some were very bright) were seen on several fat globules 

(F igure 5.4). 

Figure 5.4 Washed fat globules re-su spended i n  Na-caseinate sol ution and sta ined with W GA488. 

Some fat globules conta in  bright fl uorescent spots (arrows), whereas thickened deposits 

are seen on other fat globules (dou ble arrow heads). I nset (contrast enhanced ) :  note how 

the thickened matter acts as a "glue" between the two fat globules (double arrow head ) .  

5.4.2 Whey protein isolates 

To simulate the effect of whey proteins i n  m i l k  on fat globu le sta in ing,  whey protein  powder was 

reconstituted in mi l l i-Q water. Two different whey protein isolates were used ( both made from 

cheese whey), one not contain ing glycomacropeptide (GMP) (WPI 8972, Fonterra Co-operative 

Group Ltd ; obta i ned by ion exchange) and one containing GMP (WPI 8945, Fonterra Co-

10 This concentration is about 1 /61h of the casein content of milk. However, in order to compare the effect with that of p­

lactoglobulin (see section 5.4 .3), the same concentration as that used in the p-Iactoglobulin experiment was used . 
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operative Group Ltd ; obta ined by ultrafi ltration) .  Solutions in water were made with prote in 

contents of 0 .5 g/1 00 g and 0.6 g/1 00 g
1 1  

respectively ( corresponding to a typical whey prote in  

l evel in  bov ine mil k of 0 .5-0 .7 g/1 00 g). The two solutions were sl ightly cloudy; clear solutions 

were obtained by fil teri ng through 0.2 IJm and 0.45 IJm d isc filters respectively. 
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Washed cream (60 IJL) was di luted with water or whey protein solution (240 IJL) and W GA488 

(3 . 5 IJL) was added to a n  unheated or heat treated (75°C ,  5 min) solution .  The microscope 

camera exposure time was kept constant at 1 48 ms for a l l  images. The u nheated sam ple  and 

the heat treated counterpart were placed next to one another on the same microscope sl ide to 

a l low qu ick comparison of the fluorescence intensity of the unheated sam ple and heat treated 

sample .  Raw mi lk  samples (heat treated and unheated ) served as the controls. Replicate 

images from d ifferent points were captured for each sl ide. The experiment was repeated on the 

next day. The sta i ned sam ples of the repeat experiment were stored at 5°C for 3 days protected 

from l ight, and evaluated aga in  by conventional fl uorescence microscopy. 

The results showed that: 

1 .  the fl uorescence intensity of washed fat globules re-suspended in whey protein sol utions 

was relatively high in the unheated samples compared with that of fat globu les re­

suspended in mi l l i -Q water, but no significant d ifference in fluorescence intensity was 

observed between the fat globules re-suspended i n  the solutions of the two different types 

of whey protein ;  

2 .  the re-suspended fat globules in  the heat treated whey protei n  solu tions appeared to be,  on 

average, slightly brighter than those in the unheated samples. This agreed with the heat 

treated vs the unheated mi lk experiments, except that in mi lk  only a proportion of fat 

g lobu les a ppeared to become brighter, whereas fat globules re-suspended in WP I  sol utions 

all tended to become more i ntensely fluorescent; 

3. the WGA-bound fat globules in both unheated and heat treated sta i ned samples, a nd those 

in the sta ined raw mi lk  controls, remained intact and fluorescent u pon 3 days cold storage. 

The main effects observed prior to cold storage were all observed in the cold-storage 

samples;  

4 .  fat g lobules in  heated samples were consistently much less prone to aggregation ,  and thus 

coa lescence, on the microscope sl ide,  than fat globules were in unheated sam ples. Hence, 

in heat treated sam ples, repulsive forces exceeded attractive forces between fat g lobules 

and this remai ned so for at l east 3 days upon cold storage. 

1 1  To compensate for the GMP, 0.6 9/1 009 equates to about 0.5 9/1 00 9 whey proteins.  Note that the addition of the 

cream effectively reduced the concentration of the protein in  the final sample by 1 /5th ; this comment applies to all 

subsequent experiments in which 60 IJL cream was added to 240 IJL  diluent. 
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5.4.3 p-Lactog lobulin, a-lactalbumin, bovi ne serum albumin and immunoglobul in G 
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As the ex periment usi ng WPls showed that whey proteins affected the fl uorescence intensity of 

washed fat globu les,  the next aim was to i nvestigate the effect of individual whey proteins ( �­

lactoglobu l i n ,  a-lacta lbumin ,  bov ine serum al bumi n  ( BSA) and immu noglobu l in  G ( lgG)) ,  on the 

stai n ing of fat globules by WGA488 in  model systems .  Furthermore, for one major whey protein  

(p-Iactoglobu l in)  and  one minor whey protein  ( lgG)) ,  the effect of buffer was compared with that 

of water as the solvent for the proteins. 

Experiments involving PBS 

Isolated �-Iactoglobul i n  (Sigma; this conta ins both �-Iactoglobu l i n  A and �-Iactoglobul i n  B) was 

dissolved in PBS or water to obta in  sol utions that conta i ned 0 . 50 9 �-lactoglobu l i n/1  00 9 ( bov i ne 

mi lk conta ins 0 . 1 8-0.5 9 �-lactoglobu l i n/1 00 9 (Hambl ing et al. , 1 992)). The upper l evel was 

chosen to ensure that if there was an effect it wou ld be observed . S imi larly, IgG (Sigma) was 

d issolved i n  PBS or water to obta in  sol utions that conta i ned 0 . 072 9 IgG/1 00 9 ( typical level i n  

bovine mi lk i s  about 0 . 07 9 total IgG/1 00 g ;  Larson ,  1 992). Washed cream (60 IJL) was d i l uted 

with water, whey protein  sol ution (240 IJL), or PBS, a nd WGA488 (3 .5 IJL) was added to an 

unheated or heat treated (75°C, 5 min)  solution. Assessment by microscopy was as described 

before for WPls. 

Experiments not involving PBS 

BSA (> 99%, Sigma) was dissolved in mil l i-Q water (0 .04 g/1 00 g; the typical BSA concentration 

in bov ine mi lk  is 0 .04 g/1 00 9 (Grappin & Ri badeau-Dumas, 1 992)). Iso lated a-lacta lbumin  (g ift 

of M .  Li , Fonterra Research Centre) was dissolved i n  mi l l i-Q water (0 .20 g/1 00 g)1 2 . Addition of 

washed cream and WGA and further experimental deta i ls  were as described above for the 

experiment i nvolv ing �-Iactoglobu l i n  a nd IgG ( i .e . ,  Experiments involving PBS). 

Results 

The resul ts are summarised in Table 5 .5 .2 .  

Fat globule clustering 

Sta ini ng of washed fat globu les re-suspended i n  PBS (pH 6.6) resulted i n  extensive clustering of 

fat g lobules i n  al l  sam ples conta i ning PBS (sam ples 2a ,  2b, 4a, 4b, 9a and 9b). I n  contrast, fat 

globu le  cl ustering was essential ly absent in a l l  sam ples in which mi l l i -Q water only was used as 

the solvent. 

12 Typical a-lactalbumin concentrations in  bovine mi lk have been reported as 0.2 g/1 00 9 (Andrews, 1 992) and 0. 1 2  

g/1 00 9 (Grappin & Ri badeau-Dumas, 1 992).  I n  the current study, the higher concentration was chosen to ensure 

that if there was an effect it would be observed. 
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Table 5.5.2 Summary of resu l ts obta i ned for various model systems  and heat treatments 

i nvestigated for study i ng the effects of protein and buffer on WGA bind i ng to 

washed fat globu les. 

Sample Model system 

1 a I p-Lactoglobulin in 
m i l l i-Q water 

1 b2 
p-Lactoglobulin in 
m ill i-Q water 

2a p-Lactoglobulin in 
PBS 

2b p-Lactoglobulin i n  
PBS 

3a 

3b 

4a 

4b 

5a 

5b 

6a 

6b 

7a 

7b 

8a 

8b 

9a 

9b 

IgG in  m i l li-Q 
water 

IgG in mi lli-Q 
water 

IgG in PBS 

IgG in  PBS 

a-Lactalbumin in 
mi l l i-Q water 

a-Lactalbumin in  
mi l l i-Q water 

BSA in  mil l i-Q 
water 

BSA i n  mil l i-Q 
water 
Raw mi lk3 

Raw mi lk3 

Mi l l i-Q water 

Mi l l i-Q water 

PBS 

PBS 

1 "a" denotes unheated sample. 
2 

"b" denotes heat treated sample. 

Res ults 

No significant fat globule clustering was observed . The fluorescence 
of fat globules was similar to that of those in the mi ll i-Q control sample 
(8a). 
Results were very simi lar  to those of sample 1 a. However, dark 
patches on the fat globule membranes could be discerned clearly, 
whereas this was not the case for fat globules in sample 1 a .  
Many fat globule clusters seen immediately after the  sample was 
placed on the slide. Clusters were highly fluorescent. Background 
( i .e. , solution) was dark in contrast to e.g .  mi lk where the background 
was greenish. The majority of fat globules appeared to have weakly 
fluorescent membranes, but these were clearly visible against dark 
background. 
Results were very sim ilar to those of sample 2a. 

No fat globule clusters observed . The fluorescence of fat globules was 
highly variable; a significant proportion ( - 1 0%) did not have a 
fluorescent membrane. 
The fluorescence of fat globules appeared to be weaker than that of 
those of sample 3a. Non-fluorescent fat globules were observed , but 
not as extensively as in sample 3a. 
Many fat globule clusters were observed. Dark background. Fat 
globules became immobile quickly. 
Many fat globule clusters were observed. Dark background . Fat 
globules i n  cluster appeared to be somewhat less fluorescent than 
those of sample 4a. 
No fat globule clustering was observed . Fat globule fluorescence was 
relatively high ( i .e. , comparable to that of the raw mi lk  control sample, 
7a ) .  A significant proportion of very bright fat globules was observed . 
Dark patches were observed on the m embranes. 
No fat globule clustering was observed . Fat globule fluorescence was 
relatively high, but appeared on average to be less than that of 
sample 5a. Also, the number of very bright fat globules appeared to 
be smaller than that of sample 5a. 
Mild tendency to form fat globule clusters was observed . The 
fluorescence of fat globules was weak (simi lar to those of the mi l l i-Q 
water control sample, 8a). 
Mild tendency to form fat globule clusters was observed . The 
fluorescence of fat globules was highly variable. 
Many small fat globule clusters were observed immediately after 
placing the sample on the slide. Background and fat globules 
appeared to be "fluffy" ( i .e. , small fluorescent particulate 
matter/strands). 
No fat globule clusters were observed . Dark patches on fat globule 
m embranes could be discerned clearly on both highly fluorescent fat 
globules (minority) and weakly fluorescent fat globules (majority). The 
proportion of bright fluorescent fat globules appeared to be larger i n  
this sample than in sample 7a. 
Vi rtually no fat globule clusters were observed . Most fat globules were 
weakly fluorescent, although few were bright. After a few minutes, 
significant fat globule coalescence occurred on-sl ide. 
No fat globule clusters were observed . Fluorescence of fat globules 
on sl ide was highly variable. 
Extensive fat globule clustering was seen immediately when the 
sample was placed on the slide. 
On average, this sample appeared to contain  fewer bright fat globules 
than sample 9a. Extensive fat globule clustering was seen 
immediately when the sample was placed on the slide. 

3 
This was not the di luent, but the control sample. 
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Fluorescence intensity of washed fat globules 

The resu l ts for washed fat globules re-suspended i n  m i l l i-Q water (samples 8a and 8b) were 

simi lar to those obtained for washed fat globules re-suspended i n  mi l l i-Q water i n  the K-casein ,  

sod ium caseinate and WPI  experiments ( i .e . ,  very weak  fl uorescence of fat globules and no 

difference between the heat treated and u nheated samples). 

The fl uorescence intensity of fat globules re-suspended in  the �-Iactoglobul i n  i n  mi l l i-Q water 

solution (samples 1 a  and 1 b) was, on average, s ignificantly greater than that of those in mi l l i -Q 

water alone (samples 8a a nd 8b), but there was no d iscernable d ifference between the 

unheated and heat treated samples ( 1 a  and 1 b) . This suggested that heati ng was not a m ajor 

factor for fl uorescence i ntensity of fat globu les, but the presence of protein was .  This agreed 

with the resu lts of the WPI  experiment, but a lso raised the question whether it was just whey 

protein or any protein ,  and whether the concentration of the protein played a role .  

The presence of the IgG in  mi l l i-Q water (samples 3 a  and 3b) appeared to result i n  an i ncrease 

in the fluorescence of the fat globules, but an i ncrease somewhat less than that observed when 

�-Iactoglobul in  was present. The fat globules i n  the heat treated sam ple (3b) appeared to be 

somewhat l ess fl uorescent compared with those i n  the unheated sam ple (3a). The same was 

observed in the correspond i ng PBS samples (4a and 4b). Al though this result shou ld  be 

i nterpreted with caution, it can at l east be concluded that heat treatment in the presence of IgG 

did not resu l t  i n  the fat globules becom ing more fluorescent. Hence, the effect observed in mi lk  

upon heating ( i .e . ,  i ncreased fluorescence i ntensity of some fat globules) is un l ikely to be 

caused by (denatured) IgG .  Note that the i n itial denaturation temperature of IgG is 72°C (S ingh 

& Havea, 2003). 

Fat globules re-suspended i n  the a-lactal bumin  solutions ( both unheated (5a) and heat treated 

(5b)) were sign ificantly fluorescent, whereas those in the BSA solutions (both unheated (6a) and 

heat treated (6b)) were only weakly fl uorescent. The heat treated a-lactal bumin sol ution ( 5b)  

seemed to result i n  less brightly stained fat globules com pared with those in  the unheated a­

lactal bumin solution (5a) .  W ithin the BSA solutions the degree of fat globule fl uorescence varied 

drastical ly ,  and ranged from v irtual ly non-fl uorescent to reasonably fluorescent. A simi lar 

phenomenon had been observed for fat globules re-suspended i n  IgG sol ution ( i n  m i l l i-Q water; 

samples 3a and 3b) and i ndicated that the concentration of protein was an i mportant factor ( i n  

both cases the protein  concentrations were < 0 . 1  g/1 00 g) .  

Al though i n  the heat treated a-lacta lbumin solution (5b) the average fluorescence intensity of 

the fat globules appeared to be less than that in the unheated sample (5a), on balance it was 

concluded that in neither the a-lactal bumin solution (sa m ple 5) nor the BSA solution (sam ple 6) 

did heating appear to have had a large effect on fat globule fl uorescence. Hence, as for IgG , 

this suggested that if there is any effect in m i l k  caused by heati ng ( i ncreased fluorescence 
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i ntensity of some fat globu les) then it is unl ikely to be caused by (denatured) a-lactal bumin
1 3 or 

BSA. 

Add itional a-lactal bumin control sam ples (consisting of a-lactal bum in  sol ution plus WGA, but 

without fat globules; results not l isted in Table 5 . 5.2) showed the presence of fluorescent 

particles. The size of the particles varied from almost "dot- l ike" to "strand-like" such as those 

seen in raw mi l k  or sometimes i n  washed fat globu les. These were not abundant and were 

probably und issolved a-lacta lbumin or impurities i n  the a-lacta lbumin source. They were not 

caused by the heat treatment as they were observed in both the unheated and heat treated 

controls, and therefore could not be heat-induced a-lactalbumin aggregates such as those 

observed when heati ng whey ( Kulozik et al. , 2003). Such fluorescent particles were not 

observed in 13-lactoglobu l in  solutions. I n  the Na-caseinate control samples, abundant fluorescent 

particles were observed much l i ke that in the plasma of raw m ilk ,  but no filamentous matter was 

observed. It is therefore l i kely that WGA binds to casein m icelles (presumably through K-casein 

of wh ich 1 5% is glycosylated ) and that this i s  a major contributi ng factor to the background ( i . e . ,  

m i l k  plasma) fluorescence of raw mil k .  This conclusion corroborates observations by Welsch e t  

al. ( 1 988) who showed that ferritin-label led W GA bound to  casein micel les i n  equ ine mi lk. An 

experiment i n  which casein micel l es are dissociated, or alternatively i n  which casein is 

precipitated and removed by filtration from raw bov ine milk, cou ld further confirm this 

explanation . These fluorescent particles were also observed in the heat treated control sam ple ,  

but  there appeared to be fewer particles (only the bright particles could be seen), and this would 

be consistent with K-casein  be ing shielded through interactions of whey proteins with casein 

micel l es upon elevated heat ing (Macej et al. , 2002). 

5.5 Effect of the protein concentration on the fluorescence intensity of WGA488-

stai ned fat g lobu les 

The prev ious experiments ( section 5 .4)  suggested that protein  concentration per se could 

potential ly affect the fluorescence of WGA-stai ned fat globu les,  and this was further i nvestigated 

as descri bed below. 

5.5.1 I3-Lactog lobul in 

I solated 13-lactoglobu l in  (3 g/1 00 g) i n  globu l ar form (obta ined by the procedure of Manderson et 

al. ( 1 998); g ift of T.  Consid i ne, Fonterra Research Centre) was d i luted us ing m i l l i-Q water to 

obta in  a series of solutions hav i ng 13-lactoglobu l i n  concentrations of 0 .05, 0 .3  or 0 .5  g/1 00 g a nd 

washed cream was added as  described i n  section 5.4.3. WGA488 stock (3 .5 iJL) was added to 

unheated or heat treated sam ples (75°C, 5 min) .  Control sam ples consisted of WGA488-stai ned 

prote in sol utions (0.5 g protein/1 00 g) .  Evaluation of the fluorescence i ntensity of the fat 

1 3  The initial denaturation temperature of a-lactalbu m in is 68°C (Singh & Havea, 2003). 
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globules was performed using a conventional fluorescence microscope, withi n  30 min of the 

addition of WGA stock to the relevant prote in solut ion. 

The fl uorescence of the fat globules in  the unheated solutions decreased with decreasing 

concentration of �-Iactoglobul i n .  
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The heat treated sam ples for the two highest �-Iactoglobu l i n  concentrations (0 .3  and 0.5 g/ 1 00 

g, respectively) clearly had a greater proportion of brightly fl uorescent fat globules than their 

unheated counterparts. This contrasted with results reported for �-Iactoglobu l i n  in section 5 .4 .3  

i n  wh ich heat treatment was not observed to have a significant effect on fat globule sta in ing by 

WGA488. As the �-Iactoglobu l i n  globu l in  from the latter experiment was reconstituted from 

lyophi l ised material , whereas in the current experiment the �-Iactoglobu l i n  used was in solut ion 

and globular, this suggested that globular �-Iactoglobu l in  i nteracts with the MFG M of some ( but 

not the majority of) fat globules and suggested d ifferent fat globu les behave d ifferently i n  terms 

of their interaction  with whey proteins. Hence, this result strongly suggested �-Iactoglobul i n  

playing a role i n  the i ncreased occurrence of bright fat globules for heat treated mi l k samples. 

I rrespective of the heat treatment, the fluorescence of washed fat globu les re-suspended in the 

p-Iactoglobul i n  (0 .5  g/1 00 g) solu tions appeared to be less than that of fat globules i n  the a­

l actal bum in  (0.2 g/1 00 g)  solutions, i nd icati ng a greater effect of a-lacta lbumin than �­

l actoglobu l i n  on fat globu le fluorescence by WGA. 

Using either the 40x objective or the 1 00x objective, dark ( i .e . ,  non-fluorescent) patches were 

clearly seen on fat globu les i n  the heat treated samples for the two h ighest p-Iactoglobu l in  

concentrations (0 .5 and 0.3 g/1  00 g, respectively) .  Although dark patches could a lso be seen on 

fat globules in the unheated counterparts, these were much more difficult to see and were a lso 

of a d ifferent shape (F igure 5. 5). I n  the unheated samples, dark patches tended to be relatively 

large, round and few per globule, whereas in the heat treated samples they tended to be larger 

a nd more elongated , probably as a resul t  of the round non-fl uorescent patches becoming larger 

a nd fusing upon heating.  This confirmed earl ier observations that heating affects the distr i bution 

of WGA (by affecting the d istribution or accessib i l ity of NANA and GlcNAc residues) on the 

MFGM.  

I rrespective of heat treatment, the fluorescence of fat globules i n  the solution conta in ing 0 .05 g 

p-lactoglobu l i n/1 00 g varied significantly in d ifferent places on the same sl ide. This agreed with 

the IgG and BSA observations (section 5 .4 .3) and suggested that once the concentration of 

prote in i n  solution is below a certa i n  level (about 0. 1 g/1 00 g?) overal l  b ind ing of W GA to MFGM 

is sign ificantly affected . 
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A 

F ig u re 5.5 I l lustration of typical shapes of dark patches observed by conventional 

fluorescence microscopy of WGA488-sta i ned washed fat globules re-suspended i n  

�-Iactoglobul in (globular) sol ution .  (A) Unheated solutions. (B)  Heat treated (75°C, 

5 m in) sol utions. 

5.5.2 IgG and BSA 

To verify the findings of section 5 .5. 1 ,  washed fat globules were re-suspended i n  mi l l i -Q water 

sol utions of IgG and BSA (Sigma) at either the typical level of these proteins in mi lk or a "high­

concentration" level . The "high-concentration" level was equal to the typical level of �­

lactoglobul i n  in mi lk (0 .5  g/1 00 g). A solution of globu lar  �-Iactoglobu l i n  (0 .5  g/1 00 g) as wel l  as 

a raw mi lk  sample were used as controls. Samples were either heat treated (75°C, 5 m i n) or 

unheated (see Table 5 .5 .3) .  Fat globule sta in ing using WGA488 was performed as described 

above .  

Sampl 'es were assessed using conventional fl uorescence m icroscopy . Each sample was 

evaluated by using both the x40 objective and the x1 00 objective .  To ensure va l id concl usions 

were made with regard to the protei n concentration effect, samples with d ifferent protei n 

concentrations were put on the same sl ide next to one another so that rapid comparisons could 

be made, thus m inimis ing the subjective element in the assessment of the samples. Resu l ts are 

summarised in Table 5 . 5 .3 .  

I ncreasing the concentration of either IgG or BSA in  m i l l i-Q water from the concentration 

equ ivalent to typical l evels i n  mil k (1 a, 1 b, 3a and 3b) to 0 .5 g/1 00 g (2a, 2b, 4a and 4b)  

resul ted , on average, i n  greater fl uorescence i ntensity of WGA488-sta i ned fat globu les.  Hence, 

this confirmed that protein concentration per se is a s ign ificant factor in WGA binding to washed 

fat globules in mi l l i-Q water. Furthermore, at 0 .5  g/1 00  g (2a, 2b, 4a and 4b), the fat g lobules i n  

BSA solution or  i n  IgG sol ution appeared to be, on  average, as  fl uorescent as  those i n  the �­

lactoglobu l i n  solution. Th is supported the conclusion that the protein concentration per se was a 

sign ificant factor. 
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Table 5.5.3 Model system, protei n concentration and treatment of washed fat globules. 

Sam ple Model system Prote i n  Summary of res ults 
(g/1 00 g)  

1 a' IgG O.  07 Fluorescent particles and strands were 
observed . 

1 b2 IgG O.  07 Significant variation in fl uorescence 
intensity of fat globules was observed .  
Fluorescence i ntensity was weaker than 
that of sa m ple 2a. Fast mov ing small 
fluorescent particles were observed.  

2a IgG O.  50 Fat globule fl uorescence intensity was 
greater than that of sample 1 a .  Also there 
were more brightl y fluorescent fat gl obules 
than i n  sam ple 1 a .  Fast-mov i ng small 
fl uorescent particles and strands similar to 
those i n  sa mple 1 a were observed. 

2b IgG 0 .50 No significant d ifference i n  fl uorescence 
i ntensity of fat globules com pared with that 
of sa mple 1 b. Fast-mov ing small 
fl uorescent particles were observed .  

3a BSA 0 .04 For fl uorescence intensity ,  see comments 
on sa mpl e  4a . Very few fast-moving small 
fluorescent particles were observed. 

3b BSA 0 .04 Fat gl obule fl uorescence intensity was 
s imi lar to that of sample 3a a nd clearly 
weaker than that of sa m ple 4b. Very few 
fast-moving small fl uorescent particles 
were observed . 

4a BSA 0 .50 Fat globule fl uorescence appeared to be 
greater tha n that of sample  3a. Some 
bright fat globules were observed ; these 
were not observed in sa mpl e  3a . Very few 
fast-mov ing small fluorescent particles 
were observed.  

4b BSA 0 .50 Overall , the fl uorescence of fat globules 
appeared to be sl ightly more intense than 
that of sa m ple  4a, but it was d ifficult to 
d iscern whether the fluorescence intensity 
of fat globules i n  th is sa mpl e  was actua l ly 
d ifferent from that of those i n  sa mpl e  4a.  
Sample contained some brightly 
fl uorescent fat globules. Fast-mov ing small 
fluorescent particles were clearly seen.  

5a Control 1 0 .50 Sample conta i ned some brightly 
�-Lactoglobu l in  fluorescent fat globules. 

5b Control 2 0 .50 Sample contai ned some brightly 
�-Lactoglobu l i n  fl uorescent fat globules. Overal l ,  the 

fl uorescence of fat globules a ppeared to 
be sl ightly more intense than that of 

6a Raw mi lk3 
sample 5a . 

3 .53 Small cl usters of fat globules were 
observed. 

6b Raw mi lk3 3.53 No fat globu le  cl usters were observ ed . 
, 

"a" denotes unheated sample. 
2 

"b" denotes heat treated sample. 
3 

This was not a model system, but a control sample. 

As the i n it ial thermal denaturation tem perature for IgG is 72°C (S ingh & Havea , 2003), it i s  

probable that at  least part of the IgG became denatured and associated with the MFG M .  Yet, 

98 



Chapter 5: W GA-staining of the MFGM 

heat treated fat globules in IgG solution tended to be less fluorescent than those in the 

unheated counterpart, wh ich agreed with prev ious IgG experiments. Hence, it was concluded 

that, in the presence of IgG, elevated heat treatment of washed fat globules results in less 

fl uorescent fat g lobules. 
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Heat treatment of washed fat globules re-suspended in a solution conta ini ng a low 

concentration of BSA (0 .04 g/1 00 g) (3b), on average, d id not appear to affect the fl uorescence 

intensity of the W GA-stained fat globu les.  This agreed with resu l ts of prev ious BSA 

experiments. However, when fat globules were heated i n  a solution conta in ing a high 

concentration of BSA (0.5 g/1 00 g)  (4b), no clear effect of heating was observed .  

I n  the IgG solutions, at both low concentrations (samples 1 a  and 1 b )  and high concentrations 

(2a and 2b), many tiny fl uorescent fast-mov i ng particles were observed as well as fl uorescent 

filamentous matter. In the heat treated IgG sol utions, the fast-mov ing smal l  partic les were also 

observed .  I n  the BSA samples, smal l  fl uorescent particles were observed to some degree only 

i n  the heat treated sample at h igh protein concentration (4b). In the other BSA sam ples (3a ,  3b 

a nd 4a), only very few of such particles were observed . It was unl i kely that the smal l  particles 

were tiny fat globules, as ( 1 ) the cream wash ing procedure results in the loss of the majority of 

smal l  fat globules from the cream to the serum, a nd (2) if these particles were t iny fat globules 

they shou ld also have been observed i n  other sam ples .  However, they were main ly observed in  

IgG solutions whereas i n  the BSA solutions only a few were observed . This would suggest that 

these particles are sta ined prote in (aggregates?) ,  which is the more probable explanation 

considering that IgG is glycosylated and BSA is not; this would expla in the general lack of these 

smal l  particles in the solutions conta i ning the latter ( the few small particles that were observed 

in BSA sol utions may have been a few smal l fat g lobules). 

5.6 Fat globule agg regation - What pro motes it? 

Fat globule aggregation was observed to be much more extensive when fat globules were re­

suspended in PBS and sta i ned with WGA488 (section 5.4.3) than that typical ly  observed i n  

W GA-sta ined mi l k .  Further work was conducted to  attempt to understand the factors promoti ng 

fat globule aggregation. 

5.6.1 Effect of PBS and WGA488 

Fat globule aggregation was assessed in samples contain ing re-suspended washed cream i n  

mi l l i-Q water, i n  P B S  alone o r  i n  PBS to which WGA488 was subsequently added . N o  fat 

globule aggregation was observed in  the absence of WGA488 either in mi l l i-Q water or PBS 

(F igure 5.6A), whereas for the PBS solution extensive fat globule aggregation was observed in  

the presence of WGA488 (Figure 5.6B). This showed that an i nteraction between MFGM, WGA 

and PBS promoted fat globule aggregation. 
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Figure 5.6 (A) Bright field image showing a bsence of aggregation of washed fat globules re­

suspended i n  PBS in the absence of W GA488. ( B) Fluorescence i mage showing extensive 

aggregation of washed fat globu les re-suspended i n  PBS in the presence of WGA488 .  To 

make it easier to see the aggregates, a fluorescence image is shown rather than a bright 

field image. 

5.6.2 Effect of pH 

Fat globule aggregation was assessed in washed cream re-suspended i n  P BS hav ing different 

pH val ues (5 .73, 6.60, or 7 .35) in the absence or presence of WGA488. No fat globu le  

aggregation occurred i n  any of the samples that d id  not conta in  WGA488, whereas significant 

fat globule aggregation occurred i n  a l l  sam ples conta i ning WGA488. This showed that, with in 

th is range, the pH was not a factor promoting aggregation of fat globules by WGA488 in  PBS. 

5.6.3 Effect of NaCI co ncentration 

As chloride was the main ionic species in PBS, its effect on fat globule aggregation was 

i nvestigated . The effect of PBS (Table 5 .5 .4)  was compared with that of phosphate buffers 

(Table 5 .5 .4 and Table 5.5 .5) .  

Table 5.5.4 Composition of buffers (molar concentrations). 

Buffer 

PBS 

Phosphate buffer 

0 .001  

0 .001 

0 .01 

0 .01 

NaCI KCI 

0 . 1 37 0. 0027 

Aliquots (about 30 mL) of phosphate buffer were pH-adjusted using 0 . 1  M H CI to obtain buffers 

as shown i n  Table 5 .5 .5 .  
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Table 5.5.5 Volume of HCI ( 0 . 1  M) added to 30 mL of buffer stock, calculated chloride 

concentration a nd fi nal pH.  

Buffer HCI added Chloride Ionic pH 

(mL) concentration strength 

(M) 

PBS 1 . 5 0 . 1 45 0 .341  6 .60 

Phosphate (stock) 0 . 000 0 .061  8 .02 

Phosphate buffer, pH 0.6 0 .002 0 .064 7 .40 

adjusted A 

Phosphate buffer, pH 1 . 9 0 .006 0 .069 6.61 

adjusted B 

Phosphate buffer, pH 2 .9  0 .01 0 0 .073 5 .36 

adjusted C 

Mi l l i-Q water 0 .000 0 .000 7 . 1 0  

Washed cream (60 IJL) was added to 240 IJL  buffer or mi l l i-Q water and a su bsample was 

transferred to a m icroscope sl ide and examined for fat globule aggregation by bright field 

m icroscopy immediately after placing the cover sl i p  onto the sample on the sl ide. WGA stock 

(3 .5 IJL) was then added to the sample in the v ial and a subsample was examined as before. 

1 0 1  

Samples that d i d  not conta i n  WGA488 were eval uated using bright field microscopy, whereas 

samples conta i n ing WGA488 were eval uated using both bright field microscopy and 

fl uorescence microscopy. The camera exposure time for fl uorescence microscopy was kept 

constant for a l l  sam ples. 

In agreement with prev ious observations, no fat globule aggregation was observed in the PBS 

buffer i n  the absence of WGA488, but extensive fat globu le  aggregation ( large aggregates) was 

observed i n  the presence of WGA488. Furthermore, as observed prev iously ,  no significant 

aggregation was observed for fat globu les re-suspended in mi l l i-Q water irrespective of whether 

WGA488 was present or not. In the absence of WGA488, l i ttle fat globu le aggregation was 

observed i n  any of the phosphate buffers. I n  the presence of WGA488, many smal l aggregates 

were observed in the phosphate buffer pH adjusted C (pH 5 .36), but not in the other phosphate 

buffers, i nd icating that when chloride levels i ncreased to above 0 .006 M fat globu le aggregation 

was starti ng to become noticeable; as in the prev ious experiment it was shown that the pH d id 

not affect fat g lobule aggregation, the concentration of chloride could be the only factor .  

Furthermore, the degree of  fl uorescence of the fat globules i n  the phosphate buffers was h igh 

and comparable to that of those in the PBS (section 5.6 .2) .  Th is suggested that the presence of 

the phosphate salts alone was sufficient for promoti ng a high degree of fluorescence of 

WGA488-sta ined washed fat globules, or al ternatively that even relatively low concentrations of 

chloride i n  the phosphate buffers contributed significantly to fluorescence of the fat globules. 
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However, consider ing there was l ittle d ifference between the fl uorescence intensity of the fat 

globu les in the three phosphate buffers, the variation in chloride concentration probably had no 

significant i nfluence on fl uorescence i ntensity. 

To further study the effect of chloride on fat globule aggregation of WGA-sta ined washed fat 

globules the fol lowing experiments were conducted . 

1 .  Added NaCI was d issolved i n  raw mi lk (fi nal concentration 0. 1 34 M ,  i .e. s imi lar to that i n  

PBS) .  Fat globule aggregation was assessed both i n  the absence and  presence of 

WGA488. The control consisted of a WGA488-stained raw mi l k. 

2. Washed cream was re-suspended i n  NaCI solution (final NaCI concentration after add ition 

of washed cream: 0 . 1 07 M). Fat globule aggregation was assessed both i n  the absence and 

presence of W GA488. 

I n  the presence of WGA, no major d ifferences were observed in the degree of fat globule 

aggregation between the unsalted raw mi lk and the sal ted raw mi l k. For fat globules re­

suspended i n  NaCI solution, no significant aggregation was observed in the absence of 

WGA488, but extensive aggregation was observed in the presence of WGA488. These results 

showed that: ( 1 )  the presence of relatively high levels of NaCI (0 . 1 34 M) i n  raw mi l k does not 

effect fat globule aggregation irrespective of whether WGA is present or not; (2) washed fat 

globules in NaCI sol ution do not aggregate unless WGA is added . I n  turn ,  this means that i n  

aqueous sol utions, aggregation of washed fat globules is related to  a com bination of ionic 

strength and the presence of WGA488; (3) judging from the absence of fat globule aggregation 

or coalescence in  the sal ted mil k a nd i n  the WGA448-free NaCI sol ution,  high ionic strength 

alone does not destabi l ise the MFG M.  The replacement of the mi lk  plasma (conta in ing 

suspended and d issolved proteins as wel l  as various sal ts) with water during the washing 

procedure may have rendered the environment of the fat globu les more susceptib le to the effect 

of added salt .  A more deta i led study by using other salts (mult ip le charges) would show whether 

sal t  concentration or ionic strength was the major factor in fat globule aggregation.  

5.7 Effect of WGA concentration on fat g lobule stain ing efficacy 

5 .7 .1  Effect of d ifferent concentrations of WGA488 on the staining of fat globules 

WGA488 stock was added to mi lk at ratios 1 : 1 �O, 2: 1 00 and 3: 1 00 (v/v ) to obta i n  samples 

conta in ing concentrations of 9, 1 7, or 28 /1g WGA488/mL mi lk ,  respectively. Using conventional 

fl uorescence m icroscopy, the effect of each concentration was evaluated for both unheated or 

heat treated (75°C, 5 min) samples. The camera exposure t ime was kept constant to ensure 

val id comparisons. 

I ncreasing the WGA488 concentration resu l ted in increased fluorescence of fat g lobules as wel l  

as that of the background, but did not affect the degree of fat globu le  aggregation i n  either the 
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unheated or the heat treated sam ples. For both unheated mil k and heat treated mil k at 28 pg 

WGA488/mL mil k ,  the fluorescence signal was too high when using a 1 00x objective:  images 

cou ld not be made because overexposure occurred at the exposure t ime selected . Hence, the 

field of v iew first had to be subjected to excitation l ight for up to 30 s so that photobleach ing 

could occur to the point that images could be captured . Nevertheless, despite the i ncreased 

average fl uorescence i ntensity, d ifferences i n  fl uorescence i ntensity between different fat 

globules were sti l l  observed (Figure 5 .7) .  

F ig u re 5.7 Heat treated (75°C, 5 min)  bov i ne mil k stai ned with WGA488 (final concentration 28 

IJg/mL) and viewed by conventional fluorescence microscopy using a 1 00x objective.  Bar 

= 5 IJm. (A) Image captured after photobleaching for 1 0  s .  S ignificant overexposure was 

sti l l  ev ident. (B) Image captured after photobleaching for 30 s. Some ind iv idual fat 

globules are sti l l  overex posed , but the majority is not. Differences i n  fl uorescence intensity 

between indiv idual fat g lobules were st i l l  observed even at this elevated concentration of 

WGA488 i n  the mi lk .  For exam ple, some fat globules were highly fluorescent even after 

30 s photobleaching (arrows), whereas others were weak ly  fluorescent (double arrows).  

Note that al though general ly most fat globules are in the same position compared with 

that in image A, some may have moved dur ing the time that elapsed between the image 

captur ing of A and the ca pturi ng of B .  

I n  unheated m i l k, no dark patches were observed on the MFGM,  whereas i n  al l  heated samples 

dark patches were observed . This phenomenon had been observed several times before when 

conducting other experiments i nvolv ing heat treated mi lk .  Thus, heat treatment of m i l k  (75°C, 5 

min)  appeared to affect the distri but ion of WGA488 on the MFGM.  Furthermore, with a n  

increasing concentration of WGA488 the dark patches became more clearly distingu ishable on 

the " less bright" fat globules, because of the greater contrast between sta ined and unstained 

patches. 

Increasing the WGA488 concentratio n  to 28 IJg/mL did not affect the degree of fat globule 

aggregation i n  either unheated mi l ks or heat treated mi lks. 
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Fluorescent strands were observed particularly clearly i n  the unheated sample  conta in i ng the 

highest WGA488 concentration .  Some fat globules were connected by strands (F igure 5 .8). The 

observation that upon movement of the two fat g lobules the strand moved with the fat globules 

was ev idence that the strand was i ndeed attached to both fat globules, and not q microscopy 

artifact. 

Figure 5.8 Heat treated (75°C, 5 min)  bov i ne mi lk  sta i ned with WGA488 (final concentration 28 

I-Ig/mL) and v iewed by simultaneous br ight field and fl uorescence microscopy using a 

1 00x objective. This imaging technique positively identifies the rou nd objects as fat 

globules a nd the strand to be fi lamentous i n  nature ( i .e . ,  not globu lar) .  I nset: 

magnification  of two fat globules connected to each other by a strand (arrow). The 

strand is fluorescent and thus must conta in  glycosylated com ponents. 

As had been observed many times before, heat treatment (75°C, 5 min)  caused the fl uorescent 

fi lamentous matter associated with fat globules to d isappear. Hence, the filaments were not 

WGA aggregates as WGA was added after the heat treatment. They probably were m i l k  plasma 

components sta ined by WGA. It thus appears that, at room temperature, fat globules associate 

with some glycosylated matter present in the mi lk p lasma, a phenomenon that has not been 

reported in the l iterature before. It is not yet clear what this matter is. I t  is un l ikely that these 

fi laments involve whey prote ins as they are present in a solubi l ised state in the mi lk  plasma. 

Potential ly ,  the filamentous matter cou ld  be casein  m icel l es l inked together by WGA (which has 

mult ip le b inding sites; Wright, 1 992), but this ex planation wou ld  require that u pon heat treatment 

(75°C, 5 m in )  K-casein b i nding sites for WGA wou ld no longer be available. As outl ined above ,  

this i s  im probable. Furthermore, i t  would also be  pecu l iar  that such WGA-associated casein 

micel les wou ld form fi lamentous strands and not large aggregates for example,  such as i s  the 

case for fat globu les.  Di rect l i nkages between case in  m icel les can also be excl uded as an  

ex planation for the fi lamentous matter. Although casein m icelles do form strands, rather than 

aggregates, this does not occur at room temperature but only u pon heat ing at temperatures > 
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85°C ( Kalab, 1 993). A more probable explanation is that the filamentous matter com prises 

prev iously existi ng membranous material in the mi lk  plasma. 
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F i nal ly,  overnight storage of sam ples (5°C) d id not appear to affect the bind ing of the WGA to 

the fat g lobu les, as there was no observable difference between the unheated sam ple 

conta in ing 28 �g WGA488/m L assessed within 5-1 0 min of add it ion of WGA and the same 

sam ple after 1 day cold storage. This confirmed earl ier observations that WGA bi nding to the 

M FGM is rapid « 1 0 min) and that the relative distribution of WGA on the membranes of the fat 

g lobu les remains stable even u pon cold storage. 

5.7.2 Addition of washed cream to WGA488 stock 

To check whether the dark patches seen on sta i ned fat globules could be the result of 

i nsufficient WGA in  the sample, washed cream ( 1  0 �L) was added to a large excess of 

W GA488 stock (40 �L). Subsam ples were evaluated by both bright field microscopy and 

fluorescence m icroscopy. No fat globule cl usteri ng was observed . An extremely high 

background fluorescence was observed and the fluorescence of the stai ned fat g lobules was 

high as wel l .  Extreme overexposure resulted at the camera, and i n  order to "see" the fat 

g lobules i n  the image, the camera exposure time needed to be reduced from 1 48 ms to 6 ms. 

Even then it was d ifficult  to tel l  whether the MFGM was stained or whether the green rings 

(F igure 5 .9) arose from diffraction such as that seen around fat globules under bright field 

microscopy. However, dark patches on immobi l ised fat globules could clearly be observed 

through the microscope eye-piece. 

Figure 5.9 Fluorescence image of WGA488-sta ined fat globu l es upon add i ng washed cream 

to WGA488 stock and reducing the microscope camera exposure time from 1 48 

ms to 6 ms. 

In concl usion, the dark patches were not caused by a lack of WGA in  the sam ple .  Furthermore, 

in terms of relative contrast of sta ined fat globules against their background , it appeared that 
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there is no advantage in  hav i ng a very high WGA concentration i n  the sample .  The use of lower 

concentrations of WGA was found to be better as these gave a better contrast between the 

sta ined MFGM membrane a nd the stai ned mi lk  plasma. 

5.7.3 Effect of Alexa Fluor® conjugate 

The availab le filter sets of the conventional fluorescence m icroscope were found not to be 

su itable for capturing the emission of WGA680- or WGA64 7 -sta ined fat globules, a nd the effect 

of the concentration of these probes was tested using the ClMS. This required the use of the 

647 nm excitation l i ne .  Using a LP 665 emission filter, autofl uorescence of m i lk  i n  this reg ion of 

the spectrum was not observed . 

For WGA680-stained fat g lobules, a high laser power was requ i red to see the fat g lobules, 

because the excitation wavelength was sub-optimal for the probe. Consequently, 

photobleaching of WGA-sta ined human fat globules and bov i ne fat globules was rapid .  Dubert­

Ferrandon et al. (2006) reported that Alexa Fl uor® 594 was more sensitive to photobleaching 

than Alexa Fl uor® 488. The current study thus confirms that the photobleaching effect 

increases with increasing excitation wavelength of the fl uorophore. Under these condit ions, the 

probe WGA680 was considered not to be suitable. 

The fl uorescence of bov i ne mi lk  samples sta i ned with WGA647 was weak and faded qu ickly 

when the ratio of WGA647 stock to milk was 1 : 1 00 (v/v ). I ncreasing the WGA647 concentration, 

by using a ratio of WGA647 stock to milk of 6 :  1 00 (v/v), prov ided sufficient contrast between the 

sta ined fat globules and the background, but photobleachi ng was sti l l  a concern. Hence, 

attempts to make 3-D images or high zoom images of WGA647-sta ined fat globu les without 

using an anti-fade agent wi l l  result in a compromised image qual ity owing to photobleach ing .  

5.8 General d iscussion 

5.8.1 Assessing fat globules in WGA-stained mi lk  using fluorescence microscopy 

Verifying that stained objects are fat globules 

Bacteria, cel ls  and fat globu l es constitute the main mem branous objects i n  mi lk ,  and WGA could 

potential ly bind to al l such objects. This raises the question whether microscopy evaluation of 

sta ined milk samples a l lows concl usions to be drawn with regard to fat globules alone. I n  mi l k of 

heal thy cows, the number of bacteria is typical ly < 3 x 1 05/m L (Jensen et al. , 1 995), of cel l s  1 4 < 

5 x 1 05/mL (Walstra & Jenness, 1 984), and of fat globules > 1 0
1o/mL (Huppertz & Kel l ey,  2006). 

Considering the low number of bacteria per un it volume, compared with the number of fat 

globules, their general ly smal l  size compared with the larger fat globules (>1  �m) ,  and their 

general ly non-spherical shape it is h ighly unl i kely that bacteria would i nterfere in the microscopy 

14 Usually reported as somatic cell count, which consists of leukocytes (98 % )  and epithelial cells (2%) (Jensen et al. , 
1995). 
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assessment of fat globules i n  WGA488-sta i ned m i l k. I n  contrast, because of their size15 , cel l s  

stained by  WGA could potentia l ly be mistaken for fat globules. However, the control 

experiments in which WGA488-sta i ned objects were counterstained with the neutral fat dye Ni le 

Blue,  fa i led to detect such cel ls. Apparently ,  any cel ls present on the sl ide sed iment onto the 

microscope sl ide, whereas the fat globules r ise to locate u nderneath the cover sl ip .  Hence, the 

cel l s  woul d  general ly be outside the microscope focus whe n  the fat globules are imaged . Th is 

conclusion agrees with findings of other researchers, who studied the fl uorescence of ov i ne fat 

globu les by l ight m icroscopy (Scolozzi et at. , 2003). Therefore, for image a nalysis of WGA­

sta ined m i l k  sandwiched between a microscope sl ide and cover sl i p, it may safely be concl uded 

that the stai ned objects are fat globules. For assessment of mi lk conta in ing a high somatic cell 

count it might be desirable to identify these cel l s  by using a selective sta in .  This option was not 

further explored in the current work. 

Non-specific binding of WGA to fat globules 

Control experiments, using solutions of inh i bit i ng free sugars, showed that free NANA was a 

potent inh ibitor of WGA488 as washed fat g l obu les were non-fluorescent i n  a solution free from 

com peti ng su bstrates for W GA488 ( i .e . ,  glycosylated mi lk plasma com ponents) . This 

demonstrates that WGA488 does not associate i n  a non-specific manner with the MFGM. I n  

contrast, the inh i biting action of free GlcNAc was found to be lower than that of free NANA, and 

to be dependent on time a nd WGA488 concentration (even when the free sugar was i n  large 

excess 1 6) . I t  should be noted that, in the context of mil k fat globules, confl ict ing resu l ts have 

been reported i n  the l iterature regard ing W GA control stud ies using GlcNAc. Aggluti nation 

stud ies i nv olv ing bov ine m i l k  fat g lobules and human mi lk  fat globules washed and re­

su spended in  PBS showed that GlcNAc com pletely inh ib ited WGA binding (Farrar et al. , 1 980). 

S i mi larly, non-specific b ind ing of gold-label l ed BSA-cross-l i nked WGA to bov ine MFG M  and 

human MFGM in  the presence of N-acetylch itopentaose ( i . e . ,  (GlcNAc)5) was reported to be 

practical l y  absent (Horisberger et al. , 1 977) .  I n  contrast, in equ ine mi lk, G lcNAc had no inh i bit ing 

effect on fluoresceinisoth i ocyanate-Iabeled WGA (Welsch et al. , 1 988). No studies appear to 

have been performed in which WGA bind i ng to mi lk  fat g lobu les i nvolved control stud ies us ing 

both NANA and GlcNAc (see Append ix 5); this is i nterest ing,  as since 1 979 WGA has been 

known to recognise both residues (references cited by Debray et al. , 1 981 ) .  Furthermore, the 

GlcNAc results of the present study agree with those obta i ned for cel l s  i n  that free GlcNAc was 

shown to be a poor inhibitor for WGA ( i .e . ,  1 0-40 times less inh i bitory than chitobiose and 1 00 

t imes less than chitotriose; Debray et al. , 1 981 ; Gal lagher et al. , 1 982) .  Hence, the time­

dependent and concentration-dependent b ind ing of WGA to MFGM observed i n  the presence of 

1 5  About 1 0  � m  (Mu lder & Walstra, 1974). 

16 That is, 1 06 x that of WGA. F urthermore, a free GlcNAc concentration of 20-50 mM is generally considered 

sufficient for fluorescence microscopy inhib ition studies of nuclear and cytoplasmic glycoproteins (Berlin & Hanover, 

1 993) .  Recall that in the current work a much higher concentration (200 mM) was used. 
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free GlcNAc is probably due to the MFGM-bound GlcNAc ol igomers 
1 7 and/or terminal NANA 

successfu l ly  competing for WGA over time rather than to non-specific bind i ng of WGA with 

MFGM.  

Use of Alexa Fluor@ dyes 

1 08 

Alexa Fluor® dyes (a series of sulfonated coumarin dyes and su lfonated rhodamine dyes) are 

the brightest and most stable low molecular weight fluorescent probes avai lab le (Pa nchuk­

Vol oshina et aI. , 1 999) and thus offer significant practical advantages over other dyes i n  s ingle­

dye fluorescence microscopy appl ications. Furthermore, Alexa Fl uor® dyes cover the entire 

spectrum from ultraviolet to red
1 8

, a nd thus are ideal for mult ip le l abel l ing ex periments. The 

fl uorescence intensity of Alexa Fluor® dyes has been reported to be unaffected by pH in the 

range pH 4 .0  to pH 9.0 (Panchuk-Volosh ina et aI. , 1 999) .  The current study corroborated the 

pH-insensitiv ity in a narrower range (5.7-7 .4) for Al exa F luor® 488 conjugated to WGA, which 

was bound to MFGM.  This pH-i nsensitiv ity of the fluorophore prov ides the possi bi l ity of studyi ng 

the b ind ing of WGA to the MFGM i n  mi lk at d ifferent pH values, although any pH-dependency of 

WGA bind ing to MFGM would obv iously sti l l  need to be taken i nto account. The current study 

also showed that WGA access to, or bind ing with ,  the MFGM is not affected by the Alexa 

F luor® conjugate. This perm its the use of d ifferent W GA conjugates in mu lti p le label l ing stud ies 

(see Chapter 6). However, WGA488 was shown to be heat-lab i le ,  heat-Iabi l ity being a function 

of both holding t ime and temperature. This prevents the use of th is probe (and presu mably that 

of other WGA conjugates) i n  heat treatment stud ies i nvolv ing e levated temperatures i n  which it 

is desired to add the probe to the sample prior to the heat treatment. Nevertheless, the effect of 

heat treatment can be studied if the sample is sta ined post heat treatment. 

5.8.2 Conventional fluorescence microscopy al lows accurate detection of g ross 

differences in fluorescence intensity of WGA-stai ned fat g lobules 

In model systems, several factors affect the perceived fluorescence i ntensity of the fat globules. 

These i nclude the t ime elapsed between exciting the fluorophore and capturing an  image ( i . e . ,  

the degree of fad ing) ,  the number of fat globules on  the slide, the darkness of the background , 

the degree of fat globu le aggregation  and the position of fat globules on the sl ide (fat globules 

aggregating at the cover sl ip edges should not be taken i nto account as they look much brighter 

1 7  It is known that the affinity of W GA for G lcNAc oligosaccharides is greater than that for free GlcNAc ( Sharon & L is ,  

2003) and also than that of bound NANA (Hughes, 1 983). N ote also that Ko for W GA binding to bound (GlcNAc)J is  

about 2x greater than that for bound (GlcNAcl2. which in turn is 1 3x greater than that for bound (G lcNac} t .  Although 

the non-reducing residue of the oligosaccharide usually occupies the primary combining site of the lectin, havin g  the 

same contacts as that of the free monosaccharide, the additional contacts to the binding site provided by the other 

residues of the oligosaccharide result in  a greater binding constant for l inear ol igosaccharides compared with that of 

the corresponding free sugar (Hughes , 1 983; Sharon & Lis, 2003). 

18 Molecular Probes markets the following Alexa Fluor® dyes: 350, 405, 430, 488, 5 1 4, 532, 546, 555, 568, 594, 61 0, 

633, 635, 647, 660, 680, 700, 750 , where the num bers refer to the approximate excitation maximum of the dyes. 

N ot all of these are available as WGA conjugates. 
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than those further away from the edges). Hence, the use of a standard ised imaging protocol 

such as outl i ned in Appendix 7 is a necessary prerequ i si te for ensuring that valid concl usions 

can be drawn from the observed images. When such precautions are taken,  the fluorescence 

m icroscopy technique developed here permits the detection of gross d ifferences between 

samples. For example, the d ifference between a sam ple  conta in ing weakly fluorescing fat 

globules and a sample conta in ing strongly fluorescing fat globules is easily and accurately 

detected (e .g . ,  Figure 5.2) .  Add itional ly, v isual assessment of images may identify smal ler 

d ifferences between sam ples with regard to the fluorescence i ntensity of fat globules. However, 

consider ing the various factors that can affect the apparent fl uorescence intensity of sta ined fat 

globules, when smal l d ifferences are observed one would need to be very cautious i n  drawing 

concl usions on the basis of microscopy results alone. Some confirmatory analysis wou ld then 

be h ighly desirable. 

5.8.3 Fat g lobule aggregation 

In add i tion to showing gross differences in average fl uorescence intensity of WGA-sta i ned fat 

globules, conventional fl uorescence m icroscopy also showed d ifferences i n  the degree of fat 

globule aggregation. Note that this concerns aggregation  induced by the pi pett ing of a smal l  

subsample of the sam ple (about 7 .5  IJL) onto a microscope s l ide and cover ing i t  by a cover sl ip .  

Th is  phenomenon is  hereafter cal led "on-sl ide aggregation". At the point of pipetting the 

subsample onto the sl ide and a pplyi ng the cover sl ip ,  fat globu le aggregation is absent. 

However, as the fat g lobules subsequently move around (general ly towards the edges of the 

cover sl i p ), some fat globules, particularly the larger ones, become immobile and other fat 

globules come into contact with such fat globules, which may or may not resu l t  i n  the formation 

of aggregates. 

Us ing model system stud ies, it has been shown that WGA was the main causative factor in m i lk  

fat globule aggregation. Th is  should not be surprising consideri ng that WGA is ol igovalent and 

a l lows cross-l inking between cel ls (S haron & Lis, 2003). As the MFG M is derived from the 

mammary secretory cel l  membrane, its composition , at least in terms of its conta ining 

glycol i pids and glycoproteins, is simi lar to that of the origi nating cel l s  and thus WGA may be 

ex pected to cross-l i nk  m i l k  fat globules also .  

Depend ing on the sam ple matrix (model systems or m i lk) ,  there appear to be d ifferent 

mechanisms for on-sl ide aggregation ,  and these are explained below. 

On-slide fat globule aggregation in model systems 

I n  whey protein  solutions (I3-lactoglobu l in  or IgG) contain ing PBS, on-slide aggregation of 

washed fat globules is observed irrespectively of whether these fat globu les have been heated 

or not. Thus, heat treatment is not a causative factor for on-sl ide aggregation .  By i nference, any 

heat- i nduced changes in  the MFGM do not affect the formation of fat globule aggregates i n  the 
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presence of WGA. Therefore, this also rules out the MFGM as a causative factor for on-sl ide 

aggregation i n  model systems. 

1 1 0  

Washed fat globules re-suspended i n  NaCI solution form aggregates i n  the presence of WGA. 

I n  contrast, washed fat globules re-suspended in mi l l i-Q water ( i .e . ,  low ionic strength), 

i rrespective of whether either 13-lactoglobul i n  or IgG is present, do not aggregate to any extent in 

the presence of WGA. Furthermore, when the NaCI concentration i n  PBS is significantly 

reduced (thereby essential ly obtain ing a low-sal i nity phosphate buffer) a decreased tendency 

for washed fat globu les to aggregate i n  the presence of WGA is observed.  It was further shown 

that the pH was not a factor either in on-sl ide aggregation .  Fi nal ly, for all model systems, no fat 

globule aggregation occurred in the absence of WGA. Hence, by el im ination of possib le factors, 

the causative factor must be the interaction between WGA and ionic strength. A possible  

explanation for the aggregation mechanism in  model systems is g iven i n  Figure 5. 1 0 . The 

scheme depicted i n  Figure 5 . 1 0  does not agree with observations on washed human fat 

globu les; in 0 . 1  M phosphate buffer the high molecular weight glycoproteins appeared to 

become short (folded) ,  whereas i n  a 0 .001 M phosphate buffer these glycoprote ins became 

extended , similar to those i n  d isti l led water ( Buchheim et  al. , 1 988b). However, the  glycocalyx of 

human fat globules is qu ite d ifferent from that of bov ine fat globules ( Buchheim et al. , 1 988b), 

and it remains to be determined whether in the presence of WGA these high molecu lar weight 

glycoproteins i n  human milk fat globules behave in  the same way as g lycoproteins of lower 

molecu lar weight found on bov ine mi lk  fat globules. Furthermore, the behav iour of glycosylated 

com pounds in buffered solutions may not be in accordance with ex pectation . For exam ple ,  

contrary to the authors' expectation, i n  model system stud ies of  GM 1 1 9 monolayers, the mean 

molecu lar  area of GM1 was h igher in the presence of buffer than i n  pure water (Na+ counter-ions 

would have been ex pected to screen the negatively charged polar head groups thus reducing 

electrostatic repulsion between the head groups; Heywang et al. , 2001 ) .  Possib ly ,  the presence 

of buffer ions may have changed the organisation and orientation of the polar head groups at 

the i nterface thus affecting the orientation of a lkyl chains and the packing of molecules 

(Heywang et aI. , 2001 ) .  This shows that the effect of ionic strength on  the orientation of the a lkyl 

cha ins and packi ng of glycosylated molecules can be com plex . 

19 A sialylated negatively charged glycolipid 
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B 

o WGA 

� Glycosylated chain 

Figure 5.1 0 Possible mechanism for on-slide bov ine fat globule aggregation in model systems 

consisting of washed fat globules re-suspended in an aqueous env ironment. H ighly 

schematic. Not to scale. FG = fat globule. To preserve clarity, glycosylated chains are 

only shown on part of the fat globu l e  surface. In reality, fat globules could either be 

ent irely or partia l ly covered by these compounds. Ol igovalency of WGA is denoted by 

multiple square pits at its surface. (A) At "high" ionic strength , glycosylated com pounds 

extend from the MFGM and repel each other. WGA bind ing is optimal , resu lt ing in high 

fl uorescence i ntensity and ,  as WGA can bind more than one glycosylated cha in ,  

promoting the formation of fat globule aggregates. (B)  At low ionic strength, glycosylated 

branches get tangled up with each other (Warren ,  1 994), prov id ing l imited bind ing 

opportunit ies for W GA and result ing i n  a low fl uorescence i ntensity of fat globu les and a 

l ow occurrence of fat globule aggregates. 

On-slide fat globule aggregation in milk 

I n  unheated WGA-sta ined mi lk ,  some on-sl ide fat globule aggregation was always observed . 

Although l iterature reports of stud ies i nvolv ing WGA-stained mi lk  are silent on fat globule 

aggregation, the fl uorescence microscopy image of WGA-sta ined fat globules in Buchheim et al. 

( 1 988b) clearly shows on-sl ide fat globule aggregation, thus confi rm ing the phenomenon. I n  the 

present study, addition of NaCI (0 . 1 34 M)20 to the milk would have increased the ionic strength 

and lowered the pH of the mil k by about 0 . 1 pH u nit (Grufferty & Fox, 1 985; Gaucheron et al. , 

2000)2
1
, but neither the i ncreased ionic strength nor the change i n  pH resul ted i n  observable 

changes in  the degree of fat globule aggregation .  Consequently ,  it is improbab le that the stage 

of lactation is a factor in on-sl ide fat globu le  aggregation (with advancing l actation sod ium a nd 

20 W hen the concentration of added N aCI is < 0.2 M, no change in viscosity of the mi lk is observed .  Furthermore, 

NANA levels in  the milk plasma would have remained constant, ind icating no increase in the mi lk  plasma K-casein 

content (Grufferty & Fox, 1 985). 

21 Several mechanisms contribute to the lowering of the pH , including displacement of casein-bound H' into the serum 

by added Na' , and increased dissociation of ion pairs at higher increased ionic strength. The latter mechanism 

appears to be predominant as added NaCI in ultra filtrate permeate results in pH reductions simi lar to that of mi lk 

(Huppertz & Fox, 2006). 



Chapter 5: W GA-staining of the MFGM 1 1 2  

chloride levels i n  the mi l k increase (Grufferty & Fox , 1 985)). Ev idently ,  the main factor affecting 

( i .e . ,  decreasing) the degree of on-sl ide aggregation is the heat load ( i .e . ,  combi nation of 

temperature a nd time). Changes in  the MFG M when mi l k is heated from 37 to 50°C are 

bel ieved to be minor (Keenan & Patton ,  1 995) .  The fi ndi ng in the current study that fat globu le  

clustering of WGA-stained m i l k  was sti l l  observed at  55°C supports this content ion. However, 

total absence of on-sl ide fat globule aggregation  was observed when the mi lk  was heated at 

elevated tem peratures (e.g . ,  75°C for 5 min ,  or 90°C for 1 m in ) .  The changes in the mi lk  

effected by such heat treatment appear to  be i rreversible upon cool i ng,  at  l east within the 

experimental time frame, as the addition of W GA after such heat treatment no longer effects on­

sl ide aggregation .  As fat globules are still wel l-sta ined by WGA fol lowing such heat treatment, it 

follows that glycosylated material on the MFGM is sti l l  avai lable for bind ing to WGA. The 

question arises, "What changes occur in the mi lk, as a consequence of heat treatment, that 

a l low WGA to b ind to i nd iv idual fat globules but prevent the formation of fat globule 

aggregates?" An additional heat treatment experiment (heati ng bovine mi lk sam ples at 

20-80°C, i n  steps of 1 0°C for 1 min or 5 m in )  ind icated the i nvolvement of serum proteins: the 

critical temperature was within  the range 60-80°C. After heati ng at 60°C ,  both 1 m in- and 5 m in­

heated samples showed on-sl ide aggregates. After heati ng at 70°C, the 1 m i n-heated sample 

showed aggregates, but the 5 mi n-heated sam ple d id  not. After heating at 80°C, neither the 1 

min- nor the 5 min-heated sam ple showed aggregates. These values are exactly with in the 

temperature range in wh ich whey protein denaturation occurs (60-90°C; Walstra & Jenness, 

1 984; Macej et al. , 2002). Furthermore, they closely correlate with the heat-induced association 

of whey proteins with the MFGM (Oalgleish & Banks, 1 991 ; Corred ig & Oalgleish, 1 998; Ye et 

al. , 2004b). I n  contrast, case in  micel les are much more heat stable than whey prote ins (heat­

induced coagu lation of casein micel les at 1 00°C takes 1 2  h ( Macej et al. , 2002)) .  This rul es out 

casein micel le  heat i nstabi l ity as a factor in the mechanism of the loss of on-sl ide aggregation i n  

WGA-sta ined m i lk a s  such loss i s  observed a t  temperature-time combinations (e .g . ,  5 m i n  at 

70°C) wel l  below that required for casein micel le  coagulation . The observations that at :-:; 80°C 

l ittle or no association of (kappa-)casein with the MFGM takes place (Oalgleish & Banks, 1 991 ; 

Corred ig & Oalgleish, 1 996; Lee & Sherbon,  2002; Ye et al. , 2004b) support th is concl usion. 

Upon heat treatment, whey proteins b ind qu ickly (with in 1 05 s) and strongly to the MFGM 

(Corredig & Oalgleish, 1 996) .  The heat-i nduced association of 13-lactoglobul i n  with the MFGM 

has been repeatedly demonstrated (Oalgleish & Banks, 1 991 ; Hou l ihan et al. , 1 992 ; Kim & 
Jimenez-Flores, 1 995; Corredig & Oalgleish , 1 996; Corred ig & Oalgleish, 1 998; Lee & Sherbon ,  

2002 ; Ye et  al. , 2004a, 2004b).  The association occurs through d isulfide bonds and starts to 

take place at temperatures below the denaturation temperature of 13-lactoglobu l i n  (Ye et al. , 

2004b). The m aximum amount of 13-lactoglobu l i n  associated with the MFG M makes u p  about 

1 0-1 5% of the total MFGM proteins, but this represents only about 1 %  of total l3-lactoglobu l i n  i n  

mi l k (Ye et  aI. , 2004a, 2004b). Confl icting resu l ts have been reported i n  the l i terature for a­

lactal bum in  in terms of it associating with the MFG M  at temperatures below 80°C. Oalgleish & 
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Banks ( 1 991 ) found no ev idence for it ; Corredig & Oalgleish ( 1 996) reported it d id occur when 

m i l k  was heated , but not when cream was heated (Corred ig & Oalgleish, 1 998). However, at 

80°C, low levels of a-lactalbumin were associated with the MFGM (Lee & Sherbon, 2002),  and 

Ye et al. (2004b, 2004a) demonstrated that l ow, but measurable, quantities of MFGM­

associated a-lacta lbumi n  were observed at temperatures :?: 70°C. Simi larly to 13-lactoglobul i n , a­

l actal bum i n  association with the MFGM plateaus at about 0 .8% of total a-lactalbumin i n  the m i l k  

(Ye et  al. , 2004b). However, because of the  lower concentration of a-lactal bumin  i n  m i l k  

compared with that of 13-lactoglobu l in ,  the quantity of MFGM-associated a-lacta lbumin was only 

about 1 15th that of 13-lactoglobu l in .  In concl usion, the involvement of a-lacta lbumin  i n  the on-sl ide 

fat globule aggregation phenomenon can not be ruled out .  

I n  addit ion to association of 13-lactoglobu l i n, and possibly a-lactal bumin, with the MFGM,  

immunoglobul i ns are l i ke ly to  be i nvolved . IgM,  but  not IgG or  IgA, is known to promote fat 

globule aggregation by b ind ing to both MFGM carbohydrate moieties ( i ncl uding NANA) and mi lk  

plasma membrane at  temperatures below 37°C (Euber & Brunner, 1 984) .  I n  the present study, 

IgM would have been bound to the fat globu les, because the unheated milk was obta ined from 

a cooled bu l k  farm tank. Consequently, it is probable that the fluorescent fl uffy matter that was 

often associated with the membranes of a proportion of fat globules com prised IgM-milk plasma 

membrane com plexes. Such com plexes are large enough to be clearly seen at the resolution of 

the l ight microscope, and are glycosylated ( i .e . ,  they are stai ned by WGA). Furthermore, 

immunoglobu l i ns are denatured at the tem perature-time combinations stud ied (Wal stra & 
Jenness, 1 984; Walstra et al. , 1 999; Fox , 2002), but not at mi lder heat treatments (e .g . ,  50°C) .  

Al l  these characteristics agree with the observations in the current study as on-sl ide fat globule 

aggregation was observed when mi lk sam ples were heated at temperatures up  to about 60°C, 

but not when heated at 70-75°C (5 m in ) .  

Heating of m i l k  also induces changes in  the MFG M  prote i ns. I n  the absence of  m i lk  p lasma 

components, such changes were shown not to affect aggregation of washed fat globules (see 

section "On-slide fat globule aggregation in model systems" above). However, in m i lk  ( i .e . ,  

presence of  plasma com ponents) the situation may be d ifferent. Hou l ihan et al. ( 1 992) showed 

that in m i l k  heated at 80°C ,  the concentration of SOS-PAGE band 1 2  MFGM protein  was not 

affected , whereas significant losses were observed for bands 3, 1 5  and 1 6 .  These proteins can 

be identified as BTN, XO, PAS 6 and PAS 722 by comparing with the nomenclature reported by 

Mather (2000). XO is not glycosylated and ,  as it does not i nteract with W GA, it is un l i kely to be 

involved in on-sl ide aggregation. In contrast, the peripheral proteins PAS 6/7 are glycosylated 

and conta in  NANA and GlcNAc. In add ition ,  these proteins have adhesive properties, a nd may 

mediate adhesive interactions with other cel ls ( Mather, 2000), and thus, presu mably, a lso with 

22 In fact, PAS 6/7 is the product of a single gene, but gives rise to a doublet on SOS-PAGE owing to variable 

glycosylation of an identical polypeptide chain ( Keenan & Mather, 2006). Here, we wil l consider them as separate 

proteins. 
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fat globu les.  I n  simulated mi lk  ultrafi l trate ( i .e . ,  i n  the absence of seru m protein), PAS 6/7 were 

shown to be stable at 7Q°C (40 min) ,  but after heati ng at 80°C ( 1 0  m i n) they tended to form 

aggregates v ia i ntermolecular d isulfide bonds (Ye et al. , 2002) .  As i n  the present study fat 

globule aggregation was no longer observed after heating at 70°C for 5 min ,  aggregate 

formation by PAS 6/7 is probably not a factor in the on-sl ide fat globule aggregation 

phenomenon in mi l k. However, besides PAS 6/7 aggregation, s imply loss of these prote ins from 

the M FGM may be a factor. Ye et al. (2004b) showed that, in mi lk ,  heating results in substantial 

losses of PAS 6 and PAS 7 from the MFGM with increasing heating temperature and time; at 

75°C heating for 1 0  min ,  losses might be about 40-50% and > 85% for PAS 6 and PAS 7 

respectively .  

With regard to other MFGM protei ns, i t  i s  un l i kely that the glycosylated protein MUC 1 is a 

factor, as this prote in  is read i ly d issociated from the fat globules when mi lk  is coo led and 

agitated (S ingh,  2006). As i n  the present study m i l k  was obta ined from cooled farm bulk tanks it 

is assumed that most of the MUC 1 would have partitioned into the serum phase prior to 

experimental work. The major MFG M protein  BTN potentia l ly may play a role ,  not through l oss 

from the MFGM (the concentration of BTN does not change u pon heating; Ye et al. , 2004b) ,  but 

potential ly through heat- induced aggregation with i tself or other MFGM proteins, which already 

starts at 60°C (Ye et al. , 2002) .  Nevertheless, it wou ld  be expected that even after such 

aggregation,  the glycosylated part of BTN wou ld sti l l  remain located in the glycocalyx and thus 

be available for WGA binding . This would agree with the results of the present study that after 

heat treatment sign ificant WGA bi ndi ng to fat globules sti l l  occurs. 

In conclusion, there are strong i nd ications that /3-lactoglobul in ,  immunoglobu l i ns and/or PAS 6/7 

may somehow be involved in the d isappearance of on-sl ide fat globule aggregation u pon 

elevated heat treatment of mi lk. a-Lactalbumin  may a lso be i nvolved . More concl usive data 

about the i nvolvement of /3-lactoglobu l i n  could  be obtained if the stud ies of Ye et al. (2004a , 

2004b) were repeated on human mi l k or rodent m i lk ,  as mi lk  from these species does not 

conta in  /3-lactoglobu l i n  (Hambl i ng et al. , 1 992) .  I ndeed , in the present study (see Chapter 6, 

sect ion 6 .5) completely opposite resu l ts were observed for WGA sta in ing between /3-

lactoglobul in-free ( human) mi lk  and /3-lactoglobu l in-conta i n ing (bov ine) mi l k: after heati ng (75°C, 

5 m i n) ,  human mi l k fat globules cou ld  not be sta i ned by WGA, whereas bov i ne fat g lobules were 

sta ined and some of them were h ighly fluorescent (see also section 5 .8 .4 regarding the effect of 

heating fat globules re-suspended in  a n  aqueous solu tion of globular /3-lactoglobu l i n) .  

Hav ing establ ished the components most l i kely to  be  i nvolved i n  the on-sl ide aggregation 

phenomenon i n  mi lk, the underlying mechanism of on-sl ide fat globule aggregation is of i nterest. 

Di rect binding between (part ia l ly) denatured whey proteins and MFGM protei ns through  

i ntermolecular d isulfide bonds and/or hydrophobic interactions is one of the possible  

mechanisms of i ncorporation of whey prote ins onto the MFGM during heating (Dalgle ish & 
Banks, 1 991 ; Ye et al. , 2004b). An alternative explanation that denatured whey protei ns, 
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particularly �-Iactoglobu l i n , displace MFGM proteins (e .g . ,  PAS 6 and PAS 7; Kim & J imenez­

F lores, 1 995; Corredig & Dalgleish, 1 998) has been disputed by a later study, which showed 
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that the amount of �-Iactoglobul i n  i n  the MFGM increased upon hold i ng time, whereas the loss 

of MFGM protein was not sign ificant and was far smal ler than the amount of �-Iactoglobul i n  

i ncorporated (Lee & Sherbon ,  2002) .  I n  any case, i t  appears that PAS 7 i s  removed from the 

M FG M  u pon heati ng before it i nteracts with other membrane proteins via sulfydryl-exchange 

reactions (Ye et al. , 2004b). It shou ld  be noted that PAS 6/7 may play a bigger role  than 

suspected from the l iterature because reported protein  loss studies i nvolved MFGM protein 

analysis of washed and isolated MFG M .  It is well known that peripheral protei ns may be lost on 

wash ing and membrane isolation, the degree of loss being dependent on the procedures 

employed (Ye et al. , 2002; Evers, 2004a)
23. Thus, the d ifferences reported in the l iterature for 

PAS 6/7 contents in the MFGM as a funct ion of heat treatment may be smaller than is the case 

in real ity, considering that in the control m i l k  these proteins would have been lost a lso due to the 

wash ing and isolation procedures used . Hence, as in this part of the present study fat globu les 

were stud ied i n  their native environment, more weight ing is g iven to the i nvolvement of these 

proteins in the aggregation mechanism than otherwise might have been expected from the 

l iterature reports. Figure 5. 1 1  proposes possible mechanisms. 

In contrast to the mechanism shown in Figure 5 . 1 1 ,  in which the denatured whey proteins 

deposit onto many fat globu les, a d ifferent scenario should also be considered . Ye et al. (2004a) 

and S ingh (2006) concluded that it i s  not known why the heat-i nduced association between 

M FGM proteins and �-Iactoglobulin/a-Iactal bumin reach l imiting values. In the l ight of the fact 

that a maximum of only about 1 % of total whey protein  becomes associated with the MFGM 

whe n  mi l k is heated i n  the range 65-95°C ( Corred ig & Dalgleish, 1 996; Ye et al. , 2004b, 

2004a) ,  the observation i n  the present study that only a small proportion of fat globules 

becomes h ighly fluorescent upon heating of bov ine raw milk cou ld indicate that only a selected 

proportion of fat globules i nteracts with whey prote ins, particularly � -Iactoglobu l i n ,  u pon heati ng. 

This wou ld  then mean that the bul k of fat globules apparently have a membrane composition/ 

structure which prevents them from i nteracting in a simi lar way. Hence, marked d ifferences in  

the composition/structure between i nd iv idual fat globules may wel l  be the answer to  the 

question of Ye et al. (2004a) and S i ngh (2006) .  This explanation has some support from the 

results of the model systems experiments i n  wh ich heating (75°C, 5 m in )  resul ted in an  

increased nu mber of bright fl uorescent fat g lobu les i n  �-Iactoglobu l i n  solutions, but a decrease 

in a-lactal bumin solutions. In the stud ies of Ye et al. (2004a, 2004b) and in the present study, 

the sam ples were taken from bul k m i l k  from Massey Un iversity farms ( i . e . ,  very simi lar sources 

of m i l k) .  If the above explanation is correct, it raises the question of whether fat globules from 

some i ndiv idual cows show a greater propensity for i nteracti ng with �-Iactoglobul i n  than do fat 

glo bu les from other cows. 

23 H owever, Ye et al. , 2004b claimed that their  washing procedure did not result in loss of MFGM protein. 
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Figure 5. 1 1  Possib le mechanisms for the loss of fat globule aggregation properties, i n  the presence of 

WGA, as a resu lt of elevated heat treatment of bov ine mi lk .  H ighly schematic.  Not to 

scale .  For clarity, casein micel les are not shown . (A) Raw bov ine mi lk  sam pled from a 

cooled farm bulk tank. WGA is added to a sa mple at room temperature. PAS 7 is bou nd 

to the MFG M .  Some immunoglobu l i ns (ma inl y  IgM) have associated with mil k plasma 

membrane24 WGA binds to glycosylated matter from the MFGM.  Fat globule aggregation 

is promoted by: [ 1 ] ad hesive properties of PAS 7; [2] & [3] WGA agglutinating d ifferent fat 

globu les through bind ing to glycosylated compounds from the MFGM and/or IgM-mi lk  

plasma mem brane complexes; [4] lgM-mi l k plasma membrane complexes. (B )  Raw 

bov ine mi lk  which received a heat load that resu l ted in partial and/or ful l  unfold ing of 

whey proteins,  but that did not affect K-casei n .  IgM is denatured , hence IgM-mil k plasma 

membrane complexes no longer ex ist. PAS 7 is lost from the MFG M .  A small proportion 

(- 1 %) of total �-Iactoglobul i n  and a-lacta lbumin ,  probably evenly spread out over the 

surface, is associated with the MFGM through disu lfide bond ing with MFGM proteins or 

hydrophobic i nteractions. [1 ] & [2] WGA bi nds to glycosylated MFG M  matter, but is 

capped by free denatured immunoglobu l ins and/or PAS 7, and is thus prevented from 

cross-l inking with glycoprotei ns of other fat globu les. [3] About 1 0% of a-lacta lbumin is 

glycosylated ( Brew & Grobler, 1 992) and WGA could thus b ind to MFGM-associated a­

lactal bum in. 

24 These are believed to be lipoprotein particles (Hu ppertz & Kelley, 2006). 
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5.8.4 Factors influencing the degree of fluorescence of stained fat g lobules in  model 
systems 

I n  model systems, fat globules were sti l l  fl uorescently label led even though the fat globules had 

been washed . This conclusively shows that the MFGM of washed fat globu les contained 

g lycosylated moieties that bound to WGA. F luorescence i ntensity of fat globules re-suspended 

in buffer was variable, which suggests that in washed cream som e  fat globu les have l i ttle NANA 

a nd/or GlcNAc residues, some have an i ntermediate content and others have a high content. 

This is exactly what is found for fat globules in their native environment (mi lk ;  see Figure 5 .3, 

F igure 5.7) and could thus suggest that washing cream (40°C, 3 washes) results i n  retention of 

the relative distribution of these residues on fat globule membranes. Furthermore, because 

these fat globules retain these glycosylated moieties after repeated wash ing ,  it is highly 

probable that these residues are associated with i ntegral membrane proteins (or l ip ids). These 

include BTN and CD36 (Mather, 2000). Different washi ng procedures are known to affect the 

MFGM composition differently ( Evers, 2004a). I n  future work, a combination of a membrane­

analytical a pproach ( i .e . ,  determin ing the average composition of the glycosylated compounds 

of the MFGM)  and a microscopy approach ( i .e. , assessi ng the degree of membrane surface 

covered by g lycosylated compou nds) as a function of different washing techniques, would 

e lucidate wh ich proteins are lost u pon using a particu lar washing technique and where these 

were situated on ,  or in, the MFGM .  

Studies of washed fat globu les re-suspended i n  casein  sol utions (either sod ium caseinate o r  K­

case in )  indicated that the fl uorescence intensity of WGA-stained fat globules, on average, was 

greater than that of WGA-sta ined fat globu les i n  mi l l i-Q water, but less than that of native fat 

globules i n  sta ined raw mi lk .  Sim i larly ,  WGA-sta i ned washed fat globules i n  whey protein 

sol utions were more fluorescent than those in m i l l i-Q water, but l ess fluorescent than native fat 

globu les i n  sta ined raw mi lk .  At the typical concentration of a-lactalbumin i n  m i lk, a-lactal bumi n  

i n  aqueous sol ution caused sign ificant fluorescence i ntensity of WGA-stained washed fat 

globules, whereas BSA, at concentrations that are typical for m i lk ,  had v irtual ly no effect on the 

fl uorescence i ntensity of WGA-sta ined washed fat globu les. The presence of glycomacropeptide  

d id  not affect the degree of fat globule fluorescence i ntensity e ither. I n  contrast, the 

concentration of protein per se was shown to be a major factor affecting the degree of 

fl uorescence of WGA-sta ined fat globules; with in  the ranges tested , the fat globule fl uorescence 

i ntensity i ncreased with i ncreasing prote in concentration .  Simi larly ,  the presence of phosphate 

salts (phosphate buffer) resulted in an increased degree of fluorescence intensity of WGA­

sta i ned fat globules compared with that of WGA-sta ined fat globules in mi l l i-Q water. These 

results support the model depicted i n  Figure 5 . 1 0  regard i ng the conformation of glycosylated 

MFGM compou nds, with the exception that prote in sol utions a nd phosphate buffer ( but PBS 

excepted) do not significantly promote aggregation of WGA-sta i ned fat globules. 

It can thus be concl uded that, in aqueous solutions, WGA bind i ng to NANA and/or G lcNAc 

residues on the MFGM is improved by changes i n  the conformation of glycoproteins, 
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presumably by extending the amino acid backbone. I n  the a bsence of plasma protei ns, or 

(sod ium or potassium )  ions, NANA residues ( negatively charged) may associate with positive 

charges on the protein backbone am ino acids, thus becoming unavai lable for interaction with 

WGA. Such ionic i nteractions are presumably ruptured when the medium conta ins ionic species 

or prote ins. 

Effect of heat treatment 

Heat treatment of fat globules re-suspended i n  mi l l i-Q water does not affect the fluorescence 

i ntensity of the fat g lobules. This suggests that heating fat g lobu les in the absence of plasma 

proteins does not affect the access of the WGA to the NANA or GlcNAc residues. Hence, i n  

heated samples, any denaturation and/or aggregation o f  M F G M  proteins do not affect the 

access of WGA to the MFG M  carbohydrate moieties. 

The resu lts of the heat treatment experiments, where WGA-stained fat globules in solutions of 

mi lk plasma proteins were observed, suggest that K-casei n25, a-lactalbumin and IgG do not 

cause the i ncreased fluorescence of some fat globu les u pon elevated heat treatment of m i l k .  

This does not necessari ly mean that these proteins do not associate with the MFGM upon 

elevated heat treatment - only that if  they do, there is no observable effect as "measured" by 

WGA488 bind ing to the MFGM .  Further i nsight may be obta ined by compari ng the contradictory 

resu l ts obta ined in the heat treatment experiments us ing p-Iactoglobul i n  from different sources. 

When p-Iactoglobu l i n  powder is used then heating is without effect, whereas heating of a 

sol ution contain ing globular p-Iactoglobul i n  results i n  an  i ncrease in  the proportion of fluorescent 

WGA-sta ined fat g lobules, thus reflecting what is observed in raw mi lk .  Consequently, this 

supports the alternative ex pla nation mentioned above that u pon  elevated heat treatment ( 75°C,  

5 m in )  p-Iactoglobul i n  i n  aqueous solution binds to a subpopulation of fat globules, but not to a l l  

fat globu les ( recal l  that for a-lactal bumin i n  aqueous sol ut ion, heating (75°C, 5 m in )  resulted in  a 

decrease of the proportion of brightly fluorescent fat globules). Furthermore, it may also be 

concl uded that p-Iactoglobu l i n  (sol id)  reconstituted i n  water appears to assume a conformation 

that does not represent that of p-Iactoglobul i n  in milk. This is an important find ing as this means 

that reconstituted p-Iactoglobu l i n  powder is not a good model for studying the i nteractions of P­

lactoglobu l i n  with the MFGM as  a function of heat load . 

5.8.5 Effect of WGA concentration on the staining of fat g lobu les in  mi lk  

I n  unheated m i l k, increasing the  concentration of WGA resu l ts i n  i ncreased average 

fl uorescence of both the stai ned fat globules and the background.  Using conventional 

fl uorescence m icroscopy, good contrast between the sta i ned fat globules and the background is 

obtained for a ratio of WGA488 stock:mi lk of 1 : 1 00 (v/v )  ( i .e . ,  f ina l  concentration ,  9 IJL WGNm L 

25 Recall that the concentration used was nearly double that of K-casein in mi lk .  
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mil k). Using higher concentrations may result in overexposure of images, but may also better 

show some features such as fi lamentous matter and dark patches on the MFGM.  
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For each concentration tested ,  comparison of the images o btained using d ifferent 

concentrations showed that fluorescence i ntensity d ifferences ex isted between fat globules, and 

that heati ng caused non-flu orescent parts of the membrane to become more pronounced . 

Hence, these features are not artifacts of the sta in ing procedure . Nevertheless, d ifferences i n  

the fluorescence intensity of the fat globules can i n  princip le  b e  caused , a t  least i n  part, by 

probe concentration gradients that occur when the probe is  added to the m i l k  sam ple,  and th is 

shou ld be ta ken i nto account when i nterpreting resu l ts .  However, the observations that, in some 

heat treatment experiments i nvolv ing model systems, either decreases or i ncreases in  the 

proportion of brightly fluorescent fat globules occurred as a resu lt of heat treatment argue 

against the WGA concentration gradient being the major reason for the ex istence of a smal l  

proportion of brightly fluorescent fat globules. I nstead, it points to real changes i n  the avai labi l ity 

of glycosylated material on the membrane of some fat globules. Nonetheless, future work 

should further address the effect of probe concentration gradient. 

The optimum concentration  of the probe wi l l  depend on the Alexa Fluor® conjugate used , type 

of sample (e .g . ,  washed fat globules re-suspended in a certa in aqueous medium, or mi l k) ,  

source of fat globules ( i .e . ,  species), and type of microscope. Hence, optimum concentrations 

for d ifferent a ppl ications wi l l  need to be determi ned empir ica l ly .  

5.9 General d iscussion and conclusions 

Alexa Fluor® conjugates of WGA have been shown to be novel tools for studying structural or 

composit ional features of the MFGM using either conventional fluorescence microscopy or 

CLSM.  Gross d ifferences in the degree of fl uorescence between WGA-sta i ned fat globules, and 

in the distri bution of fluorescence with in the membrane of i ndiv idual fat globules, prov ide i nsight 

i nto the glycosylation profi l es of the MFGM between fat g lobu les and with in the fat globules. I n  

add ition to the fl uorescence of Alexa Fl uor® conjugates o f  WGA, the agglut inating property of 

WGA can be uti l ised to extract supplementary i nformation ,  particularly i n  heat treatment stud ies. 

The successful use of WGA conjugates in studying the structure and com position of the M FGM 

as  described i n  this chapter shou ld serve as a template for further studies of the MFGM us ing 

fluorescent conjugates of different lectins. I ndeed , all lect in  stud ies of the M FGM reported i n  the 

l iterature (Appendix 5) were performed in the period prior to routine use of advanced versions of 

the CLSM .  Com bining the resolv i ng power of the modern CLSM with the specificity of bind i ng of 

lectins wi l l  no doubt sign ificantly progress our understand i ng of the structure and com posit ion of 

the MFG M  a nd its interactions with other matrix com ponents. For example , recently the effect of 

heati ng on the structure of gels was stud ied by CLSM usi ng Alexa Fluor® conjugates of whey 

proteins and casein (Dubert-Ferrandon et al. , 2006); in future work, it wou l d  be logical to extend 
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the current studies by multiple sta i ning studies in which both the fat globu les and the mi lk  

plasma proteins (whey protein and casein) are fl uorescently labelled . 
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Another useful extension of this work would be to develop a mu lti-sta i n ing protocol that resul ted 

in the sta in ing of both fat globules and other sources of membrane, i nclud ing cel ls .  The sta ining 

of the latter m ight possibly be ach ieved by using a nucleotide sta i n .  However, as outl ined in 

Chapter 4 ,  the sta in ing protocol may be affected by the choice of stock solvent (depend ing on 

the presence or a bsence of i nteractions between the stock solvent and the mi lk sample matrix) ,  

and this needs to be considered when developing new sta i ni ng protocols. 

A summary of effects of several factors relat ing to on-sl ide fat globule aggregation is g iven in 

Table 5 .6 .  

Table 5.6 Effects of several factors relating to on-s l ide fat globule aggregation . 

Phenomenon 

Fat globule 

aggregation i n  model 

systems 

Factors bel ieved to have an Factors bel ieved to not have an 

effect effect 

• I nteraction between W GA • Heat treatment 

and ion ic strength 
• pH 

Fat  aggregation i n  m i l k  • WGA • I ncreasing ion ic strength by 

add i tion of NaCI (01 . 34 M)  
• Heat l oad 

• M U C  1 
• 0-Lactoglobu l in  

• BTN 
• a-Lacta lbumin 

• IgM 

• PAS 6/7 
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6 Structu ral and compositional features of the M FG M  as 

revealed by fluorescence microscopy - a preliminary 

eval uation 

6.1  Introduction 
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M uch of the current knowledge of the structure and molecular organisation of the MFGM has 

been obta ined using morpholog ical techniques such as ( immuno)electron microscopy (e .g . ,  

Wooding,  1 971  b ,  Henson et  al. , 1 971 , Monis et  al. , 1 975 ,  Horisberger et al. , 1 977, Sasaki & 
Keenan,  1 979, Pinto da Si lva et al. , 1 980, Franke et al. , 1 981 , Buchheim, 1 982 , Welsch et al. , 

1 988, Schmidt & Buchheim, 1 992, Mather et al. , 2001 , Robenek et al. , 2006) appl ied to fat 

g lobules that had been isolated from the orig inal m i lk  sample. I n  these studies, the resu l ts 

obtained appl ied to fat g lobu les that might, or might not, have undergone substantial physical 

a nd/or chemical modification , and whose env ironments had been drastical ly changed . Hence, 

the degree to which these results represent the membranes of fat globules in the orig inal 

sam ple remains uncertain .  Thus, the development of alternative microscopy techniques was 

h igh l ighted as a prerequis ite for progressing knowledge in  this field ( Chapter 2). 

The fl uorescence microscopy techniques developed in the current study can be used to study i n  

real time the structural and compositional detai ls of the MFGM in  its native m i l k  environment i n  a 

non-destructive manner. This chapter d iscusses various structural and compositional 

phenomena of the MFG M as observed by using selective MFGM probes. Chemical and 

structural heterogeneity were ev ident at the micron and submicron scale  in the MFG M ,  not only 

of i ndividual globules, but also among globules. The resu l ts reported in this chapter confirm, 

com plement, and substantia l ly extend resul ts reported in the l iterature, particularly those that 

were based on electron m icroscopy , but also raise further questions. Each section sta nds on its 

own and therefore incl udes a d iscussion section . General concl usions are presented at the end 

of this chapter. 

6.2 Double fluo rescent rings 

I n it ial work i nvolv ing the CLSM for optical sectioning of human fat globules sta ined with l i pophi l ic 

probes repeatedly, but not consistently, showed for m iddle sections two distinct fl uorescent 

l ayers at the perimeter of the fat globu le .  This phenom enon is cal led a "dou ble ring". The double 

r ing was not always observed in optical sections above or below the middle section of the fat 

g lobule.  Expert microscopists from three d ifferent organisations 1 bel ieved the double r ing to 

represent a real mem brane feature rather than a microscopy artifact, because i n  several images 

the non-fluorescent gaps in the inner and outer ri ngs d id not match ( Figure 6. 1 ) . Measurements 

Personal communication: Elizabeth N ickless, Massey University, 7 J une 2005; Robyn H irst, Fonterra Research 

Centre, 1 3  June 2005; Colin Green, Auckland University, 8 August 2005. 
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showed that the non-fluorescent gap between the two fluorescent r i ngs (at l east 60-1 00 nm) 

significantly exceeded the width of the MFGM bi layer « 20 nm;  Mulder & Walstra , 1 974; 

Walstra et al. , 1 999), wh ich el iminated the possib i l ity that the two ri ngs represented the two 

leaflets of the phosphol i p id bilayer2 . I n  turn, this meant that if the double  ring phenomenon 

represented a real feature, there would have to be two l i pophil ic l ayers surround ing the fat 

globule one of which was the MFG M  bi layer and another as yet un identified layer (membrane?) .  

However, the presence of a double membrane on fat globules has never been reported i n  the 

l iterature . These considerations prompted further experiments to be performed in an attem pt to 

elucidate whether the observations represented real features or microscopy artifacts. 

6.2.1 Microscope objective 

The images showing the double ring phenomenon had al l  been obta i ned usi ng a 1 00x ( 1 .4 

numerical aperture) oi l - immersion objective. To verify that the objective d id not cause the double 

ring phenomenon, a series of images were made using a x63 oi l - immersion objective of human 

fat globules sta ined with D i IC18(3)-DS (ethanol ic stock). Each of these confirmed the presence 

of the double r ing. 

Electronic zoom 

The double ring phenomenon had been observed in images i n  wh ich h igh electronic zoom was 

used . To verify whether using high electronic zoom could cause the dou ble ring as an artifact, 

human fat globules stained with D i lC18( 3)-DS (ethanolic stock) were imaged using the 1 00x 

objective at low electronic zoom . For assessment, very large fat globules were selected as at 

low magnification, the microscope reso l ution was not sufficient to see whether or not a double 

ring was present i n  fat g lobules of < 1 0  IJm in  diameter .  The double ring phenomenon was also 

observed at low electronic zoom (Figure 6.2) .  

To further verify that features seen at h igh electronic zoom were not m icroscopy artifacts, 3-D 

images of human fat globu les stai ned with D i I C18(3)-DS (ethanol ic stock) were made at l ow 

zoom ( 1 .2)
3 

and subsequently at h igh zoom (5 .0) (example i n  Figure 6 . 3) .  Owing to the fact that 

more o ptical sections can be taken with increasing zoom, structural features in h igh zoom 

images were better defined than in low zoom images. Nevertheless, the same structural 

features were observed as judged from the stain ing pattern of the fluorescent probe. 

2 In addition, note that the resolution of the microscope was not sufficient to resolve objects that were that close 

togeth er .  

3 1 .0 = no electronic zoom. 
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Fig u re 6.1 Optical CLSM section of a human m i l k  fat globu le stained with D i IC1 8(3)-DS 

(ethanol ic stock), showing the double ring phenomenon. Gaps in the outer and 

inner rings do not a lways match. Sometimes the gap is present in both the i nner 

r ing and the outer ring (opposing arrows 1 ) . Sometimes there is a reduced 

thickness or gap in the outer r ing, but not in the i nner ring (short arrows 2) .  

Sometimes there is a gap in the i nner r ing ,  but  not i n  the outer ring (s ing le arrow 3) .  

Fig ure 6.2 Human mil k fat globules imaged usi ng low electronic zoom « 2) .  Double ri ngs are 

observed for the larger fat globules (arrows). A scale  bar was not obtai ned for this 

image; however, from comparison with another image the diameters of the two 

l argest fat globu les are estimated to have been about 20 IJm .  
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Fig u re 6.3 3-D images of a human fat globule stai ned with Di I C18(3)-DS . (A) Low electronic zoom ( 1 3  

optical sections were used to image the fat globule). ( 8) The fat globule i n  the middle of Figure 

6 .3A was re-imaged at h igh el ectronic zoom (21  optical sections were u sed ). Structural features 

of the fat globu le i n  the high zoom image were the sa me, although better defi ned, as those in 

the low zoom image (e.g . ,  compare the non-fluorescent patches denoted by arrows with the 

same number). 

6.2.2 F luoropho re 

Different probes were exami ned to determine whether the double r ing phenomenon was 

observed only in Di IC18(3)-DS-stained human fat globules. It was found that the double r ings 

were also occasionally, but not so clearly, observed in human mi lk  stained with Di I C18(3) or DiA. 

I n  contrast, the double rings could be clearly observed i n  human fat globules dual sta ined with 

FM4-64 and WGA488. The images obtained revealed that the two r ings were not necessari ly 

mirror images (Figure 6.48). 

6.2.3 P inhole s ize 

As explained in Appendix 2, the detector p inhole is a pivotal design feature of the CLS M,  

a l lowing optical sectioning of the sample to take place by el iminati ng out-of-focus l ight. 

Reducing the p inhole size improves contrast by excluding a greater proportion  of out-of-focal­

plane l ight ( Murphy, 2001 ) and reduces the th ickness of the optical plane, thereby al lowing 

higher resolu tion in optical section ing,  wh ich is essential for obtain ing high qual i ty 3-D images. 

The latter feature was employed to investigate whether the pinhole size usual ly used somehow 

caused the double r ing phenomenon . 
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Figure 6.4 Dual stained milk fat globule. (A) WGA488. ( B )  FM4-64. Both probes show a double r ing. 

The patch not stained by WGA488 was also not sta ined by FM4-64 (arrow). Note that the 

FM4-64 fl uorescence intensity at some places in the outer ri ng is greater than in the inner 

ring (double arrow-heads) and vice versa (double arrow). Membrane areas with high 

fluorescence i ntensity i nd icate local differences in membrane com position . 

A WGA488-sta ined human fat globu le was imaged usi ng a pinhole s ize of 1 00 IJm (as 

determined by the CLSM software) and re-imaged using a pi nhole size of 50 IJm ( i .e . ,  a 

significant reduction) (Figure 6 .5) .  I n  the " 1 00" image, the double membrane was clearly v is ib le 

i n  both large and some smal ler fat globules. I n  the "50" image, the double ring phenomenon 

could  be observed i n  the two larger fat globules, al beit less clearly than in the " 1 00" image. The 

main reasons were that reducing the p inhole size also reduces the proport ion of l ight emitted 

from the specimen that reaches the detector, resu l ti ng in a weaker signal , a nd that repeated 

scanning causes some photobleach ing of the probe. Therefore, the fluorescent features in the 

"50" image were less clearly defined . 

6.2.4 Sam ple matrix 

Species 

To verify whether the dou ble ring phenomenon was observed only i n  human mi lk, bov ine mi lk 

and ov ine mi lk  were stai ned with WGA488 and assessed using CLSM.  The double ring 

phenomenon was observed in some fat gl obu les in milk of these latter two species. 
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Fig ure 6.5 WGA488-stai ned human fat globules. Double r ings are observed irrespective of 

pi nhole size. (A) Pinhole size: 1 00 IJm. Dou ble ri ngs can be seen in larger and smal ler 

fat globules ( 1 , 2 , 3, & 4). (8 )  Pinhole size: 50 IJm. Double r ings can be seen i n  the two 

largest fat globules ( 1  & 2) ,  but fluorescence i ntensity i s  red uced owi ng to l ess l ight 

reach ing the detector, and photobleaching. 

Washed fat globules resuspended in phosphate buffer 

Washed bov ine cream and probe stock (either WGA488, WGA647, or D i lC18( 3)-DS (aqueous 

stock)) were added to phosphate buffer ( pH = 8.02). CLSM filter setti ngs, laser output, detector 

voltage setti ngs, l i ne setti ngs and zoom were optim ised for each imaging attem pt. The double 

ring phenomenon was observed, at least for some fat globules, for al l  probes used . 

6.2.5 Effect of heati ng 

Di lC18( 3)-DS-sta ined human mi lk was heat treated (75°C, 5min) and then evaluated by CLS M .  

The double ring phenomenon was observed. 

6.2.6 Mu ltiple rings 

Although in the majority of cases only two fluorescent rings were observed, occasional ly more 

than 2 fluorescent ri ngs were observed (Figure 6.6) .  However, usual ly the extra rings appeared 

to be flare from the two dominant rings. 
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Fig ure 6.6 Human fat globu le sta ined with Di IC1s( 3)-DS (ethanol ic stock), showing four rings in 

some places. Two ri ngs were dominant i n  terms of fl uorescence intensity , and the 

d iffuse outermost and i nnermost rings appeared to be flare from these two 

dominant rings. The fat globu le  diameter was estimated to be approx imately 8 IJm.  

6.2.7 Discussion 

Attem pts to determine whether the double ring phenomenon was a m icroscopy artifact or 

reflected a real membrane feature yielded inconcl usive results. Apart from test ing whether the 

phenomenon cou ld also be reproduced on another CLSM4, wh ich i ndeed was the case (resul ts 

not shown), there was no opportu n ity i n  the current study to pursue a resolution of the 

phenomenon beyond the experiments described above. Nevertheless, it is deemed important 

that such work be conducted in future studies as the phenomenon concerns either a 

spectacu lar artifact or the discovery of a structural feature of the M FG M  that hitherto was 

unknown . Further work shou ld determ ine which of these possibi l ities is correct . The current 

d iscussion wi l l  serve as a useful introduction to this work. 

A range of possible microscopy var iables, such as the use of d ifferent objectives, high electronic 

zoom,  and pi nhole size, were shown not to cause the phenomenon .  Furthermore, as the 

phenomenon was observed in fat g lobules from different species ( human ,  bov ine and oV ine5) i n  

4 Leica TCS SPE D M2500. CLSM software: Leica Application Suite Advanced Fluorescence 1 .5 . 1  bui ld 869 (this 

used frame averaging rather than line averaging). A 63x lens was used. This i nstrument used a diode laser rather 

than an argon-krypton gas laser and thus the output radiation was much lower than that of the Leica DMRBE used 

in all other experiments. 

5 
Bulk  sheep mi lk was collected from a commercial s heep farm, transported cooled by ice packs to the l aboratory and 

stored at 5°C until testing. 
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their  native env ironment (mi lk )  as wel l  as i n  washed fat globu les that had been re-suspended in  

phosphate buffer, it is im probable that i nterference from the sample matrix was a causative 

factor. The phenomenon was also not related to the laser excitation wavelength or the 

fluorophore emission wavelength range as it was observed when us ing d ifferent excitation 

lasers (488 or 647 nm) and with d ifferent emission spectra (e .g . ,  for WGA488 the spectrum was 

51 5-580 nm and for WGA 647 the spectrum was > 665 nm) .  F inally, the phenomenon was not 

a chemical artifact caused by the use of ethanol ( probe stock solvent), as it was also observed 

when using probes made u p  with water (e.g . ,  Di lC' 8(3)-DS (aq),  FM4-64 and WGA). 

Evaluation of many images showing the double ring revealed that the outer r ing , on average, 

was more intense than the i nner r ing (e .g . ,  Figure 6. 1 )  for optical sections up to the middle of 

the fat globule. I n  optical sections between the middle and the bottom of the fat globule the 

i nner ring tended to be more fluorescent than the outer r ing.  These fi ndi ngs suggest some k ind 

of d iffraction effect . The observation that sometimes three or more ri ngs were seen,  l ends some 

further support for a d iffraction artifact. 

I n  contrast, other observat ions are d ifficult to reconci le with a d iffraction phenomenon.  For 

example, the non-fl uorescent patches i n  the two r ings clearly do not always match (e.g . ,  F igure 

6 . 1  and Figure 6 .6) .  S imi larly, the highly fluorescent patches i n  the two r ings also do not always 

match (e.g . ,  Figure 6.4B) .  These observations would seem to i nd icate that structural and 

compositional differences exist between the two r ings. It is possib le at least partly to reconci le 

these observations with current knowledge of the MFG M .  F i rst, the double ri ng is observed with 

d ifferent l i pophi l ic probes. It can be imagi ned that l i poph i l ic  probes sta in  the phosphol i p id bi layer 

and perhaps the surface-active l ayer that existed on the intracel lu lar fat droplet. The l atter l ayer 

is sometimes cal led the "monolayer" (Robenek et al. , 2006) .  However, WGA-stai ned fat 

globules also showed the double r ing.  This would mean that the two l ipophi l ic layers would have 

to be sim i larly glycosylated . It is d ifficult to rational ise from the current model of the MFGM (a 

triple-layered membrane; Keenan & Mather, 2006) how there cou ld  be two glycosylated l ayers 

of s imi lar thickness; one would expect the majority of glycosylated chains to be disposed 

externally to the bi layer, but the current scenario wou ld requ i re the i nner glycosylated l ayer to be 

sandwiched between two l i pophi l ic layers. Although the current study (see section 6 .3)  i nd icated 

that this might be the case, thus agreeing with simi lar findi ngs reported in the l i terature 

(Freudenstein  et al. , 1 979; Sasaki & Keenan, 1 979), the prevai l ing model of the MFG M  (which is 

primarily based on electron microscopy stud ies), does not include the presence of glycosylated 

chains between the bi layer and the fat core. Maybe this is an anomaly that needs correct ing.  

Furthermore, crude measurements i n  the current study showed that the two r ings are at least 

50-1 00 nm apart. This is generally larger than the distance between the b i layer and the 

monolayer as shown in electron microscopy images ( 1 0-50 nm) .  This d iscrepancy may 

conceivably be reconci led if it is assumed that ( 1 ) the CLSM measurements do not correctly 

represent the true distance between the two layers (because the fluorescent rings around the 

fat globu le microscopy are relatively thick, whereas the stained structures they represent have a 
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thickness much below the resol ution of the l ight m icroscope), or (2)  the current model of the 

MFGM based on electron microscopy data has prov ided an i ncorrect distance between the 

b i layer and the monolayer. I t  is im portant to real ise that the CLSM data were obtained on fat 

g lobules in their native environment, i .e .  ful ly hydrated . In contrast, electron microscopy requ i res 

extensive sample pre-treatment, often i nvolv ing dehydration of the specimen6. The use of 

dehydrating agents cou ld perhaps reduce the thickness of the sta ined area resulting i n  

i ncorrectly smal l d istances. On the basis of freeze-fracturing electron microscopy Robenek et  al. 

(2006) claim that variable amounts of cytoplasm are often entrai ned between the i nner 

monolayer and the outer bilayer. The possibi l ity of a thin l ayer of entrained cytoplasm has 

prev iously been shown by thi n-section electron microscopy (Woodi ng,  1 977) and freeze-fracture 

electron microscopy (Pinto da Si lva et al. , 1 980). Furthermore, images of m i l k  stained with 

Acridine Orange (Patton & Huston , 1 988) show that fat globules not conta in ing cytoplasmic 

crescents were sti l l  weakly stai ned and this could be i nterpreted as i nd icating the presence of a 

very thin layer of cytoplasm (Scolozzi et al. , 2 003). Nevertheless, a contention that fat globules 

conta in  entrained cytoplasm cannot be upheld if  i t  is meant to be i nterpreted to be appl icable to 

fat globules un iversal ly. Clearly ,  in electron m icroscopy images, cytoplasm layers, and in CLSM 

images the double ri ngs, are observed in  som e  fat globules, a nd then only i n  l ocalised places, 

but not in al l .  Thus, for a proportion of fat globules, the presence of an entrained cytoplasm l ayer 

cou ld  prov ide an explanation for: ( 1 )  the distance between bi layer and monolayer as i nd icated 

by CLSM,  and (2)  the presence of glycosylated matter in the monolayer as the glycosylated 

chains wou ld extend into the aqueous cytoplasm phase located between the bi layer and the 

monolayer. Consequently ,  the current model of the MFG M ,  as being a compact three-layered 

mem brane, would need to be supplemented by a l i posome-type model ,  which is appl icable only 

to a certa in proportion of fat g lobu les. In th is type of membrane, fluorescent probes associate 

with the bi layer, but also can reach and sta in  the monolayer, presumably through transfer v ia 

the entra ined cytoplasm layer. The electron microscopy dehydration effect wou ld then raise 

questions a lso about the prote in  layer seen during budd ing of fat globu les from the secretory 

cel l .  This has been reported to be a uniform 1 0-20 nm (Wood ing ,  1 971  a) ,  but may i n  real ity be 

thicker. 

Nevertheless, the above explanation arguing for a l i posome type membrane is unl ikely to be 

correct. The main factor argu ing against this is probably that the inner ring has been shown i n  

the current study to conta in protein ,  because i t  i s  stai ned by W GA. Such a separate protein­

conta i n ing layer should have been v isible in electron microscopy images . Although transverse 

sections by thin section microscopy occasionally have shown a stained i nner layer that is clearly 

separated from the bilayer ( Figure 1 0  in Wooding,  1 971 b; i nset of Figure 34 in Wooding ,  1 977),  

and double membranes were v isible i n  clear vesicles in the pel let obta ined from washed cream 

6 
N ote that surface views of specimens can be obtained with little or no prior preparat ion using field emission cryo 

scanning electron microscopy ( Auty, personal communication, 5 October 2007). 



Chapter 6: Structural and compositional features of the MFGM 1 3 0  

(Anderson & Brooker, 1 975), or i n  vesicles from the sk im mil k fluff l ayer? (Wooding, 1 974), 

double membranes have never been shown to exist in fat g lobules. Furthermore, it is pecu l iar to 

observe a double ring i n  a FM4-64-stained fat globule, consideri ng that the dicationic head of 

FM4-64 should prevent passage across membranes un less assisted by fl ippase activity 

(Fischer-Parton et al. , 2000; Torral ba & Heath, 2002) .  Although the possib i l  ity of fl ippase­

mediated translocation of FM dyes across the l i pid bilayer cannot be excluded ( Read & 
Kal kman,  2003), to date no ev idence for such a mechanism has been reported ( Parton et al. , 

2001 ; Bolte et al. , 2004). Thus, it would seem that FM4-64 sta i n i ng of an  i nner M FG M  layer 

wou ld  require access to the i nner layer by some other means than by penetrati ng the bilayer. It 

is d ifficult to env isage what mechanism, other than some "hole" in the bi layer membrane 

provid ing d irect access from the mil k plasma to the inner l ayer, could accou nt for th is. Further 

work would be needed to i nvestigate this possib i l ity, but, on balance, it would seem that it is 

more l i kely that the double ri ng phenomenon is some artifact rather than a real structural feature 

of the MFGM.  

I rrespective of whether the double ring represents a real structural feature o r  is an  artifact, i t  has 

l ittle effect on the 3-D renderi ngs of stained fat globu les, because the phenomenon genera l ly  

becomes observable only i n  optical sections close to the point  where the fat g lobu le diameter is  

largest. However, i n  3-D renderi ngs, the top optical sections contribute by far the most to the 3-

D im pression as seen by the v iewer, and the middle optical sections contribute only a l ittle to the 

3-D im pression of the fat g lobule .  

6.3 Heterogeneity within  fat g lobu les and between fat g lobules within species 

Structural features 

Morpholog ical features of the MFGM as shown by electron microscopy suggest that the MFGM 

is heterogeneous and contains domains of d ifferent shapes (e .g . ,  Buchheim et  al. , 1 988b; 

Robenek et al. , 2 006) .  CLSM images obtained in the current study corroborated the electron 

m icroscopy data by confirmi ng that a variety of d istri bution patterns exists for different 

fl uorescent probes in the MFG M .  Some fat globules were completely sta ined with a probe (e.g . ,  

F igure 6.5) ,  whereas i n  membranes of other fat globu les d isti nct stained and non-sta i ned areas 

were observed . For WGA sta in ing ,  this corroborates electron m icroscopy data which showed 

that carbohydrates were d istri buted either un iformly or i n  d iscrete patches over the fat globule 

surface (Sasaki  & Keenan,  1 979) .  Furthermore, freeze-fracture electron microscopy of human 

mi lk has shown circular physical structures of about 0 . 1 -0 .2  I-Im in diameter (Buchheim et al. , 

1 988b; Robenek et al. , 2006) .  I n  the current study, more or less c i rcular non-fl uorescent areas 

were frequently observed (Figure 6 .7), some of wh ich were at the su bmicron scale (Le . ,  < 0 .5  

1-1 m; Figure 6 .7B)  and some at the micron scale (-1 -2 .5  I-Im) .  However, non-fl uorescent areas of 

non-circular shape were also regu larly observed (e .g . ,  Figure 6 . 7A). The submicron non-

? 
The "fluff' layer was obtained by centrifuging fresh raw mi lk at 1 000 g to obtain skim mi lk .  The skim mi lk was 

centrifuged at 85 ,000 g, which yielded a fluffy layer on top of the compact casein pellet. 
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fl uorescent patches cannot represent membrane blebbings (see Chapter 2 )  such as  those seen 

in electron microscopy (Henson et al. , 1 97 1 ; Wood ing,  1 97 1  b ;  Wooding,  1 972; Wood ing & 
Kemp, 1 975; Wood ing, 1 977;  Pinto da Si lva et al. , 1 980) as  those clearly were bounded by a 

bi layer membrane, and thus would have shown up as fluorescent patches in  CLSM images. 

However, if mem brane blebbing i ndeed does occur, then conceivably these submicron non­

fl uorescent patches could represent bilayerl ess patches on the fat globu le  surface caused by 

the blebs detaching from the MFGM.  Figure 6 .7A suggests that domai ns exist on the fat globule 

surface that are more intensely stained by the Di IC1s(3)-DS probe than the surround ing area . 

This was not an  artifact of the use of an ethanol ic probe stock as the use of an aqueous stock of 

another l i pophi l ic probe (FM4-64) also showed that certai n  parts of the MFGM were stained 

more i ntensely than surround i ng areas (F igure 6 .8A and Figure 4.24). These domains could be 

the same as the plaque-l i ke domains, which were reported to vary widely in size and shape, 

shown in  freeze-etched electron microscopy images (8uchheim, 1 982; 8uchheim, 1 986). 

Fig ure 6.7 2-D CLSM images of the surfaces of fat globu les showing a variety of probe sta i n ing 

patterns. (A) Human mi lk fat gl obules stained with Di I C1 s(3)-DS (ethanol ic stock) showing 

non-fl uorescent patches that were circular (arrow) or non-circular (double arrow-heads) .  

The scale bar for the original image was not avai lable, but was est imated on  the basis of 

that from a n  image with a simi lar electron ic  zoom . The actual error is estimated at < 25%, 

which permits concluding that the circular non-fluorescent patches were -1 -2 IJm in 

diameter. ( 8) Ovine fat globule stained with WGA488. Large non-fluorescent patches are 

circular (arrows) with a diameter -1 . 5-2 .5 IJm .  Small non-fluorescent areas were typical ly 

< 0 .5  IJm. 

The 2-D sta i n ing pattern of some fat globules i n  the current study (e .g . ,  F igure 4.20C, Figure 

4.24 1 A  & 1 8, and Figure 6 .2)  show remarkable similarity to some of the membrane outl i nes 
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visual ised by electron microscopy, such as that of globule 2 i n  F igure 1 4  publ ished by Wood ing 

( 1 97 1  b). These show a substantial l y  i ntact bilayer that is i nterrupted at a few p laces. Hence, th is 

suggests that the non-fluorescent a reas i n  the CLSM images represent bi layerless patches on 

the MFGM. 2-D dual sta in ing resu l ts using FM4-64 and WGA647 further support this concl usion 

as these i nd icated that sections of the bilayer were absent, the MFGM bei ng stained by neither 

the l i pophi l ic FM4-64 nor the lectin W GA (F igure 6 .8) .  The CLS M  data, however, shed new l ight 

upon an exist ing controversy i n  the l iterature. On the basis of electron microscopy, it has been 

suggested that most of the bi layer ( i .e . ,  > 2/3rd) is l ost from mi lk  fat globules i n  bov ine mil k post 

secretion by the secretory cell ( Henson et aI . ,  1 971 ; Wood ing,  1 97 1  b; Bauer, 1 972; Wooding, 

1 974) .  In contrast, b iochemical data ( i .e . ,  bul k fat g lobule analysis) have suggested that the 

structure of the MFGM is largely preserved in secreted mi lk  (Mather & Keenan, 1 998). The 

CLSM dual sta in ing results i ndicate that the truth may be somewhere in between, i .e . ,  that most 

fat globu les sti l l  possess a substantia l ly i ntact bi layer, but that i n  a certa in proportion of fat 

globules part of the bi layer has been lost. Al though future work should  establ ish quantitative 

data for the proportion of membrane surface that is b i layerless, it appears that, on average, it is 

substantial ly less than that proposed on the basis of electron m icroscopy results. Thus, this 

strongly supports the contention that electron microscopy fixation techniques may promote loss 

of the bilayer membrane (see Chapter 2, section 2 .2 .2 )
8
. 

Degree of g/ycosy/ation as shown by WGA 

WGA binds specifical ly to GlcNAc and NANA residues. MFGM protei ns carrying G lcNAc and/or 

NANA residues i ncl ude BTN , MUC1  and C036 (Mather, 2000). W GA has been reported to bind 

strongly to both bov ine and human M UCX and MUC1 (Patton et al. , 1 995; L iu et al. , 2005) .  I n  

these glycoprotei ns, b ind ing of WGA appears to b e  associated with NANA residues, rather than 

GlcNAc residues, as treatment of the milk with neuramin idase significantly reduced or abol ished 

WGA binding (Liu et al. , 2005). In mi l k ,  most of the NANA appear to be associated with 

glycoproteins rather than glycol i pids ( Neeser et al. , 1 991 ) and are usual ly in terminal non­

reducing positions (Gal lagher et al. , 1 982). 

8 N ote that the loss of the bilayer is much greater in chemically fixed and thin sectioned electron microscopy 

preparations than in  freeze-etched electron microscopy samples, thus clearly indicating that the observed 

mem brane loss as seen in electron microscopy images is caused to a significant extent by the sample preparation 

technique (8auer, 1 972). 
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Figure 6.8 Dual sta in i ng of human fat globules. (A) CLSM image, channel 2, showing fat globules 

stained with the l i pophi l ic styryl probe FM4-64. I n  some fat globules, the fl uorescence 

of the MFGM was interrupted , indicati ng absence of the probe at these l ocations (e .g . ,  

1 ,  3, 5 ,  and 1 0) .  Variation in fluorescence i ntensity between d ifferent fat g lobules was 

less extreme than in the case of WGA488 ( image B) .  The noncircular shape of some 

fat globules was the resu lt of these fat globules mov i ng dur ing imaging .  (B )  CLSM 

image, channel 1 ,  showing fat globules sta ined with WGA488. I n  some fat globules, 

the fluorescence of the MFGM was interrupted , i nd icating absence of the probe at 

these locations (e.g . ,  1 , 4, 5, and 1 0) .  Significant variation in fl uorescence i ntensity 

was observed among d ifferent fat globu les, these ranging from weakly or non­

fluorescent (e .g . ,  3, 6-8) to highly fluorescent (e .g . ,  2 and 9). Backgrou nd 

fluorescence was caused by WGA488 binding to glycosylated compou nds i n  the m i l k  

plasma .  (C) Overlay of images A and B .  FM4-64 and WGA488 were g iven false 

colou rs ( red and green, respectively) .  A yellow/orange colour means co-location of the 

two probes, with fluorescence at about the same pixel intensity. Although some fat 

globu les were sta ined by both probes, the much greater fluorescence intensity of one 

of the probes might mean that only one colour is seen in the combined image. Hence, 

for proper analysis, one needs to com pare the indiv idual channel images. Arrows 

ind icate non-fluorescent areas on dual-sta ined fat globules. 
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Differences in fluorescence intensity between different WGA-stained fat gl obules suggest 

d ifferences in degree of MFGM glycosylation between d ifferent fat globules, wh ich is i n  

agreement with electron microscopy resul ts (Horisberger et  al. , 1 977). I n  add ition , using dual 

sta in ing ,  i t  was observed on some occasions that WGA488 was bound to areas on the MFGM 

surface l acking the l i pid bilayer ( i .e . ,  to  areas not sta ined by FM4-64; resul ts not shown) ,  

ind icating that the interface between the core fat and the mi lk  plasma can be stabi l ised , at least 

partia l ly ,  through glycosylated compounds. This find ing corroborates an earl ier observation of 

this phenomenon by electron microscopy (Horisberger et al. , 1 977) and agrees with Murray et 

al. ( 1 979) who found ,  for both bovine MFGM and human MFG M ,  that WGA bound to 

glycoprotei ns from the proteinaceous coat. This glycosylated matter wi l l  probably i nclude STN, 

as this glycoprotein is anchored into the proteinaceous coat (Keenan & Mather, 2 006) and 

recently has been shown to be present in  relatively high concentrations in the monolayer 

(Robenek et al. , 2006).  On the other hand , it was observed that some fat g lobules that did 

conta in a bi layer ( i .e . ,  stained by FM4-64) were virtual ly unstained by WGA488 (F igure 6 .8) .  

Again ,  th is  find i ng corroborates electron microscopy data i n  which fat g lobules were observed 

that for the most part were not sta i ned by WGA (Horisberger et al. , 1 977) .  Hence, glycosylation 

of the MFGM is  variable, the variation bei ng caused in  part by variation i n  the proportion of the 

fat globu le  surface being covered by a bilayer membrane. The question of how this variation 

might arise in the secretory process has not yet been raised in the l i terature. However, a study 

of human breast l uminal surfaces of duct a nd acinar cel ls ,  sta ined with horseradish perox idase­

conjugated WGA, showed variation in intensity of staining between globules with in  the same 

section (Walker, 1 984) .  On the basis of th is  observation, i t  may be  speculated that the 

d ifferences observed on the fat globu le membranes origi nate from compositional d ifferences 

existi ng in the apical plasma membrane of secretory cel l s  of d ifferent a lveol i .  

6.4 S imi larities and d ifferences between fat globules from different species 

Degree and distribution of g/ycosy/ation 

WGA has been reported to b ind strongly to the membrane of washed fat globules of human,  

bovine,  ov ine or equine mi lk  ( references in  Appendix 5) ,  and ,  apart from the equine mi lk, th is 

was corroborated in the current study for the Alexa Fl uor® conjugates of WGA. Yet, d ifferences 

between the species of mi l k were observed . Although human and bov ine m i l k  fat globules were 

genera l ly  adequately sta i ned with WGA488 at 1 0 �g/ml m i l k, ov ine mi l k requ i red higher 

concentrations of WGA488 ( 30-50 �g/ml mi l k) to achieve a simi lar i ntensity of sta in ing .  

Furthermore, the WGA load per globu le (as determined by v isual assessment of fl uorescence 

i ntensity of fat globules) a ppeared to be more variable in human mi lk  and ov ine mi lk  than i n  

bov ine m i l k .  This was somewhat unexpected as  NANA contents of complex carbohydrates of 

human mi l k have been reported to be higher than those i n  bovine mi l k ( Neeser et al. , 1 991 ) .  On 

the other hand ,  the human mi lk  was obtained from a volunteer over a period that covered the 

entire 3'd year and first quarter of the 4th year of continuous lactation. Such l ong lactation 
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periods are unusual i n  Western society; consequently, v i rtually no data are ava i lable for m i l k  

com position at  such long periods of l actation .  H owever, levels of aminosugars ( i nclud ing NANA) 

are known to fal l  drastically with progressing l actation and to bottom out after a bout 28 weeks 

(Atkinson & Lonnerdal , 1 995). The CSLM resu l ts suggest that such a decrease is not evenly 

spread over fat g lobules, but is rather h ighly variable as ev ident by the presence of fat globules 

that are either not or very l ightly stained through to those that are very brightly sta ined . 

Prel im inary i nvestigations of some ov ine fat globu les revealed that the distribution of WGA on 

these fat globu les could be qu ite d ifferent from those observed i n  any of the human fat globules 

or bov ine fat globules, as a number of distinct l arge or small non-fl uorescent areas were 

observed on the same fat globule (Figure 6 .7  a nd Figure 6 .9 ) .  The large non-fluorescent areas 

possi bly originate by fusion of smaller non-flu orescent areas (F igure 6 .9) and,  curiously, were 

observed at one occasion to be touch ing one another or be connected by narrow non­

fluorescent "channels" ( Figure 6 .9) .  So far, such "channels" have not been observed in any of 

the human or bov ine mi lk fat globules stained with WGA488. 

In add ition to differences in sta in ing patterns of the MFGM,  extra-globular differences were 

observed as wel l .  As discussed in deta i l  i n  Chapter 5, WGA-stained bov ine raw mi lk showed 

glycosylated m i l k  plasma components in the form of strands being associated with some fat 

globules . T iny globular structures ( presumably small fat globules or large casein micel les) were 

observed to be part of the strands. Strand-fat globule i nteractions were genera l ly  not observed 

i n  human mi l k .  Hence, they d id not represent mucins as these have been shown to be present 

on human fat g lobules, extend ing up to 1 IJm from the membrane surface. 

Together, these results are ev idence for sign ificant d ifferences in both carbohydrate 

composition and d istribution in MFGM of human, bov ine and ov ine orig ins.  Future work should 

expand on this work by employing d ifferent l ectins that are known to b ind to M FGM (Chapter 4 

and Appendix 5) and to conjugate these wi
'
th selected Alexa Fluor® fl uorophores to a l low 

double or triple sta ining.  This approach wou ld ,  for example,  qu ickly establ ish whether the non­

fluorescent patches as shown by WGA are devoid of carbohydrate moieties a l together, or 

whether there is a specific grouping of other glycosylated matter at those domains.  Furthermore, 

extending the study to include mil k from species other than those used in the current study is of 

i nterest, as this cou ld reveal further similarit ies or d ifferences i n  MFGM composition and 

structure between groups of an imals (e .g . ,  ruminants vs non-ruminants). 
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Figure 6.9 CLSM optical section showing part of the WGA488-stained mem brane of an ov ine 

fat globule (the same as that of Figure 6.7B, but opposite side of globule) .  Some 

large non-fl uorescent areas were connected to each other by "channels" (arrows), 

or by sharing part of their boundaries (double arrow) . I nset: smaller non-fluorescent 

areas appear to fuse to form larger non-fluorescent areas. The dashed circle 

denotes the extent of the expected final circular non-fluorescent a rea . 

Lipophilic stains 

Besides d ifferences in the uptake of WGA, d isti nct differences i n  the u ptake of each of the 

l i pophil ic probes D i IC1s(3)-DS and FM4-64 between fat globules from d ifferent species were 

observed. I n  contrast to the sta in ing efficacy of WGA, ovine mil k fat globules d id  not sta in  well 

with Di IC1s(3)-DS under the normal incubation cond itions that were employed for human mi l k or 

bov ine mi lk  (irrespective of whether an ethanol ic stock or aqueous stock was u sed),  indicating a 

substantial d ifference i n  MFGM composition or structure compared with that of bov ine and 

particularly human mi l k fat globules (the latter were sta ined more readi ly than e ither ov ine or 

bov ine fat globules). It should be noted , however, that both the ov ine milk sam ple and the 

bov ine mi lk sam ple were from pooled sources. In contrast, the human mil k was from a si ngle 

source. The com position of mil k varies with stage of lactation, diet, etc. Hence, factors i nherent 

in the mi l k other than the structure of the MFGM may play a role in the u ptake of the probes by 

the fat globules. 

Further work should elucidate which factors affect the uptake of the tested fl uorescent probes by 

fat globules from mi l k of d ifferent species, as this wi l l  lead to a greater u nderstand i ng of the 



Chapter 6: Structural and compositional features of the MFGM 1 37 

d ifferences i n  structure and composition of the MFGM between species. Additionally, further 

screen ing of fluorescent probes should be conducted as it is conceivable that analogues of the 

fluorescent probes tested in this study possess su perior sta ining properties for fat globules from 

certa in  species of mi lk. 

6.5 Heat treatment of mi lk 

Chapter 2 expla ined the importance of heat treatment i n  dairy processing.  Al though much is  

known about the effects of heat treatment on bov ine mi lk ,  l ittle is known a bout heat treatment of 

human mi lk  as the latter is normal ly consumed d irectly u pon expression .  To determine whether 

heat treatment affects bov ine fat globu les (bu lk tank sam ple) differently from human fat 

globules, the fluorescence i ntensity of fat globules stained with either D i IC1s(3)-DS (aqueous 

stock) or W GA488 was investigated after heating (75°C ,  5 min) and compared with an  unheated 

control . Samples were assessed usi ng conventional fl uorescence microscopy, using a constant 

camera exposure time to a l low comparisons between samples. Stain ing experiments us ing 

D i IC1s(3)-DS were conducted usi ng an  unfiltered Di IC1 s(3)-DS stock and were repeated usi ng a 

filtered Di IC 1s(3)-DS stock ( i .e . ,  und issolved Di IC1s(3)-DS particles were removed ). For heat 

treated sam ples, the probe was added either before or after the heat treatment. The stained 

samples were a l lowed to stand 5-6 h before microscopy assessment. 

The average fluorescence i ntensity observed when usi ng the fil tered D i lC18(3)-DS stock was 

lower than that of the correspond ingly treated sam ples sta ined with the unfil tered stock9, but the 

results showed the same trends. An independent repeat experiment using only the unfiltered 

stock confirmed the find i ngs. Hence, a l l  these results a re treated together as one set of resu lts. 

The key find ings were: ( 1 )  heating of mi lk  prior to add i tion of the probe greatly decreased the 

average degree of sta ining for both human and bov ine fat globules, com pared with that of the 

respective u nheated sam ples, and (2)  heating of mi l k after addition of the probe greatly 

increased the average degree of sta in ing for both human and bov ine fat globules, com pared 

with that of the respective unheated sam ples. 

These D i lC18(3)-DS sta in ing results clearly showed that changes occur i n  the MFGM as a 

consequence of heating and cool i ng .  Thus, the use of D i IC1 s(3)-DS reveals a different aspect of 

the MFGM behav iour u pon heat treatment than does WGA (compare with Chapter 5 a nd 

d iscussion below). The fi nding that the same trends occurred i n  both human fat globules and 

bov ine fat globules poi nts to Di lC18(3)-DS revea l ing changes occurri ng in the MFGM bi layer. 

This concl usion was supported by the results of an add i tional experiment using bov i ne mi lk  i n  

which D i I C1 8(3)-DS was added to  a heat-treated sample. After i ncubation for 5 h and 

assessment by conventional fl uorescence m icroscopy, showing the expected decrease in 

fluorescence intensity of fat globules, the same ( i .e . ,  now sta ined) sam ple  was heated aga in  

9 Recall that this suggests that undissolved probe introduced into the milk can dissolve in the mi lk and contribute to 

the staining of fat globules. 
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(75°C, 5 min) .  This yielded highly fluorescent fat globules, i nd icating that the factor(s) that 

prohibited the stain ing of fat g lobules after the first heat treatment were reversible .  In turn, th is 

ind icated that the Di IC18(3)-DS results d id not represent the association of denatured whey 

prote ins with the MFG M ,  but rather some reversible physical characteristic of the M FG M. 

Possibly, with increasing temperature, a much greater u ptake of the probe and its i ncreased 

mobil ity in the MFGM resu lts in a higher concentration of Di IC1 8(3)-DS a nd thus a greater 

fl uorescence i ntensity than occurs at room temperature when the MFGM presumably is more 

r igid. Further support for this explanation was obta ined by another experiment in which the 

heating time was reduced from 5 m in  to 1 m in, and which sti l l  yielded highly fluorescent fat 

globules if D i IC18(3)-DS was added prior to heati ng. Future work should i nvestigate in more 

deta i l  the effect of tem perature-time combinations on the fl uorescence i ntensity of fat g lobules 

stai ned with D i IC1 s(3)-DS. 

Thus, the use of this l ipophi l ic probe revealed simi larit ies between the human MFGM a nd the 

bov i ne MFGM in terms of bilayer behav iour u pon heating at 75°C (5 min) .  

I n  contrast, the use of  W GA488 yielded completely opposite results upon heating. After heat 

treatment, human mil k fat globules were not fluorescent upon sta ining with WGA488, whereas 

for bov ine mil k not only did fat globules reta i n  their fl uorescence, but a smal l  proportion « 5%) 

actual ly became very highly fl uorescent. The latter phenomenon has al ready been d iscussed in  

Chapter 5. Here the focus is on the d ifference between bov ine and human mi l k .  In  add it ion, 

some bovine fat globules, that became highly fluorescent upon sta in ing with WGA488 after heat 

treatment, a lso revealed dark patches simi lar to those seen on D i IC1s(3)-DS -stained fat 

globules .  

The contrasting results for WGA488 staining of heat-treated human fat globu les and heat 

treated bov ine fat globules were most remarkable and unexpected . However, electron 

microscopy has shown the existence of high-molecular weight (> 400,000) glycoproteins i n  the 

human MFGM (Buchheim et al. , 1 988a ; Buchheim et aI. , 1 988b) and a lso in equ i ne M FGM 

(Welsch et al. , 1 988), which were rapidly lost on heat treatment (70-85°C; Buchheim,  1 986; 

Buchheim et al. , 1 988a; Welsch et al. , 1 988). Such glycoproteins were not detected i n  bovine 

mi lk and this makes these glycoprotei ns logical cand idates for expla in ing the observed 

phenomenon.  In turn, th is findi ng would  ind icate that essential ly all WGA488 bind i ng to human 

mil k fat globules is v ia these high-molecular weight glycoproteins (which are known to contain  

NANA; Buchheim ,  1 986), whereas i n  bovine m i l k  WGA-bi nd ing must occur v ia different 

glycoproteins. This concl usion is i nd i rectly su pported by the fi nding that WGA bou nd to all seven 

bovine glycoproteins identified by SDS-PAGE,  whereas only two human glycoproteins showed 

i ntense bind i ng to WGA (Murray et al. , 1 979). 

As mentioned above, conventional fluorescence m icroscopy of WGA488-sta i ned fat g lobu les 

a lso revealed dark patches s imi lar  to those seen on D i lC1s(3)-DS-sta i ned fat globules. Fol low-u p  
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experiments using CLSM confi rmed the presence of non-fluorescent patches on WGA488-

sta ined fat globu les following heat treatment. Non-fl uorescent areas were pronounced, but of 

variable shape and size (Figure 6 . 1 0) .  At this stage of the development work, it has not been 

possib le to perform quantitative analyses of average fat globule surface area stained before and 

after heat treatment. However, the impression obta ined from the l imited work performed to date 

is that elevated heat treatment resul ts, on average, in more pronounced and larger non­

fluorescent patches. In this respect, CLSM seems to be a better technique than electron 

microscopy, which apparently d oes not reveal changes in patches on fat globu les which have 

been su bjected to either low or elevated heat treatment, includ i ng UHT treatment ( Buchheim ,  

1 986) .  This i s  despite the fact that changes i n  the MFGM d o  occur ,  even u pon l ow temperature 

pasteurisation ,  as has been shown in stud ies that revealed that the membrane of unheated fat 

globules was a strong barrier against l i pase, whereas after low pasteurisation the fat became 

easi ly accessib le to the l i pase (cited by Buchhe im,  1 986) .  Clearly, the use of membrane­

selective probes in combination with CLSM has significant more potential than electron 

microscopy for showing changes in the MFGM u pon heat treatment. Hence, the study of heat 

treated mi lk  by CLSM should become an area of i nterest in future work. 

6.6 Cytoplasmic crescen ts 

The secretion of fat globules appears usual ly to i nvolve tight envelopment of the i ntracel lu lar  fat 

globule by the secretory cell plasma membrane. However, cytoplasm can sometimes be 

entrai ned between the membrane and the fat globule core, resu l ti ng in cytoplasmic crescents of 

various sizes. The proportion of fat globules that bear cytoplasmic crescents varies with species 

and ind iv iduals within species (Janssen & Walstra , 1 982; Patton & Huston, 1 988; Huston & 
Patton ,  1 990). Crescent-bearing fat globules can be shown morphological ly usi ng electron 

microscopy (e.g . ,  Woodi ng ,  1 975;  Wooding, 1 977; Keenan et aI. , 1 983a; Keenan et al. , 1 988;  

Patton & Huston, 1 988; Huston & Patton,  1 990) or fluorescence m icroscopy (Janssen & 
Walstra , 1 982; Patton & Huston ,  1 988) . F luorescence microscopy stud ies i nvariably i nvolved 

the use of the dye Acridine Orange. Furthermore, to date only 2-D images of crescent-bearing 

fat globu les have been shown in the l iterature . In the current study,  crescents were visual ised 

usi ng membrane-specific fluorescent probes and visua l ised in both 2-D and 3-D format using 

either conventional fluorescence microscopy or CLSM. 
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Figure 6. 1 0  3-D images of bov ine fat globules stained with WGA488 after heat treatment ( 75°C, 5 min) .  (A) A fat globule showing non-fluorescent patches that were mostly 

rou nd (arrows). A large proportion of the fat globule su rface is sta ined with WGA488. (8) A fat globule showi ng two non-fl uorescent patches that were not rou nd . A 

large proportion of the fat globule surface is not sta ined . (C)  A fat gl obule showing many mediu m-sized non-fl uorescent patches A l arge proportion of the fat 

globule su rface is not sta ined . 
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Cytoplasmic crescents fluoresced brightly when m i l k  was sta ined with either D i IC'8(3)-DS or  

WGA, and they were more frequently observed in  human mi l k than i n  bovine mil k, which agrees 

with Huston & Patton ( 1 990) .  Using conventional fluorescence m icroscopy, dual label l ing of heat 

treated mil k ,  using D i lC'8(3)-DS and Ni le Blue ,  al lowed the relative sizes of the crescents to be 

easily compared with the size of the associated fat globule (F igure 6. 1 1 ) . This showed 

considerable variation i n  crescent size wh ich supports cla ims that crescents can vary from a s  

smal l  a s  thin slivers to a s  large as exceed i ng the fat globule core vol ume (Heid & Keenan, 

2005) .  Using CLSM ,  si ngle sta ining using D i IC' 8(3)-DS general ly did not a l low the ful l  contou r  of 

the fat globule core to be see n  (F igure 6. 1 2) .  However, dual label l i ng of heat treated mi l k, using 

Ni le Red and WGA488, revealed the contour of the fat globule core while also showing the 

shape of the crescent (Figure 6 . 1 3). Optical depth scanning of crescent-bearing fat globules 

stained with Di IC'8(3)-DS showed that crescents were always shaped l i ke rounded sacs (F igure 

6 . 1 4) .  I n  contrast, electron m icroscopy images of crescents frequently show crescents of non­

rounded shapes, i ncluding pointy sacs or pointy protrusions (e .g . ,  Wood ing,  1 975; Wood ing ,  

1 977; Keenan et aI. , 1 988; Patton & Huston ,  1 988; Keenan & Mather, 2006). Careful 

assessment of these images showed that sometimes pieces of membrane were missing from 

the crescent ( image in Keenan et al. , 1 988), or that the shape of the crescent or the fat globule 

was jagged (e.g . ,  images i n  Wood ing, 1 975; Wooding, 1 977; Patton & Huston ,  1 988) i ndicati ng 

that these shapes did not represent these crescents and fat globules i n  their native state . This 

strongly suggests that these pointy shapes were artifacts caused by the electron microscopy 

sample preparation technique .  

The above results showed that  D i IC' 8(3)-DS-stained fat globule crescents were consistently 

sta ined much more brightly than the fat globule membrane itself. CLSM optical depth scan 

images showed that the greater fl uorescence i ntensity of the crescent orig i nated for the most 

part from stained matter ins ide the crescent. Additional ly, the fluorescence quantum yield of the 

probe in  a bilayer may be enhanced if there is an aqueous phase on both sides of the 

mem brane, but this is not certa in .  The fluorescence with in the crescent was found not to be 

homogeneously d istributed . This poi nted to the presence of both sta inable and non-sta inable 

matter bei ng present within the crescent, wh ich agrees with prev ious studies (Wooding ,  1 977 ;  

Patton & Huston ,  1 988) . Electron microscopy has shown that the crescent is filled with 

i ntracel l ular membranous matter ( Keenan & Mather, 2006), and this matter is expected to be 

sta ined by l i pophi l ic fluorescent probes in a similar way to the MFGM.  The fact that the i nternal 

matter of crescents is i ndeed sta i ned by fl uorescent probes suggests that the probes can 

actual ly penetrate the bilayer membrane, at l east when the environment on the side of the i n ner 

l eaflet is an aqueous environment.  I ncidental ly ,  this lends some su pport to the above discussion 

(section 6 .2 )  on the double r ing phenomenon :  should there i ndeed be a cytoplasm phase 

between the bilayer and the monolayer, then Di IC'8(3)-DS (and presu mably other similar 

l ipophi l ic  probes) can indeed penetrate the bi layer and reach ( i .e . ,  sta in )  the monolayer. 
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Figure 6.1 1  Conventional fluorescence microscopy image of heat treated ( 75°C, 5 m in)  human 

fat globules stai ned with Di IC1s(3)-DS (aqueous stock; added prior to heat 

treatment) and counterstained with Ni le Blue (added after heat treatment). The 

image was acqu i red usi ng a BP450-490 nm excitation filter and a LP51 5 nm 

emission filter. G reen colour: Ni le-Bl ue-stained neutral fat. Yellow col our: Di IC1s( 3)­

DS-stained crescents. The size of the crescents (arrows) varied from being 

relatively small to exceed i ng the volume of the fat globule. 

F igure 6.1 2  Heat treated human fat globule stained with D i IC1s(3)-DS (aq). Optical section 

showing the crescent (bright area) and the fat gl obu le  (dark area) .  (A) Original 

image. (B )  Line drawn to denote the approximate contour of the fat globule core. 

Note the double ring around the fat globule core between about 7-3 o'clock. 
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Figure 6.1 3  Heat treated (75°C, 5 min)  human fat globules dual stained with Ni le Red a nd 

WGA488 and imaged using CLSM.  Note that the fat globules are not fl uorescent as 

elevated heat treatment results in fat globules t:10 longer being able to bind to 

WGA. I n  the fat globule contai n ing the cytoplasmic crescent, the Ni le Red perfectly 

shows the contour of the core fat, whereas the WGA488 shows the boundaries of 

the crescent, prov ing that the crescent contains glycosylated matter that is not 

removed by e levated heat treatment. Note that at the l eft of the fat globu le  the 

crescent narrows to a th in sliver, and covers the fat globule until about 1 2  o'clock. 

F igure 6.1 4 3-0 images of heat treated human fat globules sta ined with D i IC18(3)-DS . The crescents 

are of a rounded shape and sit on the fat globule l i ke a l arge bl ister or sac .  
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It is bel i eved that gai n ing an understanding of the molecular mechanism of crescent formation 

would advance the understanding of mi lk  fat globule secretion in general (Heid & Keenan,  2005; 

Keenan & Mather, 2006) .  E lectron m icroscopy is un l i kely to be the tool that wi l l  del iver crucial 

kinetic data, considering that the process of fixation may d isturb secretory events l eading to 

promiscuous associations and i nteractions that are unrelated to normal secretory processes 

(Woodi ng, 1 975; Mather & Keenan, 1 998; Keenan & Mather, 2006) .  I n  contrast, use of 

membrane-specific probes, such as those presented in the current study,  in combination with 

CLSM has significant potential for prov iding i nsightful data , as this novel technique should a l low 

secretory processes to be stud ied i n  real t ime and under physiological cond it ions. 

6.7 General d iscussion and conclusions 

CLSM imaging of fat globules stained with selective mem brane probes must be considered to 

be i n  a n  embryonic stage. Without d.ou bt, future developments i n  sam ple  preparation 

techniques and further advances in CLSM instrumentation wil l  see this technique ga i ni ng 

i ncreas ing importance i n  the study of the MFGM i n  mi lk and m i l k  products. However, at the 

present time, depending on the experimental situation,  several practical problems may need to 

be dealt with i ncl ud ing background interference, and the i nabil i ty to create "smooth-looking" 3-D 

images. 

6.7 .1  Background interference and photobleaching 

Background interference 

The ratio of the fl uorescence i ntensity of the sta ined membrane vs that of the mil k plasma 

determines the contrast between the fl uorescent membrane and its background . Obv iously, the 

aim is to maximise this contrast as th is wi l l  a l low imag ing of both strongly fluorescing fat 

globul es and weakly fluorescing fat globules. Furthermore, in contrast to typical fl uorescence 

microscopy procedures, in the current study unbound probe was not washed out from the 

specimen as the i ntention was to preserve the native env ironment of the fat globules.  

Consequently ,  background stain ing (caused by undissolved probe or by the probe sta ini ng mi lk 

plasma components) was observed to some degree with a l l  probes. Although the contrast 

between the fl uorescent membranes a nd the background general ly was sufficient to al low 

imag ing ,  the contrast between the sta i ned fat globule and its background was sometimes 

compromised (e .g . ,  when using WGA conjugates or FM4-64) .  Hence, i n  the current study only 

those fat globules that possessed a h igh fluorescence intensity were su itable for 3-D imag ing by 

CLSM .  This is a problem that may have to be contended with if one wants to study fat globules 

i n  their native env ironment, al though the possi b i l ity should not be excluded that novel 

techn iques could be developed that suppress backgrou nd fluorescence arising from the mi lk  

plasma . Alternatively, the aims of certa in  stud ies wil l  permit isolating fat globules and studying 

these in a "clean" l iquid environment such as si mulated mi lk u l tra filtrate (Jenness & Koops, 

1 962) after either prior sta in ing in the native environment or subsequent sta i ning in the clean 
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environment. Background interference should then be much l ess of a problem. However, i t  

would sti l l  need to be established whether washing sta ined fat globules alters the d istribution of 

the probes i n  the MFGM.  Finally, the effect of chemical fixation of fat globules prior to CLSM 

assessment has not been i nvestigated and this should be given high priority in future work. 

F ixation techniques cou ld potentially improve both the study of ki netic aspects (by com paring 

effects with those observed in unfixed fat globules) and removal of background i nterference ( by 

transfer of fixed fat globules to a clean env ironment). 

Photobleaching 

A related problem to background interference is the fad ing of fluorescence upon excitation of 

the probe ( i .e . ,  photobleaching).  Some probes photobleached rel atively qu ickly, u nder either 

conventional fluorescence m icroscopy or CLSM,  a nd are not deemed to be suitable for 

i nvestigati ng structural features of the membranes of fat globules i n  their native env i ronment. 

F i rstly, conventional fluorescence microscope camera systems can take several seconds to 

several m i nutes (depend ing on the type of camera and on the amount of fluorescent l ight seen 

in the image) to capture the avai lable l ight. During this exposure time the probe may fade to 

such an extent that a (very) poor qual ity image is obtained . This was the case for probes 01 09, 

N31 6, SP-O i IC1 8(3) ,  SP-OiOC1 8(3 )  and 5, 5'-Ph2-Oi I C1 8(3) , and these were not selected for 

further study (see Chapter 4) .  It should be noted that the use of a n  anti-fade, such as those 

marketed by Molecular Probes, could make the use of these probes acceptable. As expected , 

the WGA Alexa Fl uor® conjugates were more photostable than some other probes (e .g . ,  FM4-

64). O i IC18(3)-OS was also relatively photostable. Nevertheless, the performance of these 

probes may potential ly be improved with the use of a suitable anti-fade, and this deserves to be 

i nvestigated in future work. Obv iously, this should take into account the requirement that the 

anti-fade must not i nterfere with the native sample matrix (mi l k) .  

6.7.2 3-D imag ing 

From observations of many sta ined fat globules it appears that probe association with the fat 

globule (membrane) is not related to, or dependent on, fat globule size. Nevertheless, 3-D 

imag ing is l im ited to fat globules hav ing a d iameter greater than a bout 3 IJm. However, too l arge 

a d iameter
1 0 ( i .e . ,  > 1 0  IJm

1 1
) can result in a partial com pression of the top and bottom of the fat 

globule owing to l im ited space between the cover sl i p  and microscope sl ide. I n  th is context it is 

worth noti ng that i n  some 3-D images the front of the fat g lobule appears flattened ; th is probably 

is an optical , rather than rea l ,  problem as such fat globules appear to be perfectly spherical 

when v iewed through the m icroscope eye p iece . 

1 0  This is mainly an issue for sheep milk and to a lesser extent for human mi lk as mi lk of these species contains a 

significant proportion of large fat globules ( >  1 0  IJ m). This problem is highly unl ikely to occur in bovin e  milk. 

1 1  Calculated as follows, 6.5 mm3/(25 m m  x 25 mm) ,, 0.01 0 mm, where the value in  the numerator is the sample 

volume and that in the denominator is the surface area of the cover slip. Assumption: the sample volume is evenly 

spread over the surface underneath the cover slip. 
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6.7.3 Do the probes perturb the membrane? 
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Microscopy techniques can create artifacts and this has been considered i n  deta i l  for one 

phenomenon in section 6 .2 .  However, artifacts may also arise from the fluorescent probes 

themselves perturbing the system under i nvestigation .  For mil k ,  system perturbation can occur 

i n  two ways, ( 1 )  through the use of a non-polar probe stock solvent ,  or (2 )  by the probe itself 

affecting the composition and/or structure of the membrane locally or entirely .  The former was 

d iscussed i n  Chapter 4; it is a ppropriate to consider the latter here . 

WGA is a m ul tivalent protein and its binding to monovalent sugar residues could  i n  principle 

l ead to glycoprotein and glycol ipid aggregation, resu l ti ng i n  WGA-sta i ned patches. However, 

several factors argue against WGA-induced mem brane com ponent aggregation: 

1 .  I t d id not happen in  the apical membrane of Madi n-Darby can ine kid ney (MDCK) cel ls 

(Kov basnjuk & Spri ng ,  2000); 

2 .  I n  the same sample that contained fat g lobu les of which the membranes contained non­

fl uorescent patches (which could potential ly be argued to be caused by 

glycoprotein/glycolipid aggregation) ,  there were fat globu les of which the entire membrane 

was evenly stained . This argues against WGA-induced glycoprotei n/l i pid aggregation as 

then all fluorescently label led fat globules would be expected to show non-fluorescent 

patches. 

3. Several d ifferent distribution patterns were observed on the MFG M .  If WGA-i nduced 

aggregation occurred , the distri bution of fl uorescent vs non-fl uorescent patches would be 

expected to be simi lar between fat globu les, wh ich ev idently it is not; 

4 .  Rather than observ ing WGA-stained patches, often patches were observed that were not 

sta ined by WGA, whereas the surround ing mem brane was sta ined ; 

5 .  Robenek et al. (2006) suggest that the presence of patches of concentrated areas of MFGM 

prote ins ( i .e . ,  areas of h igh fl uorescence intensity) shown up  by us ing fluorescent markers, 

most l i kely represent protein domains; 

6. The dual sta in ing results (Figure 6.8) suggest that, i n  some fat g lobules, the non-fluorescent 

areas of the membrane as revealed by the l i poph i l ic  probe FM4-64, and those as revealed 

by the lectin WGA, are the same. These non-fluorescent places presumably represent 

areas where a b i layer membrane is absent. It seems unl i kely that the addition of the 

l i pophi l ic probe causes the l oss of significant sections of the MFGM,  particularly considering 

that s imi lar heterogeneous sta i n ing was observed using two very d ifferent l i pophi l ic probes 

( i .e . ,  the styryl probe FM4-64 and the i ndocarbocyan ine probe D i I C1 8(3)-DS) .  

Considered together, these observations provide i nd i rect support to  the supposition that the 

sta in ing patterns observed with WGA reflect the pre-exist ing, and not an artifactual , 
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membra ne state. Future work should aim to strengthen this concl usion using a range of 

different probes and techniques. 

6.7.4 Final considerations 

1 4 7  

The use of membrane-specific probes in com bi nation with CLSM has corroborated some 

structu ral MFGM features as shown by electron microscopy, such as a structural heterogeneity 

(e .g . ,  the presence of various domains on the submicron or micron scale) both within and 

between fat g lobules .  Furthermore, the l i terature resu lts were extended by prov iding physico­

chemical information ( i .e . ,  presence/absence of bil ayer or NANNGlcNAc moieties). In addition,  

2-D and 3-D imaging of crescent-bearing fat globules showed that some electron microscopy 

images of crescents reported in the l i terature probably showed artifactual shapes of crescents. It 

is bel ieved that gain ing an understand ing of the molecular mechanism of crescent formation 

would advance the understanding of mi lk  fat globule secretion in general ( He id  & Keenan,  2005; 

Keenan & Mather, 2006) .  El ectron microscopy is un l i kely to del iver crucial ki netic data, 

considering that the process of fixation may d isturb secretory events lead ing to promiscuous 

associations and i nteractions that are unrelated to normal secretory processes ( Keenan & 

Mather, 2006; M ather & Keenan, 1 998; Wooding,  1 975). I n  contrast, the use of membrane­

specific probes, such as those presented in the current study, i n  combination with CLSM has 

significant potential for prov id ing insightful data, as this novel tech nique shou ld  al low secretory 

processes to be stud ied in real time and under physiological conditions. 

Whether the observed dou ble fl uorescent r ing is a microscopy artifact or refl ects a true 

membrane feature remains unknown, and further work is required to el ucidate this 

phenomenon .  

WGA-AJexa Fluor® conjugates have been shown to sta in fat globu les of at l east three species 

(human,  ov ine ,  and bov ine). S pecies d ifferences were ev ident from the rate of MFGM sta in ing 

by the different probes, by sta in i ng pattern (e .g . ,  features seen on ov ine MFGM have not been 

observed on bov ine or human MFGM) and from heating experiments. Because the nature of the 

association of WGA with the M FGM (b inding to NANA and GlcNAc residues) is fundamental ly 

d ifferent from that of the l ipoph i l ic probes (wh ich em bed in the phosphol ipid bi l ayer), and 

because a l arge range of fl uorescent WGA Alexa Fl uor® conj ugates covering the wav elength 

range 400-700 nm are commercially avai lable,  WGA is an ideal probe for u se in mult iple 

sta i n ing techniques. Protocols for mult ip le sta in ing techniques should be fu rther developed . For 

example,  this could include: 

1 .  compari ng the stai ning patterns obtai ned with WGA and that of a succi nylated form of 

WGA, which bi nds to Gl cNAc, but not NANA (Stegemann et al. , 1 990), before and after 

treatment with either neuraminidase (specific for termina l  NANA; Gottschal k, 1 960) or with 

bovine m i l k  galactosyltransferase (specific for terminal GlcNAc; Kel ly & Hart, 1 989); or, 
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2.  dual  sta in ing techniques such as those performed on the apical plasma membrane of 

MOCK cel ls ( Raper et al. , 2000), or on certa i n  nerve cells ( Minana et aI. , 1 998), involving 

WGA in combination with immunofl uorescence probes specific for certa in  prote ins to study 

molecular i nteractions between different membrane components and association of certa in  

membrane components with membrane subdomains. 

Simi larly, the use of l i pophi l ic probes has revealed non-fluorescent patches on many fat 

globules, i nd icating significant d ifferences in MFGM composition and structure .  This fi nd ing is 

h igh ly relevant with regard to understanding the stabil ity of fat globules to mechanical stress or 

enzymatic attack. It is not clear whether loss of the bi layer makes the fat g lobule more stable 

agai nst mechanical stress or enzymatic attack, but it is highly probable that the stabi l i ty of a fat 

globule ful ly  covered with a bilayer membrane is different from one which is only partial ly 

covered by a bi layer membrane. Hence, the abi l ity to quantitatively measure the proportion of 

fat globules with i ntact membranes would a ppear to be a key step i n  advanci ng our 

understand ing of the effects of the various m i l k  handl i ng treatments used in  the da i ry industry. 

Furthermore, it is speculated that the variable proportion of fat globule surface covered by a 

bi layer mem brane seen on different fat globules of the same mi lk ,  is a factor i n  spontaneous 

l i polysis, a phenomenon which currently is not u nderstood. 

In addition , it is ev ident that further improvements in both the theoretical understanding and 

practical sta in ing protocols are possible and des irable. With such improvements the use of 

fluorescent probes is expected to become a h ighly effective tool for the study of mi lk  fat 

globules. It is a lso ev ident that the novel technique developed has huge potential i n  the study of 

i nteractions of fat globules with other mi lk com ponents. 
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7 Other techniques - the potential 
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To increase our understanding of the M FGM structure a nd composition, and how the MFGM 

changes as a consequence of mi l k hand l i ng and treatment, a suite of new analytical techniques 

for studying the MFGM is needed . The development of the fluorescence microscopy techniques 

constitutes a sign ificant step forward , but additional techniques are requ ired to prov ide 

i nformation complementary to that obta i ned using fluorescence microscopy. This chapter 

describes exploratory work conducted for assessing the following techniques: ( 1 ) atomic force 

microscopy (AFM), (2) m icromanipulation ,  and (3)  flow cytometry. The potential of N M R  

spectroscopy was briefly i nvestigated , but results were not encouraging (Appendix 8). The main 

purpose of this chapter is to demonstrate that besides fl uorescence microscopy other 

techniques have significant promise for studying i ndividual fat globu les and their membranes, 

and that these techniques shou ld be further developed in future work. 

7.1  Atomic force microscopy 

7 . 1 . 1  Introduction 

The resolution of the l ight microscope is a function of the wavelength of the i ncident l ight. Using 

a h igh-qual ity conventional l ight m icroscope, the resolution is l imited to about 200 nm, which is 

about 2 orders of magnitude above that required for assessment of morphological nanodeta i l  

( i .e . ,  detail at  the nanometer level ) of the MFGM. Electron microscopy, which uses high-energy 

electrons instead of l ight as the i ncident beam,  can be used to v isual ise nanometer deta i l .  

Different electron microscopy techniques have been used to produce high-resolution images of 

the MFGM,  i ncluding transmission electron microscopy (TEM) and scann ing electron 

m icroscopy (SEM)  (e.g . ,  Horisberger et al. , 1 977). However, a significant disadvantage of the 

electron microscopy technique is that extensive sample pre-treatment is genera l ly  requ i red . This 

typical ly i nvolves the isolation of the fat globule from the mi lk ,  fixation of the specimen and 

extraction wi th non-polar solvents to remove the fat. Besides the r isk of produci ng artifacts, this 

means that the fat globule is not imaged in its native state. Hence, certain concl usions about the 

structure of the MFGM that have been based on electron microscopy observations have been 

questioned (e .g . ,  Keenan et al. , 1 983a; Mather & Keenan, 1 998). A further disadvantage of 

electron microscopy is that this technique cannot be used to prov ide i nformation about 

biophysical properties (e .g . ,  elasticity) of the MFGM . 

The AFM
1 

is capable of imagi ng specimens with a resolution simi lar to that of the electron 

microscope
2
. I n  contrast to electron microscopy, with AFM the sample should not need to be 

sta ined,  coated or frozen .  Furthermore, AFM can be used to image surface topography in either 

The abbreviation AFM either means atomic force microscope or atomic force m icroscopy. The context determines 

which of these appl ies. 

2 A lateral resolution of less than 1 nm can be achieved under certain conditions, e.g. a resolution of 0 .2  nm on 

cardiolipin molecules has been achieved using AFM (Muscatello et al., 1 996). 
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gaseous or l iqu id environments as wel l  as to measure local physical properties (e .g . ,  adhesion 

forces and elasticity). Another obv ious advantage of AFM over electron microscopy is the 

minimal sam ple preparation needed (E lofsson et al. , 1 997). Typically, the sam ple can be 

imaged on the day of preparation, whereas sam ple preparation may take several days or weeks 

for electron microscopy . As AFM produces images of the surface of the specimen, the 

information obtained should be complementary, and not necessarily identical , to that obta ined 

by electron microscopy (Yang et al. , 1 993; Russel l  et al. , http://www .veeco.com/pdfs.php/1 54) . 

I n  recent years, AFM has i ncreasi ngly been used to study biomaterials, such as cel l s  i n  a native 

env i ronment ( Dufrene, 2004), as wel l  as a nanotechnology tool in food science (Yang et al. , 

2007) .  So far, the majority of appl ications of AFM i n  dairy-related research has focused on dairy 

proteins.  Examples of dairy-related studies are l isted i n  Table 7 . 1 . 

Table 7 . 1  Examples of dairy-related studies usi ng AFM,  as  reported i n  the l iterature. 

System Reference 

I nterfacial fi lms of BSA at a hexadecane-water i nterface Gunn ing et al. ( 1 996) 

I nterfacial fi lms of �-casein at an air-water i nterface Gunn ing et al. ( 1 996) 

�-Lactoglobu l i n  and whey protein concentrates a ir-dried on E lofsson et al. ( 1 997) 
m ica 

Edible whey protei n  films on mica Lent et al. ( 1 998) 

f3-Lactoglobu l i n  fi lms at air-water interfaces Mackie et a/. (2000) ;  Morris et al. 
( 1 999b, 2001 ) ;  Morris (2004) 

Mixed f3-casein and f3-lactoglobul in fi lms at an ai r-water Mackie et al. (2001 ) 
interface 

H igh-melti ng fraction of mi lkfat Nar ine & Marangoni ( 1 999) 

Heated �-Iactoglobul in and WPI  on mica under butanol I keda & Morris (2002) 

Heat- i nduced fi brilar aggregation of �-Iactoglobu l i n  Arnaudov e t  al. (2003) 

Heat- i nduced gelation of whey proteins I keda (2003) 

M ixes of K-carrageenan and f3-lactoglobul in on m ica under Roesch et al. ( 2004) 
butanol 

WPI and �-Iactoglobul i n  at the air-water interface on m ica under Woodward et al. (2004) 
butanol 

Air-dr ied casein particles on mica Merel-Rausch et al. (2007) 

Considering the potential of AFM to provide high-resol u tion 2-D and 3-D images of surface 

topography , work was conducted with the aim of developing an AFM i maging protocol for the 
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evaluation of the MFGM. Significant practical problems were encountered which cou ld not be 

overcome using the avai lable  i nstru mentation .  This section of Chapter 7 first presents a brief 

introduction to the AFM technique, then outli nes the experimental work conducted and 

concludes with a general discussion and d i rections for future work. 

7 . 1 . 2  Principle of operation o f  the AFM3 

1 5 1  

The AFM belongs to  the family of scanning probe microscopes. AFMs are not microscopes i n  

the classical sense, as they d o  not generate images using an incident beam such a s  l ight or 

electrons. I nstead , these i nstruments measure the physical i nteraction (attractive and repulsive 

forces) between a sharp t ip and the sam ple .  A typical set up is shown in Figure 7. 1 and a photo 

of one of the AFMs in use at Massey Un iversity is shown in Figure 7 .2 .  

��ser I" Photodiode 

. 
� � 

'Il 
� Canti lever 

Tip Sample -
L_ 

Puck 

Piezoelectric 
scanner 

Computer 

1 1 
c:::::J Feedback I loop 

F ig u re 7 . 1  The principle of the atomic force microscope (adapted from Morris et  al. , 1 999a 

and Dufrene, 2004) .  

The key elements of the AFM are a sharp probe (t ip) that is attached to a cantilever, a laser 

beam,  an optical detection system (photod iode), a piezoelectric scanner4, which serves as the 

samp le stage, and a computer. The probe is brought i nto close proximity with the surface of the 

3 Information for this section was sourced from Morris et al. ( 1 999a), D ufrene (2004) and the Digital Instruments AFM 

instruction manual . 

4 By applying an electrical signal, the piezoelectric transducer can be made to expand or contract with a precision of 

atomic dimensions. Hence, this provides the AFM with the accuracy required for positioning the tip. 
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sample by adjusting the z-position of the piezoelectric scanner. The i nteract ion forces between 

the sample surface and the tip is measured through the deflection of the canti l ever (which 

essentia l ly acts as a spring), wh ich in turn is monitored by the laser beam focused on the free 

end of the canti lever and reflected i nto a photodiode .  Scann ing of the sample can occur in the x 

and y directions with simulta neous d isplacement of the z-position of the piezoelectric scanner 

(constant force imag ing), or by al lowi ng the cantilever to bend in response to sample 

topography (variable deflection imaging). 

(2) Head 

CD Magnetic puck-holder 

CD Scanner 

o Control switches 

CD Display window 

F igure 7.2 Photo of the AFM-2 (see "Materials and equ i pment - General " ) .  

7. 1 .3 Operating modes 

Biological sam ples can be i maged using different AFM imag ing modes. In the current work both 

the "contact mode" and the "tapping mode" were used and these are briefly explained below. 

Contact mode 

The tip is brought i nto d i rect contact with the sample surface. There is a repulsive i nteraction 

between the t ip and the surface and this bends the cantilever.  The canti lever deflection (and 

thus the imaging force) is preset by the operator to a certa in  value.  As the sam ple surface is 

scanned, the AFM aims to ma intai n  the preset canti l ever deflection value and wil l  move the 

piezoelectr ic scanner up and down as the sam ple is scanned in the x and y d i rections, thus 

generating a 3-D image. 

5 These might involve van der Waals forces, electrostatic forces, capi l lary forces, adhesive forces (when the tip 

becomes contaminated with small amounts of sample), double layer forces (in aqueous media) ( Morris et al. , 
1999a). 
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Tapping mode 

I n  tapping (or AC) mode, the probe tip is osc i l lated i n  the z plane6 and taps the surface at kHz 

frequencies. In this mode, i n teractions between the t ip and the sample are reduced? 

Furthermore, as the tip touches the surface on ly when it is at the lower end of the osci l lation , 

l ateral shear forces are almost el iminated . Consequently ,  the risk of damage to the surface 

should be sign ificantly reduced . Hence, this mode may produce better results than the contact 

mode when imag ing soft surfaces or samples that are not tightly immobi l ised on a substrate. 

7.1 .4 Canti levers/tips 

Tips are typically made of s i l icon or si l icon nitride as these m ateria ls are very hard ( i .e . ,  resistant 

to wear and su ited to micro-fabrication) .  The canti lever spri ng constant
S 

and the shape of the ti p 

(short, long, narrow, wide) a re fundamental ly important parameters. The tip shape affects the 

l ateral resolution of the AFM ;  the sharper the ti p the better the resolution.  However, for 

biological sam ples, du l l  tips may be the better choice as the pressure exerted on the sample is 

less than i n  the case of sharp tips. With the l atter, membrane damage (rupture) is a significant 

r isk. Tips can be functional ly  mod ified9 by coating with certa i n  materials (chemically: e.g . , by 

si lanisation; b iochemically, e . g . ,  by enzymes or antibod ies) to confer desired interaction 

properties related to the surface under i nvestigation .  

7 . 1 .5  Experimental techn iques and res u lts10  

Materials and equipment - General 

AFM-1 Asyl um Research (Santa Barbara , CA, USA), model MFP (mult i  force probe)-3D i n  

combination with a N ikon Ecli pse TE  2000-E;  MFP3D software runn ing o n  a n  Igor Pro 

platform; laser 81 0-850 nm.  

AFM-2 Dig ital I nstruments (Santa Barbara , CA, USA) model E i n  combination with a JV (SIN 

6328) piezoelectric scanner; Nanoscope software d i 5 . 1 2b49; laser 670 nm. 

M i l k  M i l k sam ples were obta i ned from Massey Un iversity No. 1 Dairy Farm from either 

ind iv idual cows (col lected from the mi lking machi ne receiving can)  or from the farm 

bu l k  tank. 

6 Oscillations may be up to 1 00 nm in amplitude. For an ani mation of tapping mode refer to the video clip at 

http://www.veeco.com/library/resources sub type.php?sub id=2 ; accessed July 2007. 

7 In air, a sample is surrounded by an extremely thin fi lm of water, which creates a capillary force that can trap the tip. 

The tapping mode prevents the tip from being trapped. In l iquids, there is no capillary force present on the surface of 

the sample. Yet, the tapping m ode may stil l be better than contact mode particularly when the sample has a poor 

affinity for the substrate (e.g. ,  mica) and is at risk of being scraped off owing to the lateral force exerted by the t ip .  

8 Spring constants can vary from < 0. 1  nN to > 1 00 n N .  

9 See e.g. http://www.novascan .com/brochures/Novascan AFM Probes.pdf ; accessed J uly 2007. 

10 All AFM i mages shown are raw data with no processing. 
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I n  a l l  cases where m ica was used as the substrate, a freshly cleaved surface of mica (either 

g lued onto a glass microscope s l ide or attached to a puck
1 2

) was obta i ned by sticking a piece of 

ad hesive tape onto the mica and withdrawing the tape from the m ica surface. 

Fat globules cannot be imaged in liquid milk 

Using AFM-1 i n  contact mode, no signal was received by the photod iode detector when the ti p 

( CSG 1 1 ;  NO-MOT Co. ,  Moscow, Russia) was placed in either und i luted mi l k or 1 00x d i luted 

(aq) mi l k. Apparently ,  the large number of casein micel les, fat globules and other i nsol uble  

matter present i n  the m i l k  scattered the laser l ight to such a degree that no  signal was received 

by the detector. Hence, AFM imaging of fat globules in l iquid requ i res the use of a medium that 

is transparent to the laser l ight .  

Al though fat globules could not be imaged in  their  native env i ronment, imag ing the MFGM in 

non-native cond it ions at nanometer resolution was considered sti l l  to be very useful ,  and thus 

warranted further development work. This focused on develop ing a technique that immobi l ised 

fat globules onto a mica surface so that the surface coul d  be scanned in dry conditions. 

Scanning of dried milk 

A few drops of raw mi l k  (und i luted ) or 1 0x di luted (aq) mi l k were a l lowed to air-dry at room 

temperature protected from dust a nd were subsequently scanned using the AFM-1  in contact 

m ode. No image could be obtained for the a i r-dried raw mi l k  sam ple,  presumably  because the 

surface was too rough ( i .e . ,  there was too much variation in height in the dried mi l k layer for the 

tip to cope with). 

In contrast, images cou ld be generated for the 1 0x d iluted (aq) mi l k sample. Figure 7.3 shows 

the remainder of a fat globule cl uster (this can be i nferred from the diameter of the i nd iv idual 

structures (range - O.5�8 jJm) ,  which is typical of that of fat globules) surrounded by a layer of 

dr ied mi lk  plasma components. The latter contai ned lumpy matter that, judged by their 

d iameters (- 1 OO�400 nm),  probably were case in  micel les. However, fat globules in the cluster 

were not intact; only the footprints of the globules were visible. Surprisingly, i nside the 

perimeters of many fat globu le  footprints, the bare mica surface (smooth surface) was v is ible ,  

al though i nside the perimeters of some other fat globule footprints particulate matter was 

observed . To determine whether fat globules were i ntact prior to AFM scanning,  an  air-dried 1 0x 

d i l uted (aq) mil k sample was eva luated by differential interference contrast m icroscopy. This 

ind icated that some, but not a l l ,  g lobules i n  the fat globu le  clusters stil l  contained fat after 

sample preparation (dark areas i n  Figure 7.4) .  The presence of fat-conta in ing globules was 

1 1  Mica is an atomically flat, cleavable aluminum silicate crystal (E lofsson et al., 1 997). 

12 A round piece of steel (0 10 mm). The puck is held in  place throU9h magnetic forces exerted by the piezoelectric 

scan ner head. 
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confirmed by fluorescence microscopy after Ni le Red-stai ning of a 1 00x di l uted (aq) mil k sample 

( resu l ts not shown) .  Thus,  the AFM tip appeared to have removed most of the globule structure, 

i ncluding the fat, from the substrate. Apparently, at room temperature the fat is too soft and the 

tip "ploughs" through the fat globules. It is not clear what the particulate matter inside the 

perimeter of some fat globules footprints represented . This could have been orig inal MFGM or, 

a l ternatively, m i l k  plasma components that sed imented onto the mica before the fat globule 

cluster d id .  However, the horizontal streaks seen in  F igure 7 .3A are art ifacts caused by the t ip 

mistracking or jumpi ng
1 3

, a common problem encountered when imaging relatively large 

structures i n  AFM (Morris et al. , 1 999a) .  
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Figure 7.3 (A) AFM deflection image of a ir-dried 1 0x d i l uted (aq) mil k showing the footprint of a 

cl uster of fat globules. The hexagonal shape of the fat g lobule perimeters was caused by 

the dense packi ng of the fat globules. Outside the fat globule cluster, a ir  dr ied mi lk  

plasma com ponents are v isible ,  showing numerous particulate structures that presu mably 

represented casein micel les .  I nside the c luster, either bare mica (smooth surface) or 

particulate matter can be seen.  Streaks a re artifacts caused by the tip "jumping" off the 

surface. (8)  Re-scan of the boxed area i n  Figure 7.3A. This shows that rescanning the 

same area does not affect the structural features ( i . e . ,  the matter is stable upon 

scanning) .  

Scanning of washed fat globules 

The results for the air-dried m i l k  sam ples had identified two problems: ( 1 )  the presence of m i l k  

plasma components made i t  impossible to tell whether one was l ooking at  the MFGM or  at m i l k  

plasma components or both ;  (2)  fat globules at  room temperature appeared to be too soft for 

imag ing with the avai lable equipment. 

1 3  The topography image (not shown) showed that the streaks exceeded a height of 400 nm. 
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To overcome the problem of the presence of plasma com ponents, fat globules needed to be 

isolated from the m i l k. Washed fat globules were obta ined by using the washing procedure 

described in Append ix 6 .  Light microscopy evaluation of the serum of the 3rd wash showed that 

it conta i ned a low concentration of fat globules (0 - 2-8 ,um).  This was considered 

advantageous, as fat globules would be expected to be well spaced out and easi ly identifiable 

upon d ry ing of the seru m .  

Figure 7 .4 Differential i nterference contrast microscopy image of an a i r-dried 1 0x di luted (aq) 

mi lk  sample .  Footpri nts of what appeared to be fat globu le  clusters contain  fat-fi l led 

fat globules (dou ble arrows) as wel l  as "empty" footpri nts (arrows) .  

Contact mode at  room temperature 

A subsample (7 .5 IJL) was placed on freshly cleaved m ica at room temperature and mi l l i -Q 

water ( 1 00 IJL) was added on top so that the ti p cou ld  be operated immersed i n  l iqu id .  No image 

could  be obtained , presu mably because fat globu les were not immobi l ised onto the mica, but 

freely m oving in the l iqu id ,  thus interferi ng with the path of the laser l ight. Furthermore , no image 

could  be obtai ned of an air-dried sam ple  when using a soft Bio-Iever ti p (Olympus BL-RC 1 50 

VB-C1 , Tokyo, Japan) i n  d irect contact mode i n  air .  The t ip  "stuck" to the samp le when it 

engaged with the sam pl e  surface, presumably because of strong capi l lary-induced forces. In 

contrast, images were obtained of an air-dried sam ple scanned at room temperature using a 

CSG 1 1  t ip (force - 2 nN) .  However, s imilarly to images obtained for the air-dried mi lk ,  only 

"footpri nts" of fat globules, but not intact fat globules, were seen ( results not shown) .  
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Tapping mode at reduced temperature 

As experiments had shown that at room temperature the sam ple  was too soft for imaging, an  

attempt was made to  i ncrease the rigid ity of the fat g lobules by stor ing the a i r-dried sample a t  

8°C after air-dry ing but prior to scann ing i n  tappi ng mode i n  a i r .  The scanning results obta ined 

i nd icated that the fat globu les remai ned at l east partially i ntact ( Figure 7 .5) .  

Fig ure 7.5 3-D AFM deflection image of ai r-dried fat globules, cooled to 8°C prior to scanning 

in tapping mode i n  air at room temperature. An impression of the fat globule 

structure is obta i ned , but the presence of r ippl ing l ines (art ifacts) show that 

scann ing cond it ions were not optimal . Varying the scann ing conditions did not 

resu lt in im proved images being obta ined .  

Effect of  drying temperature on the structure of the fat globules 

The above pre-cool i ng results were encourag ing in terms of mainta in ing the shape of the fat 

globu les,  and an experiment was conducted to better understand the effect of the drying 

tem perature on fat globu le structure upon drying. Samples conta ini ng washed fat g lobules were 

a i r-dried at room temperature or cold-dried accord i ng to a novel procedure as fol l ows. The 

seru m contai n ing the washed fat g lobu les was pre-cooled to 5°C. A subsample was placed on a 

microscope sl ide, which was then placed in a pre-cooled (5°C)  desiccator, and the l iqu id was 

a l lowed to evaporate overnight i n  the desiccator whi le the temperature was maintained at 5°C. 

This yielded cold air-dried fat globules. 

The structure of the fat globu les was com pared using l ight microscopy (Figure 7 .6) .  The results 

showed concl usively that a i r-dry ing at room temperature caused many fat globules to burst 

open resu lt ing in their core fat spi l l ing out. Other fat globules were embedded in the pools of 

free fat that had been created by the burst globules (Figure 7 .6A) . I n  contrast, a i r-dry ing at 5°C 
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significantly im proved the stab i l ity of the fat globules. Although there was some ev idence that fat 

had escaped from a small proportion of fat globules, the majority of fat globules ev idently had 

reta i ned their spherical shape (F igure 7.6B). However, cold dry ing did promote the aggregation 

of fat globules in chain-l i ke structures or as clusters. Nevertheless, many individual fat globules 

were present.  Both the aggregated fat globul es and the indiv idual fat globules were considered 

to be suitable objects for AFM scann ing .  

Figure 7.6 Effect of dry ing temperature of washed fat globules as examined by l ight microscopy . (A) 

Drying at room temperature caused fat globu les to burst resu lt ing in large pools of free fat 

(arrows) in which numerous i ntact, or partially intact, fat globu les appear to be embedded 

(dark objects within the pools of fat). (B)  Dry ing of washed fat globules in a desiccator at 

5°C maintains the globular structure of fat globules although many fat globules aggregate 

i nto small chains or clusters. 

Unfortunately, AFM imagi ng of cold-dried fat globu les did not yield the expected images. The fat 

globules appeared to quickly warm up to room temperature when removed from the cold 

desiccator a nd subsequently lost their rigid ity . To counteract this env i ronmental warmi ng of fat 

g lobules, a cold stage was requ ired . This accessory was not available .  I nstead , a Peltier 

device
1 4 was constructed . To remove the generated heat, this device was placed on a heat s ink 

(copper plate). Attempts at imaging cold a ir-dried fat globules placed on the cooled side of the 

Peltier dev ice were unsuccessful as the heat sink was not effective enough.  Hence, warming of 

the cold side of the Peltier device, and thus of the fat globules,  could  not be prevented and fat 

l eaked from the fat globules. 

The above experiments were conducted using the AFM-1 i nstrument. Pre-cooled air-dried fat 

globu les imaged using AFM-2 at room temperature yielded similar resu l ts to those obtained 

1 4  Peltier devices, also known as thermoelectric modules, are small solid-state devices that function as heat pumps. A 

"typical" unit is a few mil l imeters thick by a few mi l l imeters to a few centimeters square. It is a sandwich formed by 

two ceramic plates with an array of small bismuth telluride cubes ("couples") in between. W hen a DC current is 

applied heat is moved from one side of the device to the other - where it must be removed with a heat sink 

(http://www.peltier-info.com/info. html . accessed August 2007). 
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using the AFM-1 ( i .e . ,  only the footprints of fat globules remained after scann ing;  Figure 7.7) .  As 

imaging of fat globules at controlled low tem peratures could not be performed with either AFM,  

development work was not progressed further. 
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Figure 7.7 Image of cold air-dried fat globu les on mica. Scan performed at room temperature using the 

AM F-2. Only footprints remained after scanning.  

7.1 .6 General  d iscussion, conclusions and future work 

The current work demonstrated that fat globules cannot be imaged by AFM i n  their native 

env ironment, because freely moving fat globules and casein micel les i n  the mi lk  interfere with 

the path of the laser l ight and thus no signal is detected by the photod iode. Evidently, a medium 

that is  transparent to the laser l ight i s  a pre-requ isite for successful AF M .  Furthermore, air­

dryi ng of a smal l  al iquot of mi lk  on a mica substrate for direct imaging was not successful for 

two reasons :  ( 1 )  mil k plasma components dried together with the fat globules and this raised 

question marks about what the sa mple image represented ( it i s  l i kely that mi lk  pl asma 

components "contami nated" the fat globule surfaces), and (2) at room temperature, the fat in the 

globules was too soft, wh ich resul ted in the AFM tip destroyi ng the fat globules during scan n i ng .  

Destruction of the specimen by the AFM ti p i s  not peculiar to fat gl obules alone. Smal l ,  IgG­

conta in ing, l i p id vesicles (0 - 200-300 nm) that were immunochemically immobil ised on an 

anti-lgG-label led su bstrate were destroyed u nder certa in cond itions during scann ing (Shibata­

Seki et aI. , 1 996) and so were phosphol i p id bi l ayers on freshly cleaved mica (Yang et aI. , 1 993). 

Thus, a soft fat globule interior is a disadvantage for AFM scanning of the M FGM.  The problem 

of a soft su pport beneath the MFGM is  somewhat analogous to the problem encou ntered with 

sca nning cel l s  and large mem brane vesicles at room temperature under l iqu id ;  the mem bra ne is 

basical ly floati ng between the interior flu id a nd the exterior sol ution (Yang et al. , 1 993). Hence, 
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the mem brane needs to be supported by a rigid structure u nderneath 1 5  (Yang et aI. , 1 993). 

Furthermore, because of the variation in height (several �m) the ti p has to negotiate, imaging 

whole fat globules requires one to work at the very l imits of the instrument ( Dufr€me,  personal 

communication, 2 004; Morris and Gunning ,  personal communication ,  2004). To date, no studies 

have been reported in the l iterature in which MFGM of intact fat globules has been imaged by 

AF M .  I ndeed , analogously to cel ls ,  fat globules may be considered as "troublesome large 

sam ples" (Morris et al. , 1 999a) .  Apart from the work reported in this thesis, which was 

conducted in 2004, MFGM has apparently only been stud ied as monolayers spread on m ica 

( Krommenhoek et al. , 200616). Hence, research on the MFGM using AFM may in it ial ly need to 

focus on isolating the MFGM from the parent fat globules, and immobil is ing that onto some sol id 

su bstrate. 

I n  conclusion, AFM presented some practical problems that could not be overcome with the 

currently avai lable resources. Despite the problems encountered in the current work, AFM holds 

s ignificant promise for dai ry-related research . Al though the majority of prev ious da i ry-related 

stud ies focused on the major mi l k proteins (Table 7 . 1 ) ,  the successful appl ication of AFM to the 

study of various b iological samples, includ ing cel l s ,  encourage the v iew that u l timately the 

MFGM coul d  also be studied using AFM.  In non-da i ry related work, domain  structures of l ipid 

membranes have been v isual ised (cited in Yang et al. , 1 993). Therefore, the domains v isual ised 

by the use of fluorescent probes (Chapter 6) m ight also be able to be v isual ised a nd stud ied by 

the AFM . Subtle structural and physical properties might be able to be d iscerned (see Dufrene, 

2004 for an overv iew of the appl ication of AF M in microbiology; some of these app l ications 

might work for MFGM) .  In turn, th is should  yield additional i nformation about the d ifferent MFGM 

domains. However, AFM images should be compared with electron microscopy images, as AFM 

does not identify a l l  types of structures. For exam ple, i n  MDCK cel ls ,  the numerous microv i l l i  

present at  the surface were not vis ible in AFM images, whereas they were the most prominent 

feature seen by SEM (Hoh & Schoenenberger, 1 994) .  

Future work shou ld  focus on developing both a wet-scanning technique and a dry scann ing 

technique. I n  both cases, fat globu les would have to be isolated from the parent sample. As 

freely-moving fat globules i nterfere with the l aser beam, scann ing i n  l iqu id environments is 

probably possib le only if the fat globules are first immobi l ised on the substrate. A com bined 

technique, in wh ich the fat globules are first a i r-dried and subsequently placed in a suitable 

solut ion, similar to that performed for nucleic acids (Yang et al. , 1 993), might prove to be usefu l .  

1 5  Fixation of cells with glutaraldehyde d i d  not improve the situation i n  one study ( Yang e t  al., 1 993), but had a 

beneficial effect in other studies (Hoh & Schoenenberger, 1 994; Kolb et al. , 1 999). 

16 This reference contains only an abstract of the Experimental Biology meeting held in San Francisco, 2006. The ful l  

abstract reads, "The structure and function of the milk fat globule membrane (MFGM) from bovine mi lk was 

analyzed using a Langmuir-Blodgett trough and atomic force microscopy (AFM). Isotherms of bovine buttermilk 

powder were obtained at temperatures ranging from 1 7-37°C. A collapse was observed at 28 ± 1 mN/m at 19.7 ± 
0.2°C. MFGM monolayers were deposited on cleaved mica at various surface pressures. Domains were observed." 



Chapter 7: Other techniques-the potential 1 6 1  

Scann ing i n  l iqu id has the advantage that  the medium can be adapted to mimic mi l k plasma,  or 

a lternatively can be formulated to influ ence the MFGM in some way. I n  the latter case, the aim 

would be to i nvestigate the effect of the medium,  or a constituent thereof
1 7 , on the MFG M .  

Furthermore, because scann ing under l iqu id el iminates the so-cal led capi l lary forces, lower 

probe forces are achievable than when sca nn ing i n  air (Yang et al. , 1 993). 

Scann ing of dried fat globules could not be performed at room temperature as the fat g lobules 

were not r igid enough. Hence, cold drying of fat globules is required i n  combination wi th 

scann ing at a low temperature (e.g . ,  2-5°C) .  The latter would requ i re e ither an effective cold 

stage or conducting the AFM scanning in a temperature-controlled room .  At the time the AFM 

work was carried out, neither of these options were ava i lable and thus these strategies cou ld  

not be  pursued . However, an effective cold stage has recently been i nstal led and  further work 

shou ld  be conducted in future studies. 
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7.2 Micromanipulator 

7.2.1 Introduction 

In future research ,  the study of the properties of individual fat globules wi l l  l i kely be of i ncreasing 

i nterest i n  order to understand the molecular structure of the MFG M .  To conduct such research, 

one needs to be able to manipulate i ndiv idual fat globules. This section describes a 

micromanipu lation technique for harvesti ng and transferring i ndiv idual fat globules. 

7.2.2 Materials and equipment 

A micromanipulator (model 6540 R094, Eppendorf, Hamburg, Germany) was fitted to a n  

i nverted microscope (Olympus IX 70) and connected t o  a joystick (Eppendorf TransferMan NK). 

A colour v ideo camera (model TK-C1 360E, Victor Company of Japan Ltd . ,  Yokohama ,  Japan) 

connected to the microscope al lowed the m icroscope field of v iew to be seen and recorded in 

real time on a video screen/recorder. The glass capil lary was connected to an oil-fi l led tube 

which in turn was connected to a device (CeI ITram® vario) that al lowed manual regulation of the 

oil pressure. By varying the oil pressure, fl u id  from the sample could be sucked into, or expelled 

from, the capi l lary. The com plete set u p  is shown in  Figure 7 .B .  A close-up photo of the 

motorised device and capi l lary is shown in  Figure 7.9.  

17  For example, Clausen-Schaumann et  al. ( 1 998) used AFM to study the action of the l ipolytic enzyme phosholipase 

A2 on supported phospholipid membranes after inducing local deformations by the AFM tip. 
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o Inverted m icroscope 
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Figure 7.8 Photo of the complete set of equ ipment used to manipul ate ind iv idual fat globules. 

(2) Oil  tube 

o Graduated dial clamp 

CD Capillary holder 

o Capillary 

o Microscope lens 

Figure 7.9 Close-up p hoto of the motorised dev ice which can be moved with micron precision 

in the x, y, and z planes. The capil lary is con nected to the capil lary holder (the 

angle, relative to the microscope stage, of the latter can be adj usted manual ly by 

means of rotati ng the graduated d ial c lamp).  The microscope lens is underneath 

the microscope stage. 
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7.2.3 Experimental techniques and results 

Preparation of sample 

1 63 

Pre l iminary experiments showed that fat globules could not be harvested from undi luted raw 

mi l k as the t ip of the capi l lary cou ld  not be seen when inserted i nto the sample .  Hence, to al low 

the tip of the capi l lary to be seen when inserted i n  the sample, further experiments were 

conducted using washed fat globules which were obtained either by diluti ng washed bov i ne 

cream (5 �L) with mi l l i-Q water ( 1 0 mL), or by usi ng the serum of the 3rd wash obtai ned from the 

washing procedu re described in Append ix 6. The reduced concentration of fat globu les in these 

types of sample com pared with that in mi lk  was a ppropriate for harvesting purposes; if there are 

too many fat globules then it is very d ifficul t  to capture selected fat globules. 

Capillary with a tip diameter of 4 pm 

Using an  E ppendorf capi l lary (0 4 �m),  fat globules hav ing a diameter < 4 �m cou ld be 

harvested . Open the v ideo file "4um Tip 2 Globu les" (al l v ideo fil es are on the accompanying 

CD) to see an example of the harv esting of fat globu les.  In this v ideo cl i p ,  first a small fat 

g lobule is harvested followed by a somewhat larger fat globule. The l atter can be seen to be 

d rawn towards the t ip and fi nal ly is located at the opening of the t ip. Note that only the very end 

of the t ip is in focus. Small movements of the capi l lary (by operating the joy stick) often requ i red 

refocusing the m icroscope ( by operating the focus knob using the r ight hand ) to ensure that the 

t ip  was in focus. If the ti p was not in focus, it was very d ifficu l t  to see the position of the target fat 

g lobule relative to the tip opening . 

The transfer of harvested fat globules to another medium was shown to be possible by 

withdrawing the capi l lary from the sample ,  replaci ng the sample s l ide with a s l ide conta i ning a 

d rop of another medium (e .g . ,  m i l l i-Q water) ,  manoeuvring the cap i l lary into the d rop of water 

and expel l i ng the fat globules. Open file "4umTip Globule expel" to see fat globules being 

expel led into water (note the absence of fat globu les i n  the med i um) .  This v ideo cl i p  begins with 

showing the capi l lary ti p al ready i nserted into the water med ium.  A fat globule i nside the 

capil lary tip is first drawn backwards and then expel led and is followed by another fat globule. 

However, the use of a capi l lary with a 4 �m ti p d iameter caused several practical problems. 

• The ti p was sensitive to significant v ibration ( this can be observed i n  the v ideo cl ip  "4um Tip 

2 Globules" ) .  The v ibration was caused main ly by equipment i n  an adjacent room and was 

acceptable when the equ ipment i n  the adjacent room was not operat ing. 

• The fat globules tended to rise to the top of the sample droplet .  Hence, harvest ing of fat 

globules became difficu lt after some time, because when the t ip got too close to the surface 

the meniscus broke around the tip resulting i n  the t ip being outside the sample .  
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• Most fat globules proved to be too large to be harvested with a 4 IJm-d iameter capi l lary tip 

opening .  These l arge fat globules formed a cluster and blocked the tip opening preventing 

fat globu les hav ing diameters < 4 IJm from being harvested . Open the v ideo file "4um Tip 

Cluster" to see this happening. The first part of this cl i p  shows the capi l lary (seen as a thin 

"shadow" extending from the left border) being moved towards,  and then through,  the 

surface of the sample droplet. Once the ti p has penetrated the sample surface, capi l lary 

suction draws i n  sample fluid and consequently fat globules cluster together at the tip 

openi ng.  A proportion ,  but not al l , of the fat globules forming the cluster is then dispersed by 

expel l ing sample from the capi l lary . The remain ing fat globu les were tightly associated with 

the tip as neither expel l i ng fl uid from the capi l lary nor sudden movements of the capi l lary 

dislodged them. 

• Sometimes, fat globules that were successful ly sucked into the capi l lary strongly adhered to 

the outside of the ti p when expel led into the receiv ing medium (mil l i-Q water) .  The adhesion 

forces were so strong that even rather a brupt movements of the capi l lary d id not dislodge 

the globule from the ti p. 

The use of a capi l lary hav ing a tip d iameter > 4 I-Im was tested in  an  attempt to mitigate some of 

these practical problems. 

Capillary with a tip diameter of 15 I1m 

An Eppendorf Transfer Tip-ES (0 1 5  I-Im) was purchased and fitted to the capi l lary holder. As 

only a very small proportion of bov ine fat g lobu les have a d iameter > 1 0  I-Im ( Mulder & Walstra, 

1 974) no blocking of the ti p opening by fat globules was expected to occur .  

Mainly because of  the greater suction power, harvesting fat globules using the 0 15  I-Im ti p 

proved to be easier compared with harvesting fat globules using a 0 4  I-Im ti p .  However, the use 

of the 0 1 5  I-Im t ip created a greater drag i n  the fluid than d id  the 0 4 I-Im tip .  This tendency to 

drag fat globules along when the t ip moved was reduced by two actions: ( 1 )  by manoeuvring the 

t ip at a slower pace through the sample, and (2) by manoeuvring the microscope stage (onto 

which the m icroscope sl ide conta in ing the sample was placed) in the opposite direction of that 

of the tip. Hence, the selective harvesting of fat globu les requ ired the control of five different 

devices: ( 1 )  microscope stage; (2) microscope focus; (3) the CellTram® vario to regulate the oil 

pressure; (4) joystick to manoeuvre the capil lary, and (5) v ideo recorder wh ich served as a 

v isual "laboratory note book" . Items 1 -3 were operated using the r ight hand,  whereas items 4 

and 5 were operated using the left hand . Operating devices 1 -4 was done "bl ind" as the effect 

of changi ng any of these needed to be observed whi le looking through the microscope eye 

piece . Because of the need to operate multiple devices, harvesting fat globules proved to be a 

slow process. 
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Examples of harvesting fat g lobules using the 0 1 5  IJm tip a re shown in the following video 

cl i ps .  I n  all cl i ps, the capi l lary ti p is al ready i nserted i nto the sam ple when the cl ip  starts. Only 

the very end of the tip is in focus. 

" 1 5umTip 2 Glob 1 harvest" 

165  

Note the relatively large tip open ing compared with the size of the fat globules elsewhere on the 

screen .  The meniscus of the sam ple i nside the tip can be seen just at the left of the ti p opening 

( the dark area to the left of the meniscus is the air gap that separates the sam ple flu id from the 

Cel lTram® vario oil). To harvest fat globules , the oil pressure was reduced so that fluid was 

drawn into the tip .  The oil pressure could be regulated very precisely; using the v ideo cl i p  timer 

at the bottom right of the wi ndow, observe that from 1 -3 s the suction was very gentle, from 4-6 

s, suction speed was somewhat i ncreased , from 7-1 0  s suction was almost halted and at 1 1  s a  

sudden drop i n  oi l  pressure rapidly drew in sample fl uid . Al l these pressure d ifferences were 

contro l led by manual ly rotati ng either the fi ne control d ial or the coarse control dial of the 

Cel lTram® vario. The target fat globule was situated at about 1 0- 1 5  IJm above the tip open i ng 

and was first gently manoeuvred closer to the t ip open ing and subsequently drawn into the ti p 

(at about 1 1  s v ideo cl i p  time) .  

Note that one fat globule was attached to the t ip open i ng and remai ned there throughout the 

experiment, showing that for some fat globules the glass-fat globule adhesion forces were 

relatively strong as neither suction of fl u id i nto the tip nor movement of the tip dislodged this fat 

globule. Note also that the t ip was nearly free from v ibration .  

" 1 5umTip 2 Glob 2 harvest" 

The target fat globule was at about 1 0 IJm to the right of the ti p opening and was gently 

harvested at about 8 s v ideo cl i p  time. Note again that the fat globule attached to the tip opening 

remai ned i n  place during the harvesti ng of the target fat globule. 

" 1 5umTip 2 Glob 3 harvest" 

Th is cl i p  shows that fat globules can be selectively harvested even when other fat globules are 

i n  the v icinity .  Duri ng the first 3 s the microscope focus was adjusted to ensure that the tip 

open i ng was in focus (observe that no fat globules were present i nside the t ip) .  The ti p was 

su bsequently manoeuvred backwards and u pwards to posit ion it for the target fat globule 

( positioned at about 5-1 0 IJm to the r ight of the tip opening) .  The fat globu le was then drawn 

i nto the ti p. Note that a smal ler fat globule that was further away from the tip moved i nside the 

t ip ahead of the target fat g lobule .  However, as soon as the target fat globule (which can be 

seen fuzzily at about 1 5  IJm to the left of the ti p open ing) was i nside the ti p, the oil pressure was 

stabil ised so that other fat g lobules remained outside the ti p .  Note aga in  that the fat globule 

attached to the tip opening remained in place dur ing the process of harvesti ng the target fat 
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globu le .  Also, observe that mov i ng the t ip created fl u id drag and that fat globu les i n  the v ici nity 

were dragged along. However, when the tip was moved away gently, the d istance between the 

ti p open ing and the latter fat g lobules gradual ly i ncreased , a l lowing another fat g lobule of choice 

to be harvested ( not shown) .  

" 1 5umTip 2 Glob 4 harvest" 

This cl i p  demonstrates that, after some practice, very fine control over the suction can be 

achieved. The targets were two fat globules positioned at about 7 �m to the right of the tip 

opening . At about 6 s video cl i p  t ime, these fat globules were drawn towards the opening of the 

tip .  Using very gentle  suction the fat globules were separated from one another; one was drawn 

into the tip, whereas the other was left outside the ti p .  The t ip was moved away slowly. Owing to 

the drag created by the moving tip the other fat globule followed the tip, but slowly the distance 

between it and the ti p open ing increased . Observe that, at the beg inning of the cl i p ,  one cou ld  

m istakenly have thought that three fat globu les were a lready i ns ide the capi l lary. However, as  

the  tip was moved away, these fat globules were shown not to  be  i nside, but outside of the 

capi l lary .  

" 1 5umTip 2 Glob 5 expel" 

This cl i p  starts with showing the capi l lary tip in a fat globule-free medium (mi l l i-Q water). First, a 

s ingle, prev iously harvested , fat g lobule is expel led, which is followed by a group of four  fat 

g lobules. 

7 .2.4 Discussion 

Practical aspects and limitations 

Harvesting selected washed fat globules was shown to be possib le  using a micromanipu lator. At 

the present stage of development, harvesting is a slow process ma inly  because the operator 

needs to handle five thi ngs manual ly at the same time ( i . e . ,  CellTram® vario to control the 

suction , the joystick for manoeuvri ng the capi l lary, the m icroscope stage, the m icroscope focus, 

a nd the video recorder). In particu lar, the manoeuvring of the capi l lary in three d imensions to 

target a particular fat globu le ,  and the need for simultaneous adju stment of the m icroscope 

focus knob to keep either the cap i l lary and/or the target fat g lobule in focus, resulted in a slow 

and fiddly harvest ing process. Furthermore, the movement of the capi l lary i n  the sample 

resulted i n  significant flu id drag i n  the vicin ity of the capil lary tip .  After a fat globu le  had been 

harvested , the capi l lary tip first needed to be moved away from u nwanted fat globules in the 

v icin ity of the tip before another fat globule cou ld  be targeted . This contri buted to the t ime 

required for the harvesting of mu l ti ple fat globules. 

Another l im i tation was that the i nverted microscope, to wh ich the m icromanipulator was fitted , 

d id  not have a fl uorescence capabi l ity. Hence, the study of fat g lobu les beyond mere harvesting 
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was not pursued . Nevertheless, the potential of the technique was ev ident and should be 

explored i n  future work (see section below, "Potential for future research"). 

Potential for future research 

1 67 

Micromanipu lators have proven to be useful i nstruments i n  the study of i nterfacial properties of 

emulsions. Phipps & Temple ( 1 982) used a micromani pulator to measure the interfacial tension 

of i ndividual fat globules, whereas Yeung et al. (2000) used a micromanipulator to study 

i nterfacial properties of micron-sized
1 8  

water droplets i n  water-in-oil emu lsions. The cu rrent 

study demonstrated that micromani pulators can also be used to harvest mi lk  fat globules and 

transfer them into a different med ium. This opens up new possibi l ities for systematic study of 

i nd iv idual  fat globules as  they are affected by certa in  factors i n  their env ironment. 

Capi l laries with customised specifications can be purchased commercial ly .  Examples of 

d ifferently shaped capi l la ry t ips manufactured by E ppendorf are shown in Figure 7 . 1 0 .  The 

minimum inner diameter of the tips is 3 .5 I-lm.  The minimum length of the bevelled end is 200 

I-lm ,  and the angle of the capi l lary can vary from 0-90° . Type 1 or Type 3 tips should be su itable 

for harvesting and transfer of fat globules. Type 2 tips s hould be su itable for hold ing a si ngle fat 

g lobule i n  place at the end of the t ip, whereas Type 4 t i ps should be su i table for contro l led 

perturbation or damagi ng of the MFG M .  

Fig u re 7 . 1 0  CustomTips® produced by Eppendorf. Dashed circle denotes inserts showing the 

d ifferent types of tip avai lable. ( 1 )  Bl unt end .  (2) Hold ing p i pette type. (3) Bevel led 

end. (4) Bevel led and heat-formed sp ike. A = i nner diameter of the t ip .  B = outer 

d iameter of the tip .  C = Length of bevel led end.  D = Angle  of capi l lary .  I l lustrations 

courtesy of Eppendorf I nternational , reproduced with permission. 

Consideri ng that movement of the capi l lary t ip can be controlled at the m icron scale ,  transfer of 

fat globules to a defined location on,  for example,  a grid should be possib le .  This opens u p  

exciti ng possibi l ities for us ing micromani pulators i n  the study of properties of the MFGM of 

ind iv idual fat globules. Here, two experimental examples are presented that, although 

conceptual at the present time, should be achievable. 

18 That is, similar in  size to fat globules. 
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Scenar io 1 - Precise deposit ing of fat globules 

Using a capi l lary having an appropriate diameter for the i ntended experiment, i nd iv idual fat 

globules cou ld  be harvested and deposited onto some reta i n ing med ium ,  e .g .  a filter with pores 

of a certain size, or al ternatively the fat globule could be p in ioned on the tip of the cap i l lary. I n  

both cases, subsequent analysis by AFM might b e  possible i n  a manner simi lar to that for cel ls 

(Morris et al. , 1 999a; F igure 7 . 1 1 . ) 

Scenario 2 - Transfer of fat globules to a d ifferent medium 

The harvesting technique shown in  Figure 7 . 1 1 A could also be used to transfer a fat globule,  of 

wh ich the MFGM is sta ined with a specific fluorescent membrane probe, to a d ifferent medium 

(e.g . ,  conta i n ing a particular enzyme). Using CLSM,  the distribution of the fluorescent probe in 

the membrane could then be stud ied as a function of time, temperature or other variables. 

Comparisons between fat globu les of the same cow, or from mi l k of d ifferent species could be 

made, and thus an understand ing of the differences in MFGM properties between different fat 

globu les i n  the same mi l k  or i n  d ifferent mi l ks could be obta ined . 

A AFM cantilever 

::C:''''''�_--, � 
��·-----,G 

G B1 � � 
I n Fter pore 

AFM cantilever 

B2 � 
� 

\ � I \ -t- Filter pore 

Figure 7.1 1 Use of the micromanipulator for precise location of i ndiv idual fat g lobules.  FG = fat 

globule. (A) Transfer of a fat globule pinioned on the capi l lary ti p for subsequent 

assessment by e.g. AFM . (8) Depositi ng of fat globules onto a porous surface 1 9 ,  

such as a membrane shown schematical ly i n  81  (hol l ow arrows denote suction) ,  

for subsequent assessment by e.g . AFM (shown i n  B2) .  Both (A) and (8 )  adapted 

from Morris et al. ( 1 999a) .  

1 9  Real examples are shown i n  Touhami e t  al. (2003a) and DufrEme (2004). 
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7 .2.5 Conclusions 
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Washed fat globules can be harvested and transferred successful ly  to another medium using a 

m icromanipulator. The development of this technique to manipulate i nd iv idual fat g lobules 

opens u p  exciting new possib i l ities for studying the mi l k fat globu le  (membrane) that should be 

explored i n  future work. 

7.3 Flow cytometry 

7.3 .1  Introduction 

Flow cytometry is a wel l -establ ished technique in the biological and medical fields, and is 

i ncreasi ngly appl ied in food-related fields. Flow cytometry i nvolves the counting, physical and/or 

chemical characterisation,  and, i n  some instances, sort ing of microscopic particles suspended in  

a stream of flu id .  I n  the dairy sector, the best-known examples of the use of flow cytometry are 

those of rapid automated counting of somatic cel l s  and bacteria in mi lk  (Shapiro, 2003). The use 

of flow cytometry to count fat globules in mi l k has not been reported in the l iterature. In fact, 

ana lysis of cel l s  i n  mi lk i nvolves the destruction of components in the mi lk ,  i ncl ud ing the fat 

globules. However, flow cytometry has been used successful ly to study water- in-oi l- i n-water 

emulsions (Ha i  et al. , 2004).The aim of the current study was to conduct a pioneeri ng 

i nvestigation to determine whether in principle flow cytometry could be used for quantitative 

analysis of fat globules (essential ly an oil-i n-water emulsion) .  As existing flow cytometry 

protocols  for mi l k could not be used as a basis to work from,  a fat globu le-specific protocol 

needed to be developed . This work was conducted in col laboration with, and in the laboratory 

of, an overseas manufacturer of flow cytometry i nstruments2o . 

7.3 .2 Principle of flow cytometry 

F igure 7. 1 2  shows a schematic d iagram of the flow cytometer. The abi l ity to count the number 

of particles in combination with i nformation derived from the degree of forward scatter and side 

scatter of l ight from a laser source, as wel l  as from the fluorescence (each particle can be 

sta ined with mult ip le probes), makes flow cytometry a powerful technique for quantitatively 

measur ing distinct popu lations of particles wi thin a sample.  

I n  the current study, the fluorescence was col lected in two channels, D3:FL 1 (green)  and 

D4: FL2 ( red), and the relative i ntensities for each particle i n  each channel were plotted i n  a 

combined plot (F igure 7 . 1 3  and Figure 7 . 1 4). (The axes are d iv ided i nto 1 024 channels, which 

correspond to the fluorescence i ntensity of the measure particles) .  

20 Th is work was carried out under a confidentiality agreement between Fonterra and the manufacturer of the flow 

cytometer. This l imits the description of some detai ls of the work done. 
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7.3.3 Experimental and results 

Selection of fluorescent probe 
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The avai lab le flow cytometer possessed a single laser only (488 nm) .  A fl uorescent probe was 

requ i red that was compatible with this flow cytometer. At the time this work was conducted , 

development work on fl uorescent probes had not progressed to the point where WGA488 had 

been tested as a MFGM probe nor where D i IC18(3)-DS had been identified as a su i table MFGM 

probe. Hence, DiA (ethanolic stock solution; 1 mg/mL) was selected as this probe had been 

shown to sta i n  the MFGM (al beit of a smal l proportion of fat gl obules only) .  

Sta ining of mi lk  i nvolved the add ition of DiA stock sol ution ( 1 0  I-I L) to mil k, d i l uted mi lk or a 

suspension of washed fat globules ( 1  mL) and gently mix ing the sample  by i nverting the samp le 

tube. 

Sample 

Sheath fluid 

Sheath stream 

+--+-+- Sample �lream 
Particles 

Laser 1- - - - - - - � - - - - - - - - - 1 Detector 

Figure 7. 1 2  Schematic of a flow cytometer. The particles i n  the sample are hydrodynamical ly 

focussed i nto a core stream within a sheath fl u id and pass a l aser beam one by 

one. The laser beam excites fluorescent probes associated with the particles. The 

fluorescence and scattered l ight (forward scatter and side scatter) can be col lected 

and quantified by appropriately placed detectors. 

Development of an analysis protocol 

I n itial experiments, in wh ich stained and unsta ined und i l uted m i l k  sam ples were presented to 

the flow cytometer, showed an  i ncrease in the number of particles being cou nted i n  the sta ined 

sample .  However, the responses for the sta i ned particles were located very close to those of the 

background particles of the mi lk  ( resul ts not shown) ,  and it proved to be d ifficult to separate the 

two groups of particle counts . A control experiment, i n  wh ich a probe working solut ion (DiA 

stock solut ion di l uted 1 OOx with water) was analysed yielded a large signal2
1
. This suggested 

21 This was contrary to expectation as DiA is supposed to be non-fluorescent in an aqueous solution. 
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that the analysis of undiluted mil k resul ted i n  the contami nation of the i nstrument, wh ich in turn 

resul ted i n  cross-contamination of successive analyses . To rule  out the possibi l ity that the DiA 

probe i nteracted with the surfactant i n  the sheath solut ion, thus yield i ng fluorescent particles, 

the probe stock was di luted with either water or the sheath solution . No sign ificant d ifference in 

the signal between these two types of probe working solution was observed . Thus, DiA did not 

i nteract with the surfactant in the sheath and the conclusion that cross-contamination was 

caused by a na lysi ng undi luted mi lk was verified . Furthermore, the subsequent analysis of 1 0x 

d i luted (aq ) m i l k  samples general ly, but not always, avoided cross-contamination as ev idenced 

by a lternat ing the analysis of these d i luted sam ples with dummy sam ples (cl eaning flu id) .  For 

the l atter, l ow counts were general ly obtained . 

To verify that the objects cou nted indeed represented fat globules, washed
22 

fat globu les were 

sta ined using N i le  Blue. This yielded a dist inct population of particles at a higher offset than that 

of the background (Figure 7 . 1 3) and confirmed that the i nstrument response represented 

stained fat globules that remained i ntact duri ng the analysis .  

Analysis of DiA-stained washed fat globules showed that the DiA signal was close to, but 

d isti nct from the background signa l .  A DiA "window" was constructed to cou nt the signal from 

the DiA-sta ined fat globules (F igure 7. 1 4, white area extend i ng from the middle of the y-ax is) .  

However, the analysis of 1 0x di l uted (aq) sta ined mi lk  sam ples showed that the window 

parameters were not optimal as Cl portion of the particles fel l  outside the window boundaries 

(F igure 7. 1 4) .  This approach needs to be optimised in future work. 

7.3.4 D iscussion 

Cross-contamination 

An investigative study was conducted to determine whether fat globules cou l d  be identified and 

counted using flow cytometry. Fat globules could not be measured i n  their native environment, 

because the use of undi luted milk samples resulted in cross-contamination of sequential sam ple 

runs. Th is  was ev ident by a l ternating und il u ted mi lk  samples with dummy samples contain ing 

cleaning solution only ;  the dummy samples showed h igh background counts ( i .e . ,  unlabel led fat 

globules). The cross-contam ination was presumably caused through fou l ing of the i nternal 

tubing of the flow cytometer .  Although alternating samples with dummy sam ples consisting of 

clean ing solution might be considered a practical solution for the cross-contam ination problem, 

the long term effects of extensive repeated foul ing on the performance of the flow cytometer 

would be a concern . Hence, such a practice is not recommended . 

22 The washing procedure used was very similar to that described in Appendix 6. 
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Figure 7 . 13  Flow cytometer plot of fluorescence as measured by the two detectors (D3:FL 1 

(green )  and D4:FL2 ( red)) .  (A) Unsta i ned washed fat globules. (B )  Washed fat 

globules stai ned with N ile Blue. Note the offset of the counts of the N il e  Blue-stained 

fat g lobules relative to the counts for the unsta i ned sample .  This clearly shows that 

the counts for stained fat globu les can be d isti ngu ished from backgrou nd counts 

when suitable fluorescent probes are used. 
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Figure 7 . 14  Flow cytometer plots of fluorescence as measured by the two detectors ( D3 :FL 1 

(green) and D4: FL2 ( red)). (A) Background signal for unstained washed fat globules. 

An " i nclusion" window, i nd icated by the l ight grey area, was constructed just above 

the background signal to cou nt the sta ined particles. (B)  1 0x d i luted mil k stained with 

DiA. The lower boundary of the " i ncl usion" window proved to be correct as it 

successfu l ly el iminated background particles from bei ng counted . The other 

boundaries of the i nclusion wi ndow were not optimal as a large proportion of stained 

fat gl obule counts were outside the upper boundary. 
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Di luti ng the mi lk 1 0x (aq) reduced , but d id not completely el im inate, the cross-contamination 

problems.  However, neither the use of greater than 1 0x d i l utions, nor the effects of d ifferent 

d i l ut ion media (pH ,  ionic strength, etc) were tested . Future work shou ld  systematical ly study 

d i l ut ion cond itions as it is env isaged that for the measurement of properties of fat globules more 

favourable di lution conditions might be found than a sim ple 1 0x (aq) d ilution of the mi l k sample. 

Flow cytometry can be used to analyse milk fat globules 

Using the neutral fat dye Ni le Blue as a fluorescent probe, it was shown that fat globu les remain 

i ntact u pon pumping of the sample through the flow cytometer internal tu bing and flow cel l .  Thus 

fat globu les can be cou nted by the flow cytometer as d istinct particles . 

Future work 

Using DiA as a MFGM-specific probe showed that DiA-sta i ned fat globules cou ld be identified 

and cou nted using flow cytometry. As explai ned in Chapter 4, DiA sta ins only a small proportion 

of fat globules in the mi lk. Although not experimental ly tested , it may be expected that other 

probes, such as Di IC18(3)-DS and WGA, would be more effective than DiA for studying the 

MFGM by flow cytometry. 

M i lk  conta i ns many particles that potentially can i nterfere with the l ight emission of sta ined fat 

globules. Ideal ly ,  the background signal should be zero. However, in the current work, a 

significant background signal was observed (Figure 7. 1 4). Future work should a im at reduci ng 

the background signal . 

7.3.5 Conclusions 

This study has shown for the first t ime that flow cytometry can be used to count mi lk  fat 

globules. The potential of flow cytometry as a powerful quantitative techn ique for studying 

selected properties of fat globules and their membranes is ev ident. Further val idation work i s  

requ i red to optimise sta ining and  analysis protocols. 
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Chapter 8: General d iscussion, conclusions and future work 

8 General discussion, conclusions and future work 

Our understand i ng of the fat gl obule and its membrane has progressed sign ificantly over the 

last 5 decades (for recent reviews refer to Heid & Keenan,  2005; Aoki , 2006; Bauman et al. , 

2006; Keenan & Mather, 2006) .  Yet, significant gaps i n  our knowledge remain ,  particularly 

regard i ng the mechanisms contro l l i ng fat globule secretion by the mammary epithel ial cell 

( Keenan & Mather, 2006) .  Furthermore , l ittle is known about the mechanism and degree of 

change i n  MFGM composition and structure post secretion of the fat globule by the secretory 

cel l (Chapter 1 ) . 
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The abi l ity to measure changes i n  the MFGM structure and composition is crucial , because of 

increasing interest i n  the MFGM for its nutritional significance (Ward et al. , 2006) and also its 

attributes as a functional i ngred ient i n  food appl ications (Rombaut & Dewetti nck, 2006; Singh, 

2006). I n  this context, the i nteraction of the MFGM with other com ponents, whether native to 

mi l k or not, wi l l  i ncreasingly become a subject for further i nvestigation. Furthermore, as changes 

in the MFGM are impl icated in practical problems encountered in the dairy i ndustry (e.g . ,  foul i ng 

of manufacturing equ i pment and off-flavour development i n  certain  products), obta in ing a 

fundamental u nderstand ing of the MFGM structure and how it changes on-farm and post farm 

u pon mi lk harvesting, hand l i ng and processi ng (see Chapter 2) is paramount for the dairy 

i ndustry. For the above-mentioned reasons, a range of d ifferent analytical techn iques is req u ired 

for studying the MFGM and its i nteractions with its env ironment in mi lk and mil k products. 

Over the years, several analytical techniques have been develo ped for studying some aspect of 

MFG(M )  damage either d i rectly or indirectly (Chapter 3). Only one of these techniques ( l ight 

microscopy) a l lows studying the mi lk  fat globule i n  its native env ironment. However, to date no 

l ight microscopy studies specifically dealing with the MFGM in its native env ironment have been 

publ ished in the l i terature. It was postu lated in th is thesis that the use of fundamentally 

understood analytical methods is a necessary pre-requisite to advancing our knowledge of 

MFGM structure and the molecular arrangement of its com ponents (Chapter 3). Ideally, these 

methods shou ld  a l low the study of the MFGM in its native environment and in real time (Chapter 

2 ) .  Hence, the focus of the current thesis was to develop, and test the potential of, a range of 

novel analytical techniques for studying the MFGM qual itatively and quantitatively .  Future work 

is expected to bui ld on the work described in this thesis to further develop and uti l ise these 

analytical techniques to advance our understanding of the MFG M .  This final chapter reviews the 

developed techniques and makes recommendations for future work. In the prev ious chapters 

several i nteresti ng pieces of work were recommended for fol low-up in future work. It is not 

i ntended to repeat these recommendations here (a summary is presented in Appendix 9), but 

rather to focus on add itional possi bi l it ies, and particularly to outl ine the directions future work 

shou ld  take ( i .e . ,  the "big picture"). 



Chapter 8: General discussion, conclusions and future work 

8.1 Fluorescence microscopy 

8.1 . 1  Location of fluorescent probes in  the MFGM 
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In the current study, both conventional fluorescence m icroscopy and CLSM techniques were 

developed for studyi ng the MFGM using fluorescent probes that specifically associate with the 

MFGM (Chapter 4) .  

A range of fl uorescent probes was demonstrated to reveal structural/compositional features of 

the MFGM ( Chapter 4). The majority of these probes d issolved only i n  non-aqueous solvents, 

and were therefore not further i nvestigated in the present study.  However, some of these probes 

(D i IC' 8(3) and DiOC,8(3)) were found to locate partia l ly or fu l ly  in the fat globule core. The 

distribution patterns of the probes i n  the core fat d iffered for the d ifferent probes; future work 

should try to elucidate why the probes d istri bute in their own pecul iar patterns. Th is knowledge 

might then be appl ied to study certain  properties of the core fat of ind ividual fat globules as a 

function of certa in fat globule characteristics (e .g . ,  size). 

Work i n  this thesis focused on the study of probes that were e ither somewhat sol uble ,  or very 

soluble,  i n  water and that sta i ned the MFGM specifical ly. Hence, the l i pophi l ic  probes D i IC ' 8(3)­

DS and FM4-64 and the lectin WGA were selected for further study (Chapters 5 and 6). As far is 

known, the use of l i pophil ic probes to study the structure of the MFG M  has not been reported i n  

the l iterature. Although WGA has been used before to study aspects of the MFGM
'
, the current 

work describes novel appl ications of the lectin by applying Alexa Fl uor® conj ugates thereof 

either as a s ingle probe or i n  combination with l i pophi l ic MFGM-specific probes. Figure 8 . 1  

i l lustrates the expected assoc iation of these probes with the MFGM . 

D i IC' 8(3)-DS is bel ieved to orient the long axis of the fl uorophore paral l el to the membrane 

surface, whereas the two a lkyl cha ins protrude perpendicularly i nto the l i pid i nterior of 

phosphol ip id bi layers (Molecular Probes). Because D i IC' 8(3)-DS is sulfonated it is more water­

sol uble than D i IC, 8(3), but also is known to d istribute in phosphol ip id bilayers d ifferently from 

D i lC, 8  (Molecular Probes) . I n  the current study, it was shown that D i IC'8(3) i ndeed has d ifferent 

d istribution characteristics to D i lC' 8 as the former located solely in the MFGM,  whereas the 

latter located partly in the fat globule core (Chapter 4). 

FM4-64 is bel ieved to i nsert on ly i nto the outer leaflet of surface membranes (Betz et al. , 1 992 ; 

F ischer-Parton et al. , 2000). However, in goldfish retinal bi polar  cel l s  FM4-64 apparently slowly 

crossed the membrane (Rouze & Schwartz, 1 998). I t  remains yet to be confi rmed whether i n  

MFGM FM4-64 sta ins the outer leaflet of the MFGM only. 

WGA binds specifical ly  to GlcNAc and NANA residues (Sharon & Lis, 2003) and thus is 

expected to l ocate i n  the glycocalyx by bind i ng to relevant glycoproteins and glycol i p ids. 

1 Either by electron microscopy or fluorescence microscopy. 
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F ig ure 8.1  Orientation of D i IC,s(3)-DS, FM4-64 (adapted from , and used with permission by, 

Molecular Probes), and Alexa Fluor® conj ugates of WGA on the MFGM. Highly 

schematic. Not to scale .  Currently, there is no ev idence for or agai nst location of 

the l i pophi l ic probes i n  the i nner leaflet of the bi layer. 

8.1 .2 Potential of fluorescent probes 

Untested probes 

The theoretical assessment of the su itabil ity of commercial ly avai lable probes identified a range 

of fl uorescent compounds that were considered to be potential ly useful MFGM sta ins (Append ix 

1 ) . This l ist should not be considered exhaustive by any m eans as only the products of one 

manufacturer were considered . Other com panies, such as Sigma-Aldrich2 a nd Anaspec3, may 

a lso market fluorescent probes that are su itable for studyi ng the MFGM. I n  addition ,  as a 

greater understanding is obtained about the relationsh ip  between the molecular structure of the 

probe and its location in the fat globu le (membrane), novel probes, combi ning the desired 

properties, could be synthesised and tested . 

Furthermore, besides using generic fluorescent compounds, fluorescent a ntibodies that b ind to 

selected MFGM compounds can reveal structural deta ils of the MFGM (McManaman et aI. , 

2002; Robenek et al. , 2006). Al though the latter type of probe was outside the scope of the 

2 http://www.sigmaaldrich.com 

3 http://www.anaspec.com 
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present study, ev idently the use of a combination of generic and component-specific probes 

would constitute a very powerful technique for studying structural detai ls of the MFGM. Hence, 

such an approach should be explored in future work. 

Di/C1a(3)-DS 

In contrast to its analogue D i IC1s(3) ,  only a few l i terature reports on D i IC1 s(3)-DS are avai lable .  

Di I C1s(3)-DS has been used to sta i n  bacterial mem branes (Fu l ler et al. , 2000), vesicle 

mem branes (Mi l ler et al. , 2000; Saito et al. , 2004),  ov ine lymph cel l s  (Sea brook et al. , 2000) and 

rat cel ls (N i lsson et al. , 2005). I n  none of these stud ies was the local distribution of D i IC1s(3)-DS 

in the membrane examined . As far as is known, the current study is the first in wh ich D i IC1s(3)­

DS has been appl ied to a food ( i . e . ,  milk) and i n  which the location of the probe has been 

stud ied i n  the membrane of a single object. Di IC1 s(3)-DS has been shown to sta in  the MFGM 

specifical ly ,  the rate of u ptake by the MFGM d iffering among d ifferent species. Hence, Di IC1s( 3)­

DS is considered to have high potential for use i n  future studies of the MFGM. Future work 

should :  

1 .  Focus on improving sta i n ing protocols for Di IC1s(3)-DS for the MFGM of d ifferent species; 

2 .  Investigate the suitabi l ity of Di I C1 s(3)-DS analogues for sta in i ng the MFGM of different 

species. Possi bly ,  the use of selected analogues of Di IC1s(3)-DS in which the length of the 

al kyl chains is less than C1S cou ld be used advantageously to study particular properties of 

the MFGM (e.g . ,  location of fl u i d  or gel phases). Furthermore, the use of Di IC1s(3)-DS 

analogues which possess a l onger double bond bridge between the aromatic ri ngs, e .g .  

Di IC1s(5)-DS which fl uoresces i n  the red region of  the spectrum (Meers et  al. , 2000), might 

overcome the current problem that D i lC1S(3)-DS cannot be combined with several other 

probes because of overlap of the fluorescence emission spectra . 

FM4-64 

FM4-64 belongs to a group of about 20 FM-analogues4 model l ed on the mem brane-potential 

probe DASPMI ,  which was used to study mitochondria ( Bolte et al. , 2004), and on the d icationic 

styryl probe RH4 1 45 ( Betz et al. , 1 992). The structures of these probes can be described as 

consisti ng of three parts ( Betz et al. , 1 996): 

( 1 ) The head ( pyrid in ium group) .  

Can be neutral, monocationic or dicationic, and affects membrane penetration properties. 

4 " FM" stands for Fei Mao, the name of the person who developed the FM probes from the related probe 

d i methylaminostyrylmethylpyridiniumiodine (DASPMI)  (Bolte et al., 2004). 

5 The only difference between RH41 4 and FM4-64 is that RH41 4 has two double bonds in the bridge, whereas FM4-

64 has three double bonds. 
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(2) The nucleus (the two aromatic rings and double- bond bridge). 

Determines the spectral properties of the dye (increasing the number of double bonds 

results in longer excitation and emission wavelengths). 

(3) The tai l  (d ia lkylaminophenyl grou p) .  

The length of the tail determines the lipophilic properties of the dye. 
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Evidently, there is plenty of scope for obta in ing "ta i lor-made" styryl probes. Small d ifferences i n  

polarity of styryl probes can have a l arge effect on the  rate of uptake and  retention properties, 

and it is speculated that styryl probes other than FM4-64 m ight be useful MFGM markers. For 

example,  in the current study,  fl uorescence of FM4-64-stained membranes tended to be 

relatively weak and prone to photobleach ing (Table 4 .3). However, the fluorescence intensity of 

styryl dyes i n  membranes i ncreases with increasing l ength of the dial kyl ta i l  of the molecule 

( Betz et al. , 1 996; Coch i l la  et al. , 1 999). The d ia lkyl chains in FM4-64 are very short ( i .e . ,  

CH2CH3) and analogues hav ing longer tai ls (up  to C 1 8) have been synthesized ( Betz et  al. , 

1 996). Hence, the su itabil ity of such analogues for stain ing the membranes of fat globules i n  

mil k of different species should be i nv estigated in future work. Presumably, a compromise may 

have to be made between fl uorescence i ntensitl and water solubil ity , as i ncreasing the length 

of the dia lkyl chains makes the probe more l ipophi l ic  ( Betz et al. , 1 996), i .e .  less water-soluble .  

However, the property of water-so lub i l ity that some FM probes possess (Parton et al. , 2001 ) 

shou ld  not be sacrificed too readily i n  exchange for an  increased fluorescence i ntensity i n  

MFGM,  as probe water-solubi l ity is a major advantage for studying fat globules in their native 

env i ronment. 

Whether more than one FM probe can be tested i n  the same sample at the same t ime needs to 

be experimental ly tested . I n  one study on frog nerve cel ls ,  FM4-64 and FM2-1 07 could be used 

effectively together (Richards et al. , 2000). However, in another study, the com bined add ition of 

FM4-64 and FM 1 -43
8 

resulted in the quench ing of F M 1 -43 by FM4-64 in the membrane of 

goldfish retinal b ipolar cel l s  ( Rouze & Schwartz, 1 998). The quenching observed i n  the latter 

study may be related to the use of a relatively high dye concentration (Richards et aI. , 2000). 

The d istri bution patterns i n  d ifferent types of membrane are not wel l  understood . However, an 

i nteresti ng aspect of FM4-64 is that it appears to have h igher affin ity for membranes rich i n  

basic phosphol i pids (F ishov & Woldringh, 1 999). Hence, d ifferences in  fluorescence intensity 

across the MFGM of single fat globules, as observed in the current study (Figure 4 .24-2B), may 

6 That is, fluorescence intensity when the probe is embedded in the membrane ( i n  water, FM4-64 is only weakly 

fluorescent, which means that low background interference occurs). 

7 The only difference between FM2-1 0 and FM4-64 is that FM2-1 0 has a one double-bond bridge, whereas FM4-64 

has three double bonds. 

8 FM1-43 has a one double-bond bridge between the aromatic rings and C4Hg dialkyl chains in the tail of the 

molecule, whereas FM4-64 has three double bonds and C2H5 dialkyl chains, respectively. 
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indicate the presence of MFGM domains d iffering i n  phosphol ipid composition .  This specu lation 

deserves further study in future work. 

F ina l ly ,  cel l ular membrane trafficking stud ies using FM probes have shown that these probes 

bind reversibly to the outer membra ne; removing extracel lu lar dye resul ted in the d isappearance 

of mem brane fl uorescence (Coch i l la  et al. , 1 999; Parton et al. , 2001 ) .  In the current study, fat 

globules were studied wh i le  the m i l k  plasma contained FM4-64 .  I t  i s  assumed that this ensured 

that FM4-64 stai ned the membranes of the fat globules present at l east for the duration of the 

experiment. In terms of improv ing contrast between the sta ined MFGM a nd its background,  

there is l ittle point i n  washing out the dye from the mi lk  plasma , because the fl uorescence 

quantum yield of FM dyes in water is very low com pared with that i n  a mem brane ( ratio about 

1 :350; Brumback et al. , 2004). Prov ided that MFGMs are stai ned adequately ,  a good contrast 

between the sta ined fat globule and the surrounding mil k plasma is obta i ned . However, it is 

recommended that the sta i ning of the MFGM as a function of the concentration of FM4-64 in the 

mi lk plasma be studied systematica l ly  in future work. 

WGA 

WGA has prev iously been reported to bind to bov i ne MFGM (Horisberger et al. , 1 977; Farrar et 

al. , 1 980), human MFGM (Horisberger et al. , 1 977; Farrar et al. , 1 980; Buchheim et al. , 1 988b; 

Wel sch et al. , 1 990), ov ine MFGM (Welsch et al. , 1 990) and equ ine MFGM (Welsch et al. , 1 988; 

Welsch et al. , 1 990). However, no i nvestigation i nvolved studying the fat globules i n  their native 

environment, or made use of CLSM. The results of the present study,  in which WGA was shown 

to reveal glycosylation profiles of ov ine, human and bov ine MFGM9, demonstrate that WGA 

conjugated with a suitable Alexa Fluor® fluorophore has a high potential as a fl uorescent probe 

for studying the structure and com position of the MFGM.  Moreover, the aggl uti nation properties 

of WGA can be util ised to extract add itional i nformation in heat treatment studies. For example ,  

when mi lk was stained with WGA, strands that disappeared upon heating were discovered . 

These structures are unreported i n  the l iterature . The sign ificance of the strands is not known, 

but at least their presence i n  unheated mi l k i nd icates that certain  gl ycosylated structural 

elements in teract with the MFGM . 

Future stud ies shou ld expand the study of MFGM glycosylation profiles by using lectins other 

than WGA. In particular, the combined use of different lectins is expected to be a powerful 

morphological tool for studying the MFGM structure and composit ion .  

Imaging techniques, instruments and preparation techniques 

From the a bove it is clear that the study of the MFGM using fluorescent probes is only at an  

embryonic stage. There is plenty of scope for development and improvement, and  i t  is ex pected 

9 It may also be speculated that WGA also binds to a significant degree to MFGM of other species. 
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that major advances wi l l  be made in  the years ahead . This section explores a range of possib le 

developments relati ng to imaging techniques, i nstruments and preparation techniques. 

In the present study, CLSM was used only in fl uorescence mode.  However, CLSM can also be 

used in  reflectance mode (Figure 8.2). Although this option was not further explored in the 

current study, the combination of reflectance m icroscopy and fluorescence microscopy may 

offer further insights into MFG M  characteristics. 

Fig u re 8.2 CLSM images showing two partia l ly  coalesced fat globu les. (A) Reflectance image. 

(8 )  Combined reflectance and fluorescence image; green colour denotes sta in i ng 

by DiOC1 s(3) .  Comparison of the two images shows that DiOC1s(3)  is located only 

in that part of the coalesced fat g lobule that appears gra iny i n  the reflectance 

image. Probably, the gra iny appearance denotes the presence of fat crystals, 

which would indicate that DiOC1s(3) preferential l y  associates with crystal l i ne fat. 

I n  the present study, good qual ity 3-D CLSM images could be obtained only of fat globu les that 

were highly fl uorescent. This l imited the useful ness of the developed technique considerably, as 

i nterpretation of the 3-D resu l ts necessarily has to be restricted to the popu lation of "highly 

fluorescent" fat g lobules i n  a sample. The abil ity to assess a l l  stained objects in 3-D mode wil l  

requ ire significant further development. On the other hand, 2 -D  CLSM images were easier to 

obta i n  as th is mode of imaging did not suffer as much from adverse effects such as 

photobleach i ng of the specimen.  

We can be optimistic about overcoming the l im itations mentioned i n  the above paragraph .  First, 

only basic sam ple preparation techniques were employed in the current study ( i .e . ,  s imply 

add i ng the probe stock solution  to the mi lk sam ple and incubati ng the stained sample under 

certa in  cond i tions). The use of anti-fades and fixatives, as wel l  as the optimisation of probe 

concentration and sam ple i ncubation cond itions, might resu l t  in improved sam ple  preparation 
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techn iques. Add itionally, it may be anticipated that the use of quantum dots 1 0 may improve the 

fluorescence brightness of stai ned fat globules and solve the photobleaching problems 

encou ntered with 3-D imaging.  Secondly, the CLSM used i n  the current study was an early 

model with l imited capabi l ities. Newer CLSM instruments wi l l  a l low a greater choice of probes, 

because emission spectra that d iffer by only a few nm, as opposed to e .g .  > 50 nm,  can be 

separated . Practical ly this means that l imitations in combining certa in  probes, resu l t ing from 

overlap of emission spectra as encountered i n  the present study, would be s ignificantly reduced . 

Furthermore, other features of modern CLSM i nstruments shou ld  perm it the study of the MFGM 

by us ing fl uorescent probes to advance rapidly.  Examples of such features i ncl ude rapid image 

captur ing, which means that fat globules might not have to be a bsolutely sti l l  before imaging can 

occur, automated time series ex periments and 3-D multi-angle movie capabi l ity . To see an  

exam ple of the latter feature open the file "ShM 3% 6 WGA cav 63x zoom6_chanOO. avt" on the 

accompanying CD to see WGA488-stained ov ine fat globules 11  (3-D stereo glasses are not 

requ ired). 

The advance of such fluorescent microscopy techniques may serve as i ntermediate steps for 

future developments. For example, there is st i l l  uncertainty about the contr ibut ion of secretory 

vesicle membrane or apical plasma membrane to the bilayer part of the MFGM ( Keenan & 
Mather, 2006) .  Mather & Keenan ( 1 998) suggested that i n  add ition to developing l i p id-excreting 

secretory cel l s  in cu l ture, the development of fl uorescence video microscopy techniques could 

hel p resolve th is issue. The fluorescence m icroscopy techniques described i n  this thesis may 

prove to be a crucial step on the way to ach iev ing this resolut ion.  

Dairy products other than liquid milk 

The current work inv estigated fat globules i n  l iqu id mi lk  only.  However, there is much i nterest i n  

using fluorescence microscopy for studying the microstructure of dairy products other than l i qu id 

mi lk, particularly whole mi lk  powder and cheese (McKenna, 1 997; Sutheerawattananonda et al. , 

1 997; Gunasekaran & Ding, 1 999; Auty et al. , 2001 ; Guinee et al. , 2002; Everett & Olson, 2003; 

Rowney et al. , 2 003; Michalski et al. , 2004a; Rowney et al. , 2003; Lopez, 2005; O'Mahony et 

al. , 2005; Lopez et al. , 2006; Ko & Gu nasekaran ,  2007; Lopez et al. , 2007; Michalski et aI. , 

2007; Ye et al. , 2007). Nevertheless, to date l itt le, if any,  morphological information has been 

forthcoming with regard to whether MFGM is sti l l  present in these products. Yet the importance 

of this i nformation is evident from current d iscussions in the l iterature (e.g . ,  refer to M ichal ski et 

al. (2007) for speculations on the organisation of the i nterface between the fat and surrounding 

cheese matrix ,  and to Ye et al. (2007) for specu l ations on the fat surface in  whole mi lk  powder). 

1 0  Quantum dots are somewhat spherical nanocrystals of inorganic semiconductors with a typical diameter of 2-8 nm. 

Quantum dots can be synthesised to emit at any specific wavelength between 400-2000 nm,  have very large 

molecular extinction coefficients, and are highly resistant to photobleaching (Smith & N ie, 2004) .  

1 1  Qvine mi lk was stained b y  adding W GA488 stock (3% v/v final concentration i n  the mi lk)  and was imaged using a 

Leica TCS SPE DM2500 CLSM. I maging and movie construction performed by Elizabeth N ic kless. 
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Clearly,  the a ppl ication of fluorescence microscopy, using MFGM probes such as those 

identified in the present study, is just "waiting to be done". 

8.1 .3 Key conclusions 
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For the first time, 2-D and 3-D images have been made of the MFGM as stained by fl uorescent 

probes. Fat g lobules have been morphologically studied in their native environment and i n  

model systems by  fl uorescence microscopy using single probes or  com binations of different 

probes (e .g . ,  l i pophi l ic and WGA). Varia ble  d istribution patterns of the probes in the M FGM were 

observed , which suggests that the MFGM of fat globules i n  harvested m i l k  is structura l ly  and 

chemical ly heterogeneous both within a nd among globu les from the sam e  species and between 

species. Furthermore, the use of WGA i n  bov ine mi lk  and model systems  impl icated �­

lactoglobu l in ,  a-lactal bumin ,  IgM and/or the glycosylated proteins PAS 6/7 i n  the d isappearance 

of fat globule aggregation upon elevated heat treatment of m i lk. 

Despite the sign ificant developments d escribed i n  this thesis, these new fluorescence 

microscopy techniques must be considered as being i n  an "embryonic stage". Hence, further 

development of these techniques promises huge potential for advanci ng the study of M FGM of 

d ifferent species either i n  their native env ironment, i n  da i ry products or i n  model systems.  

8.2 Other techniques 

It was concl uded i n  the l iterature rev iew of methodology used for measuring changes to mi lk fat 

globules and/or their mem branes (Chapter 3) that, "The fact that knowledge of the MFGM 

structure, and particularly the molecular arrangement of the components i n  the MFGM,  is still i n  

its i nfancy is a major inh ibit ing factor i n  the development of fundamental ly understood methods 

that can be used in a routi ne fashion in practice. Hence, i ncreasing knowledge of the molecular 

arrangement of MFGM constituents and the membrane's general structure would appear to be 

key objectives of future research".  The work reported i n  this thesis is a step on the way towards 

that aim .  Fi rst, fl uorescence microscopy methods have been developed that have advanced , 

and i n  the future wil l  further advance, our knowledge of the composition and structure of the 

MFGM.  Secondly, the potential of a range of other techniques (AFM,  micromanipulation ,  flow 

cytometry and NMR) was investigated . The first three techn iques are bel ieved to have potential 

in MFGM research . 

8.2.1 AFM 

Although AFM development work did not progress to the poi nt where a successful techn ique 

was estab l ished (Chapter 7), the potential and value of AFM as an analytical tool for studying 

the molecular arrangement of the MFGM is ev ident. Nanomanipulation of mem brane domai ns, 

or indeed of i ndividual molecules, and assessment of i nter- and i ntramolecu lar forces are just 

some of the possibi l ities ( Fotiadis et a/. , 2002). The main problems that wi l l  have to be 

overcome i ncl ude reducing the variations i n  the height that the AFM ti p has to negotiate, 
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optim ising scanning parameters ( in  a i r, but particul arly under l iqu id) ,  and ensur ing sufficient 

spec imen rigid ity to prevent the tip from damaging the specimen
1 2 . The use of a porous 

mem brane to partia l ly l ower fat globules below the sca nn ing surface (Figure 7 . 1 3), and a 

control led low room tem perature would be two obvious approaches to test. 

1 84 

More advanced appl ications of the AFM technique wou ld i ncl ude determ ining lectin-MFGM 

glycoprotein b ind ing forces using functiona l ised AFM tips such as those developed by Touhami 

et al. ( 2003a) who employed carbohydrate-terminated t ips.  Specific carbohydrate AFM probes 

coul d  thus potentially be used to map lectin receptors on the membrane (Touhami et al. , 

2003a) .  

Alternatively, AFM cou ld  be used to measure d ifferences i n  physical properties of d ifferent 

domai ns on single fat g lobules, s imi larly to studies on m icrobial cel l s  (the size of which were 

simi lar to the average size of fat globules (3-4�m) ;  Touhami et al. , 2003b; Dufr€me, 2 004). 

In l ight of the above opportu n ities for studying the nanostructure of the MFGM, it is strongly 

recommended that future research resources are devoted to AFM method development work. 

8.2.2 Micromanipulator 

I n  the current work, a m icromanipulation technique was successfu l ly  developed to the stage 

where individual fat g lobules could be harvested and transferred to a new medium ( Chapter 7) .  

However, neither of the two capi l laries used (0 4 � m  or 15 �m) were optimal for harvesting fat 

globules. Future work should i nvestigate systematical ly the effects of d ifferent t ip specifications 

( i .e. , a ngle of the bevel l ed end, i nternal diameter and tip shape; mod ified surface to avoid fat 

globules sticki ng to the tip) and develop optimised harvesting techniques. Furthermore, the 

capab i l i ty and usefu l ness of the micromani pulator should be expanded by combi n ing its use 

with fl uorescence microscopy and AFM .  It is env isaged that this wi l l  enable the researcher to 

harvest selectively certa in fat globu les and to i nvestigate aspects of the molecular arra ngement 

of the components of membranes of such fat globules, as wel l  as to study the general MFGM 

structure of ind ividual fat globules of d ifferent sizes. 

8.2.3 Flow cytometry 

The work on fluorescent MFGM membrane probes (Chapter 4) prov ided the basis for 

developing a flow cytometry method for cou nting sta i ned fat globules. A successful flow 

cytometry method is a key component of the analytical tool box for measuring changes to the 

MFGM,  because it is the only technique that has the potential to rapidly and quantitatively 

measure certa in  properties of al l  the ind ividual fat globu les i n  a samp le ( particles can be 

counted at the extremely fast rate of up to 40,000 events per second;  Hai et al. , 2004). The 

current work showed that sta ined fat globu les can be detected as d iscrete stained particles by 

1 2  A technique using the fluorescent styryl dye FM1-43 may be used to determine the extent to which mem brane 

components adhere to the  AFM tip and cantilever after scanning of the specimen (Schaus & H enderson, 1997).  
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flow cytometry (Chapter 7) .  As the i nstrument avai lable was only a "basic" i nstrument (only one 

l aser; fixed filters; no sorting capabi l ity), and as an  i nferior MFGM probe was used ( i t  sta ined a 

smal l  proportion of fat globules o nly) ,  it is ev ident that there i s  a l ot of scope for improvement i n  

the  flow cytometry technique. Flow cytometers that have as  many as  four lasers, a nd that can 

sort and col lect subpopulations of stained particles, are commercial ly ava i lable. Such 

instru ments should al low the development of advanced counti ng and sorting protocols for fat 

globules, particularly when the fat globules are stained by mult ip le probes. It should be noted 

that the purchase of an advanced flow cytometer would constitute a major capital i nvestment 

and would requ i re skil led personnel . Hence, as for NMR spectroscopy (see Appendix 8), it i s  

l ikely that advanced flow cytometers would be  used in a research env ironment only .  

The appl ication of flow cytometry methods to lecti n-sta ined cel ls ( i ncl uding WGA) (Gal lagher et 

al. , 1 982; Kremp & Anderson,  2004; Franz et al. , 2006), or FM4-64-sta ined cel l s  (Wendland et 

al. , 1 996) ,  has been reported . Hence, one can envisage that flow cytometry analysis protocols 

wi l l  be developed that sort fat g lobules on the basis of the degree of stai n ing of their 

mem branes. In turn,  this should a l l ow the ratio of polar l i pids to neutral l ipids to be determined . 

This parameter could then be used as an  ind icator of fat globule damage upon m i l k  handling 

and treatment. 

Furthermore, lately there has been i ncreasing interest in determ i ning d ifferences between fat 

g lobules of certain  size classes ( Briard et al. , 2003; Michalski ,  2004; Michalski et al. , 2004, 

2005a; Fauquant et al. , 2005;) a nd manipulating the properties of some dairy products ( notably 

cheese) by using fat globules of such size classes (Michalski et al. , 2003, 2004a, 2006, 2007). 

I n  these stud ies, the fat g lobules were div ided into relatively broad size classes. In contrast, flow 

cytometry shou ld  al low the study of the relationship ,  if any, between the actual fat globule size 

and the related M FGM properties (or, alternatively, core fat properties), as revealed by 

fluorescent probe staining. It is enti rely feasible that such a study might identify d ifferent 

populations of m i l k  fat globules with in  a mi lk sam ple of an i nd ividual animal , or between mi l k 

samp les obta ined from different a nimals. Such fractions cou ld then be col l ected by using the 

sorting capabi l ity of the i nstrument and be subjected to further analysis. 

The above exam ples i l l ustrate the value of flow cytometry methods in  the study of changes i n  

the MFGM post secretion of the fat globu les by the secretory cel l ,  and particularly post 

harvesting of the mi lk. 

8.3 Final co nclusions and future work 

This thesis has shown that the d evelopment of novel analytical techniques has resu lted in new 

i ns ights i nto the composition and structure of the MFGM.  Further development a nd uti l isation of 

these techniques as summarised i n  Figure 8 .3 are certain to g ive a great impetus to MFGM 

research efforts and wi l l  advance our understanding of the MFG M .  Undoubtedly, MFGM 

research wil l  prove to be a very exciting research field i n  the years ahead .  
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Fig ure 8.3 Outl ine of proposed future work . 
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Appendix 1 List of fluorescent probes that were deemed to have potential as M FG M  probes 
Class Product Reference to Excitationl Fluoresce Compatible Unit S ize Price per unit Storage & handling Suitable solvent 

Code(s) chapter in Emission in water? with Massey (NZ$) 
Molecular maxima Un iversity 
Probes (nm) ClSM? 
Handbook 

Fatty acid (Bodipy) D3834 1 3 . 2  505 / 51 1  Yes (weak?) 1 mg 157  

Fatty acid (Pyrene) P1 903MP 1 3.2 342 / 376 N o  1 00 m g  Inquire 

Fatty acid (Dansyl) D94 1 3 .2 335 / 51 9  N o  1 00 mg 222 
Fatty acid (NBD)  N31 6 1 3.2 467 / 539 Almost none Yes 100 mg 1 68 Solid; Protect material DMSO/MeOH 

from long-term 
exposure to light; may 
be exposed to light for 
short periods of time. 

Fatty acid (NBD)  N678 1 3 . 2  467 / 539 Almost none Yes 1 00 mg 440 Idem DMSO/MeOH 

Phospholipid ( N BD)  N3787 1 3 .2 465 I 534 Almost none Yes 5 mg 168  Solid; Desiccation Chloroform/EtOH 
recommended. Store 
at <= -20°C. Protect 
material from long-
term exposure to light; 
may be exposed to 
light for short periods 
of time. 

Phosphoinositides Various 1 3 .2 refer to Table 1 8 .3 in  50 JIg 658 
(Bodipy) Molecular Probes 

Handbook 
Phosphocholine Various 1 3 .2 506 I 5 1 3; Yes (581 ) 1 00 Jig 1 57 
(Bodipy) 530 I 550; 

581 1 591 

Phosphocholine (DPH) D476 1 3.2 354 I 428 N o  1 mg 1 68 

Phosphocholine 
( B ispyrene) B3782 1 3. 2  340 I 473 N o  1 mg 256 
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Class Product Reference to Excitationl Fluoresce Compatible Unit Size Price per u nit Storage & h andl ing Suitable solvent 

Code(s) chapter in Emission in water? with Massey (NZ$) 
Molecular maxima Un iversity 
Probes (nm) CLSM? 
Handbook 

Phosphoethanolamine L1 392 1 3. 2 560 / 581  Yes 5 mg 231 Sol id; Desiccation 
(LRB/R hodamine red) recommended. Store 

at < = -20°C. Protect 
material from long-
term exposure to light; 
may be exposed to 
light for short periods 
of t ime. 

Phosphatidic acid 03805 1 3 .2 504 / 51 1  Yes (weak?) 1 00 pg 1 5 7  

Phospholipid (Pyrene) H361 1 3 .2 342 / 376 N o  1 mg 222 

Phospholipid (Oansyl) 057 1 3 .2 336 / 51 7  N o  2 5  m g  303 
Phospholipid F362; 1 3 .2 496 / 51 9; Yes 5 mg; 1 mg 231 231 
(Fluorescein and 01 2650 501 1 526 
Oregon Green) 

Sphingol ipid (Bodipy) 03521 / 1 3.3 505 / 51 2  Yes (weak?) 250 pg 388 
03522 

Sphingolipid (NBO)  N 1 1 54 /  1 3.3 466 / 536 ? 1 mg 388 
N 3524 

Lipopolysaccharides L23350 1 3.3 503 / 51 5  Yes (weak?) 1 00 pg 249 
(Bodipy) 

Lipopolysaccharides L23351 / 2  1 3 .3 Different for the 1 00 pg 249 
(Alexa Fluor®) 1 3  different conjugates 

Oxacarbocyanines 0275 1 3 .4 484 / 501  Yes 1 00 mg 4 1 3  Solid; Protect material 
from long-term 
exposure to l ight; may 
be exposed to light for 
short periods of time. 

Anionic sulfophenyl 07777 1 3 .4  556 / 573 Yes 5 mg 4 1 3  Idem 

Anionic sulfophenyl 07778 1 3 .4  497 / 51 3  Yes 5 mg 4 1 3  Idem 



Class Product Reference to Excitationl Fluoresce Compatible Unit S ize Price per u nit Storage & handling Suitable solvent 
Code(s) chapter in Emission in water? with M assey (NZ$) 

M olecular maxima University 
Probes (nm) CLSM? 
Hand book 

Anionic sulfonate 07776 1 3 .4 555 / 570 Yes 5 mg 4 1 3  Idem 

Li[2o[2hil ic Tracer L778 1 1 3. 4  1 mg each 460 Idem 
Sam[2ler Kit 

Component A; Oi lC 1 8  0282 1 3.4 549 / 565 Yes OMSO/EtOHI 
solid MeOH 

Component B; Oi lC 1 8  0307 1 3 .4 549 / 565 Yes OMSO/EtOHI 
oil MeOH 

Component C; O iOC 1 8  0275 1 3 . 4  484 / 50 1  Yes OMSO/EtOHI 
MeOH 

Component O� 03883 1 3 .4  49 1 / 61 3  None Yes OMSO/EtOHI 
OiA MeOH 

Component E; O i 1C 1 8; 07776 1 3 .4 See above OMSO/EtOHI 
5,5' disulfonic acid MeOH 

Component F; 07777 1 3.4 See above OMSO/EtOHI 
SP-OiIC 1 8  MeOH 

Component G;  07778 1 3.4 497 / 51 3  Yes OMSO/EtOHI 
SP-OiOC 1 8  MeOH 

Component H ;  07779 1 3 . 4  576 / 599 Yes OMSO/EtOHI 
5,5-Ph2-0i IC  MeOH 

Component I ;  0 1 2731 1 3 . 4  748 / 780 No OMSO/EtOHI 
OiR (Oi 1C1 8 ( 7)) MeOH 

O i l C7000 1 4 .4 553 / 570 Yes 20x50 /1g 393 Somewhat more water 
soluble than 0282 

Styryl dye T1 1 1 1  1 4.4 532 / 71 6  5 mg 527 OMSO/EtOHI 
Reasonably water 
soluble 

Styryl dye T31 63 1 4.4 479 / 598 1 mgl 53 1 /609 Water 
T35356 1 0x1 00 /1g 
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Class Product Reference to Excitationl Fluoresce Compati ble Unit S ize Price per unit Storage & hand l ing Suitable solvent 
Code(s) chapter in Emi ssion in water? with Massey (NZ$) 

Molecular maxima Un iversity 
Probes (nm) C LSM? 
Handbook 

Styryl dye T31 66 1 4. 4  51 5 / 640 1 mg 609 Water 
T1 3320 1 0 x 1 OO tlg 

Styryl dye T3164 1 6 . 1  479 / 640 1 mg 557 

Fluorescein 0 1 09 1 3 .5 497 / 51 9  Yes 1 00 mg 204 Solid; Protect material OMSO/EtOHI 
from long-term MeOH 
exposure to l ight; may 
be exposed to light for 
short periods of t ime. 

Fluorescein H 1 1 0  1 3 .5 497 / 51 9  Yes 1 00 mg 1 9 1  Solid; Protect material 
from long-term 
exposure to light; may 
be exposed to l ight for 
short periods of time. 

Fluorescein F3857 1 3 .5 497 / 51 9  Yes 1 0  mg 204 Solid; Protect material 
from long-term 
exposure to l ight; may 
be exposed to light for 
short periods of time. 

Coumarin H 22730 1 3.5 366 / 453 No 10 mg 249 

OPH propionic acid P459 1 3.5  354 / 430 Almost none N o  25 mg 440 

TMA-OPH T204 1 3.5 355 / 430 Almost none No 25 mg 460 

TMAP-OPH P3900 1 3 .5 354 / 429 Almost none No 5 mg 489 

Oapoxyl derivatives 0 1 2800 1 3.5 358 / 51 7  Weak No 1 0  mg 222 
ANS A47; 1 3.5  372 / 480; N o  N o  1 00 mg 256 

A50; 3 1 9 / 480; 256 1 53 
T53 31 8 / 443 

MBOS A1 1 760 1 3.5  342 / 450 No No 231 



Class Product Reference to Excitationl Fluoresce Compatible Unit S ize Price per unit Storage & handling Suitable solvent 
Code(s) chapter in Emi ssion in water? with M assey (NZ$) 

M olecular maxima Un iversity 
Probes (nm) CLSM ? 
Hand book 

Casein C2990 16 . 1  ? 25 mg 222 

LECTINS 

W GA (Alexa Fluor® W 1 1 26 1  7.7 495 / 51 9  Yes 5 mg 433 Desiccation 
488) recommended. Store 

at <= -20·C. Protect 
material from long-
term exposure to light; 
may be exposed to 
light for short periods 
of time. This material 
is not considered 
hazardous, or is not 
present above 1 %, or 
is not a carcinogen 
above 0 . 1  % as 
defined in  29 CFR 
1 91 0. 1 200, the OSHA 
Hazard 
Communication 
Standard. Therefore, a 
Material Safety Data 
Sheet is not required. 

W GA (Alexa Fluor® W 1 1 262 7 .7 590 / 61 7  Yes 5 mg 
594) 

Con A (Alexa Fluor®) C 1 1 252 7.7 495 / 51 9  Yes 5 mg 220 Idem Aqueous buffers 

Con A (Alexa Fluor®) C21 421 7.7 650 / 668 Yes 5 mg 220 Idem Aqueous buffers 
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Appendix 2 Principle of operation of the confocal  laser 
scanning microscope (C LS M )  

21 1 

The major d ifference between a CLSM and a conventional m icroscope is that the CLSM 

excludes out-of-focus l ight from the image and thus al lows the user to "see" optical sections 

below the surface of the s pecimen. F igure A2 . 1  shows the operating principle of an 

epifluorescence CLSM. Laser excitation l ight from a point source is focused onto a particu lar 

focal p lane in the s pecimen. The beam s pl itter (d ichroic m irror) reflects away the laser l ig ht 

reflected from the specimen and al lows the em itted fluorescence from the specimen to pass 

through .  The fluorescent l ight from the exc ited point in the specimen is focused at a detector 

confocal p inhole. A barrier filter ( not shown) ,  which is placed between the beam spl itter and the 

detector, is used to collect the des ired em iss ion wavelength range(s) .  F luorescent l ight from 

above or below the focal p lane is not confocal with the p inhole and therefore is mostly excluded 

from the detector ( photomu lt ipl ier tu be) . The excitation beam is scanned in a raster pattern 

across the specimen in a defined area. Emission from the focal plane from each point in the 

excited area is  collected by the detector as photon fluxes . The changing voltage detector signal 

is d ig itised by a computer to generate pixels which are d is played on a mon itor, thus generating 

an image. Focal planes at d ifferent depths can be scanned and the 2-D images generated can 

be compi led by the computer to render 3- D proj ections of the specimen . More detailed 

descriptions of the CLSM can be found in d ed icated microscopy l iterature (e .g . ,  Inoue, 1 995; 

Murphy, 2 001 ) .  
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Fig ure A2.1 Schematic overview of the principle of the confocal laser scann ing 

m icroscope. Dashed l ines denote out-of-focus l ight which does not reach 

the detector. 
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Appendix 3 Sample staining and m icroscopy imaging protocol 

Th is append ix describes the stain ing protocol that typically was used in a l l  m icroscopy work that 

involved the use of fluorescent probes . Numbers with in square brackets denote steps that may 

be omitted depend ing on circumstances . 

[1 ] Prepare a probe stock solution. Wrap the v ia l  in alum inum foil .  Store the v ia l  at the 

appropriate temperature when not in use. 

2 Add a defined volume of the stock probe solution to a defined volume of the mi lk 

sample and mix gently by invers ion of the v ia l .  

3 I ncubate the stained mi lk  sample for a defined period of time at a defined temperature 

to al low proper stain ing of the fat globules . 

4 Transfer an a l iquot of the sample to a glass microscope sl ide. For conventional 

fluorescence m icroscopy typically a volume of 7 .5 ,uL is su itable; for CLSM 6 .5 ,uL is 

typically su itable. 

[5]
' 

Gently place a cover s l ip  on the sample, taking care not to cause damage to fat 

globu les in the sample. 

6 Observe the sample under the microscope. 

7 Capture images that are representative of the sample. 

This step may be omitted when using an  inverted microscope. 
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Appendix 4 C LS M  filter settings for selected fl uorescent probes 

Probe Excitation Beamsplitter C ha nnel 1 Channel 2 

laser ( nm) 
Beam Barrier Beam Barrier 

spl itter filter spl itter filter 

ConA488 488 RSP
1

550 RSP580 Lp2 51 5 

DiOC18(3) 488 RSP 51 0 M irror LP 550 

Di IC18(3)  488 RSP 51 0 M irror LP 550 

DiA 488 RSP 51 0 RSP 580 LP 51 5 

Di IC1 8( 3)-DS 4883 RSP 51 0 RSP 580 LP 51 5 Mirror LP 530 

N i le B lue 488 RS P 5 1 0 RS P 580 LP 51 5 

FM4-64 488 RS P 51 0 LP 590 Mirror LP 590 

FM4-64/ 488 RSP 51 0 RSP 580 BP FITC4 Mirror LP 590 

WGA488 

combination 

FM1 -84 488 RSP 51 0 RSP 580 BP F ITC M irror or LP 530 

RSP 660 

W GA488 488 RSP 51 0 M irror LP 51 5 

WGA594 568 DD5 488/568 RS P 580 RSP 660 

WGA647 647 RSP 580 RSP 660 LP 665 

Relative short pass. 

2 
Long pass. 

3 I nformation from the manufacturer suggested that the excitation spectrum for this probe favoured excitation using a 568 nm 
laser. However, fat globules stained with Di IC'8(3)-DS were shown to have very poor fluorescence emission when excited at 
this wavelength. It appears that in MFGM the excitation wavelength range shifted from the green to the blue region of the 
visible spectrum. 

4 
Band pass for fluoroscein isothiocyanate (51 5-545 nm). 

Double dichroic. 



Appendix 5 List of lectins that have been shown to bind to intact M FG M  or isolated M FG M  
Lectin Specificity 1 BMFGM2 HMFGMJ M FGM of Reference Comments 

other 

ConA a-D-mannose, a-D- + 
species 

Keenan et al. ( 1 974) ConA binding to washed membrane was measured using "H-acetylated 
glucose ConA. This work suggested that all ConA binding sites in the membrane 

were externally exposed. 

< < Horisberger et al. ( 1 977) Electron microscopy was used to study washed fat g lobules, or MFGM, 
using lectin-labelled gold granules. 

+ (rat) Sasaki & Keenan ( 1 979) Electron microscopy was used to study washed intact fat g lobules using 
ferritin-labelled ConA. 

+ + Farrar et al. ( 1 980) Lectin binding was measured by means of an agglutination assay (1 h, 
22°C ) using extensively washed fat globules in PBS buffer. 

+ (caprine) Patton & H ubert ( 1 983) Mi lk containing 3H-labelled ConA was incubated at 37"C (various 
incubation times were tested) .  Fat globules were then isolated and 
washed and radioactivity was measured. MFGM fragments were 
prepared by employing the non-ionic detergent Triton X- 1 00. 

+ (equine) W elsch et al. ( 1 988) Fluorescent lectins conj ugated with fluorescein isothiocyanate (F ITC) 
were used. Fat g lobules were extensively washed and subsequently 
fixed in glutaraldehyde prior to assessment by conventional 
fluorescence microscopy. 

+ Buchheim et al. ( 1 988) It is assumed that Buchheim et al. ( 1 988) used the same technique as 
that used by W elsch et al. ( 1 988). ConA fluorescence was reported to 
be less intense than that of either W GA or soy bean agglutinin. 

< < (equine); W elsch et al. ( 1 990) The study of Welsch et al. ( 1 990) contained only sketchy experimental 
< (ovine) details. It appears that milk was incubated ( 30 min) using F ITC-Iabelled 

lectins. Fat globules were subsequently washed using PBS and 
mounted with glycerol. No m icroscopy details were reported. 

Soy bean agg lutinin D-galactose; N -acetyl-D- + Horisberger et al. ( 1 977) 
galactosamine ( GaINAc) 

+ + F arrar et al. ( 1 980) 

+ (equine) Welsch et al. ( 1 988) 

+ Buchheim et al. ( 1 988) 
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Lectin Specificity 
, 

BMFGM' HMFGMJ M FGM of Reference Comments 
other 
species 

+ + ( equine); Welsch et al. ( 1 990) 
+ ( ovine) 

W heat germ N-acetyl-D-glucosamine + + Horisberger et al. ( 1 977) Control was performed using N-acetyl chitopentaose. 
agglutinin (GlcNAc); N-

Acetylneuraminic acid + + Farrar et al. ( 1 980) Inhibition of agglutination was performed using GlcNAc. 
(NANA); GaINAc; 

+ ( equine) W elsch et al. ( 1 988) Control was performed using GlcNAc. 

+ B uchheim et al. ( 1 988) No mention of controls. 

+ + ( equine); Welsch et al. ( 1 990) Controls were performed "with corresponding inhibiting sugars". 
+ ( ovine) Presumably. this means GlcNAc as in  Welsch et al. ( 1 988). 

P eanut lectin D-galactose Horisberger et al. ( 1 977) 

+ ( equine) Welsch et al. ( 1 988) 

+ Buchheim et al. ( 1 988) 

+ + ( equine); Welsch et al. ( 1 990) 
+ ( ovine) 

Griffonia simplicifolia a-D-galactose; a-N- Horisberger et al. ( 1 977) 

agglutinin 4 acetylgalactosam ine 
< + ( equine) W elsch et al. ( 1 988) 

+ ( equine); Welsch et al. ( 1 990) 
< ( ovine) 

Ricinus communis D-galactose; GalNAc + + Farrar et al. ( 1 980) 
Type I agglutinin 

+ ( equine) Welsch et al. ( 1 988) 

+ + ( equine); Welsch et al. ( 1 990) 
< ( ovine) 

Ricinus communis Terminal D-galactose; + + Farrar et al. ( 1 980) 
Type 1 1  agglutinin GalNAc 

Helix pomatia GalNAc + Farrar et al. ( 1 980) 

agglutinin 

+ (equine) Welsch et al. ( 1 988) 



Lectin 

Dolichos bitlorus 

agglutin in  

Lens culinaris 
agglutinin 
Ulex europaeus 

agg lut inin
5 

Specificity 1 

GalNAc 

Mannose; glucose 

L-fucose; di-N- acetyl­
chitobiose 

Lotus tetragonolobus Fucose 
agglutinin 

Arachis hypogaea 
( peanut agglutin in) 

Phytohaemagglutinin 

p-D-galactopyranosyl-( 1 -
3)-N-acetyl-D­
galactosamine 
(sometimes called 
Thomsen-Friedenreich 
antigen) 
GlcNAc 

Limulus polyphemus Sialic acid 
agglutinin 

BMFGM2 HMFGM3 M FGM of 
other 
species 

+ 

+ 

< 

< + 

+ 

< 

+ + 

+ 

+ (equine); 
- (ovine) 

< (equine) 

- (equine); 
- (ovine) 

- (equine) 

< (equine); 
< (ovine) 

+ (equine) 

Reference 

Welsch et al. ( 1 990) 

Farrar et al. ( 1 980) 

Welsch et al. ( 1 988) 

Welsch et al. ( 1 990) 

Farrar et al. ( 1 980) 

Horisberger et al. ( 1 977) 

Farrar et al. ( 1 980) 

Welsch et a/. ( 1 988) 

Buchheim et al. ( 1 988) 

Welsch et al. ( 1 990) 

Farrar et al. ( 1 980) 

Farrar et al. ( 1 980) 

Welsch et al. ( 1 988) 

W elsch et al. ( 1 988) 

Comments 

Pretreatment with neuraminidase was reported not to abolish the 
reaction with this lectin .  H ence, the validity of a positive demonstration 
of sialic acid using this lectin was questioned. 

According to references cited in  this table and/or Sharon & Lis (2003) .  
2 

B ovine MFGM; the symbols +, < and - signifiy moderate or strong binding, weak or little binding, or no binding, respectively. Absence of any symbol sign ifies that no published information was 
available. 

3 
H uman MFGM; symbols as for bovine MFGM. 

4 
Also called Bandeiraea simplicifolia lectin .  

5 
Also called anti-H lect in.  
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Appendix 6 Fat globule washing procedure 

Raw bovine mi lk  was warmed to 40°C in a water bath and weighed out into two cream Babcock 

tubes . These tubes were centrifuged in a Babcock centrifuge ( 1 1 30 rpm, 40°C, 5 min; Su per 

Vario N, Funke Gerber, Germany). The cream layer was transferred into preweighed empty 

Babcock tubes using plastic d isposable p ipettes (2 mL). Water (40°C) was added to fill half the 

tube and the cream and water were mixed by gentle swirl ing.  The tube was then further fi l led 

with water (40°C) so that the meniscus was as high up  in the neck as possible while ensuring 

that the weight of the two tubes agreed to with in 0.5 g .  The bottles were briefly ( 2-5 min) placed 

in the 40°C water bath to ensure that the temperature of the contents was about 40°C 

(centrifugation at th is temperature ensures maximum separation of the cream phase) . The 

bottles were centrifuged as before, and after centrifugation the removal of the cream phase, 

add ition of water, warming of the contents and centrifugation were repeated as before. After 

removal of the cream phase from the original m ilk, three washing steps were performed in total .  

Assessment by bright field m icroscopy showed that the maj ority of fat globu les were sti l l  

spherical after three washes . Table A6. 1  shows typical weights for the successive steps in this 

procedure. 

Table A6.1  Typical weights for milk or cream and added water, and calcu lated d i lution ratios for 

the cream fractions in the successive steps of the fat globule washing procedure 

Sam ple Milk or cream (9) Water (9) Dilution factor 

Raw mi lk (a) 50.5 

Raw m ilk (b) 50.4 

Cream wash 1 a 3.34 48.38 1 5  

Cream wash 1 b 4 .31  47.84 1 2  

Cream wash 2a 3.69 44.51  1 3  

Cream wash 2b 3.68 44.50 1 3  

Cream wash 3a 3.84 56.24 1 6  

Cream wash 3b 3 .73 57.20 1 6  

Verification of absence of mi lk serum components was demonstrated by chemical analyses 

using both protein and lactose as ind icators. Total n itrogen was determined according to the 

Kjeldahl principle 1 and protein content was calcu lated by employing a n itrogen conversion factor 

of 6 .38. Lactose analyses of raw mi lk ,  skimmed mi lk and the serum of wash 1 were performed 

by the auto-analyser method2 . However, for the serums of was h  2 and wash 3 samples ,  lactose 

1 Fonterra Analytical Services Group method ACCA_053 version 1 ,  Determination of Nitrogen using Buchi. 

2 Fonterra Analytical Services Group method ACAA_0 1 version 7, The Analysis of Chloride, Lactose and Phosphate 

by Autoanalyser. 
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was determined by the phenol-su lfuric acid method3 (which actua l ly measures total reducing 

sugars , not lactose specifical ly) as the detection l im it of auto analyser method was not 

suffic iently sens itive for accurate measurement of the expected low levels of lactose in these 

samples . Typical chemical data are shown in TableTable A6.2 .  

Table AS.2 Typical protein and lactose contents of the serum phases from the d ifferent fat 

globule washing steps 

Sample Protein (% w/w) Lactose (% w/w) 
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Replicate 1 Replicate 2 Replicate 1 Replicate 2 

Raw mi lk  3 .39 4 .94 

S k immed mi lk 3 .52 3 .54 5.06 5 . 1 1 

Serum wash 1 0 . 1 1 0 . 1 5 0.23 0.28 

Serum wash 2 0 .01  0 .0 1  0 .0 1  0 .01  

Serum wash 3 0 .0 1  0 .0 1  < 0.01  < 0 .01  

The repl icate results in Table A6 .2 were in close agreement, which means that the wash ing 

procedure was a repeatable procedure as far as removal of serum components was concerned . 

The sl ightly higher results for both protein and lactose of skimmed mi lk  compared with those of 

raw milk were due to the lowered fat content following the separation of the fat from the raw 

mi lk4 . 

The total protein and lactose results of serum wash 1 were in good agreement with expected 

levels on a d i lution calcu lation basis (0 .3  and 0.4% w/w, respectively). The total protein results 

of the serums of washes 2 and 3 were at the l im it of quant ificat ion for the type of samples and 

sample volumes used ( E .  Conaghan, Fonterra Analytical Services Group ,  personal 

communication , 1 1  September 2 006) . The close agreement of the level of the calcu lated protein 

content with the measured lactose contentS and with d ilution calcu lat ions6 confirmed the 

absence of plasma components . 

Hence, it may be concluded that after two washes of the cream phase, virtually a l l  the mi lk  

plas ma components had been removed , and that cream that had been washed three times 

cou ld be considered to be completely free from mi lk plasma components . 

3 Fonterra Analytical Services Group method ACCA_0 1 5  version 6, Determination of Lactose content in Caseins, 

Casei nates, W PC, MPC, Lactalbumin and Cheeses - Photometric method. 

4 The fat content measured by infra-red (FT 1 20, Foss, Denmark) was 4 .61 % (w/w). Considering the low centrifugal 

force employed in the Babcock centrifuge, fat separation would not have been optimal and may have removed only 

about 4% fat from the milk sample. This estimate is in  good agreement with the increases observed for both protein 

and lactose contents in the skimmed milk compared with those of the parent raw mi lk.  

5 These are expected to be similar as the lactose content of the milk is of the same order of magnitude as that of the 

total nitrogen content. 

6 For example, for serum 2 replicate 1 ,  the expected total nitrogen result is 3 .53/( 1 6x13)  = 0.02% (w/w), where the 

figures in the denominator are the di lution factors. 
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Appendix 7 Image capturing protocol for conventional 
fluorescence microscopy 

1 .  View the sample u nder bright field using the x1 0 objective. This allows qu ick 

assessment of the entire sl ide and is particularly usefu l for determin ing whether 

s ign ificant fat g lobule clustering has occurred. Record observations . 
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2 .  Switch to the x40 objective, refocus under bright field and switch to fluorescence mode. 

Then qu ickly scan the sl ide ( no longer than 2 s in any spot) to obtain an impress ion of 

the fluorescence of fat globu les across the sl ide. Record observations.  

3. Switch to bright field mode. 

4 .  Switch to camera v iewing mode.  

5 .  Refocus the m icroscope so that in-focus images can be captured . 

6 .  Switch to fluorescence mode and within 1 s activate the image capture command . As 

the camera takes several seconds to capture the image, it is important to move the 

stage to a d ifferent (u nexposed ) position to take another image of the same sl ide. This 

process wil l ensure that images are captured w ithout causing any undue fad ing and 

al lows for comparison of fluorescence intens ity between d ifferent images . 
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Appendix 8 N M R  spectroscopy 

N M R  spectroscopy is a well estab l ished analytical technique that has been in widespread use in 

the research community for over 50 yearsl . The work described in this Append ix was conducted 

in 2004 and at the time only two N M R  studies relat ing to the MFGM had been reported in the 

l iterature ( Chandan et al. , 1 972; Murgia et al. , 2003) . However, these studies d id not involve 

d irect NMR analys is of the milk sample2 .  The aim of the current study was to investigate 

whether NMR spectroscopy cou ld be used as an analytical tool to measure the degree of 

damage suffered by fat globu les in mi lk as a consequence of mechanical treatment. 

AS.1  Experimental 

AS.1 . 1  Sam ple treatment 

Mi lk  ( 1  L) from the bu lk tank of Massey University da iry farm No. 1 was warmed to 37°C. About 

500 mL was placed into a kitchen blender and blended at h igh  speed for 60 s .  (The intention 

was to test the NMR on an extreme case of mechan ically ag itated mi lk . )  A subsample (-1 5 mL) 

of the blended sample and a control ( i . e . ,  untreated ) sample were transferred to the Massey 

Un ivers ity NMR su ite and stored at 5°C unti l  analys is in the even ing of the day of sample 

col lection .  

AS. 1 .2 NMR ana lyses 

E xperiments were performed using a Bruker Avance 400 NMR spectrometer (9.4 T) .  The NMR 

frequencies for 
1
H and 31 p experiments were 400 MHz and 54  MHz ,  respectively. The  sample 

temperature was mainta ined at 25°C. The s pin-spin relaxation (Td measurements were 

performed with the Carr-Purcel l-Meiboom-Gil l  sequ ence (Cal laghan,  1 991 ) to determine the 

relaxation profiles for each sample. 

AS.2 Results a nd d iscussion 

The NMR s ignals were obtained from about 300 acqu isitions.  Although the correlation 

coefficients of the regression equ ations were not very h igh ( 0 . 86-0 .96) , the results of the 

experiment were sufficient for the purpose of the investigation ( i .e. , to determine whether 

d ifferences between milk contain i ng damaged fat globu les and untreated milk can be detected 

us ing h igh resolution NMR) . 

AS.2.1 1 H NMR 

The relaxation constant of a molecule is related to its chem ical structure and env ironment. The 

relaxation env ironment is a function of: ( 1 )  the level of interactions (an increased l evel of 

interaction leads to decreas ing relaxation constant) ;  (2) molecule mobil ity (a  decreas ing mobil ity 

1 A good general introduction to NMR can be found in Skoog & Leary ( 1 992). 

2 At a later date, a short communication was published in which buffalo mi lk and bovine milk were analysed directly 

by 3 1p NMR (Andreotti et al. , 2006). 

3 Also called 'traverse relaxation time". Denotes reduction of the average life time of an excited nucleus by interaction 

with neighbouring nuclei that have identical precession rates but different magnetic quantum states. 
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leads to a d ecreasing relaxation constant), and (3) s ize of the chem ical environment (related to 

the level of interactions , the smal ler the compartment the smal ler the relaxation constant; 

Callaghan, 1 991 ) .  It is assumed that the blending of the milk d id not s ign ificantly change the 

chemical structure of the mi lk  fat. Thus , any observed changes wou ld only occur when the 

environment of the protons of the milk fat had changed . The 1 H relaxation curve showed bi­

exponential behav iour ,  i.e. two relaxation zones were evident (fitted data shown in F igure A8. 1 ) . 

o 
Cl) 

o 

-2 

� -4 
.s 

-6 

-8 
0.0 0 . 1  0.2 

-+- Untreated milk 

-0- Treated milk 

0.3 0.4 0.5 0.6 
t (5) 

F ig ure AS.1  Plots of the fitted 1 H NMR data ( In[S/SoD for untreated mi lk and treated m i lk ,  

res pectively . 

I n  the fast relaxation zone ( large slope; reg ion from t = 0 s to about t = 0 .04 s), no s ignificant 

d ifference between the relaxation constants of the untreated sample and the treated sample 

was observed . The fast relaxation zone represents fat in a h ighly ordered state. This could 

possibly represent fat in relatively smal l  fat globules . (The fat in smal l  fat g lobules wou ld have a 

more efficient interaction with the MFGM or fat globu le-mi lk plasma interface than that in larger 

fat globu les and thus would have fast relaxation t imes) .  Smal l  fat g lobu les are relatively res istant 

to shear forces , and they were not expected to have changed upon blend ing of the m ilk .  Thus , 

this wou ld explain why no s ignificant d ifferences were observed between the relaxat ion 

constants of the untreated sample and the treated sample. I n  contrast, the relaxation constants 

in the slower relaxation zone (smal ler slope; region for which t > 0 .04 s) ,  which presumably 

represent the fat in larger fat globu les ,  changed from 1 1 6 ms for the untreated milk to 86 ms for 

the treated m ilk .  This ind icated an increas ing degree of interaction of the fat with the 

environment upon blend ing of the milk. Aga in, this is cons istent with expectation, as the fat in 

larger fat g lobu les would have undergone a change in environment u pon blend ing of the m ilk ,  

because many of the larger fat globu les would have been d isrupted and have generated s mal ler 

fat globu les that were part ial ly ,  or fu l ly, coated with plasma prote in .  The combination of an 
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increased fat g lobu le surface area and a proteinaceous· interface would be expected to result in 

faster relaxation times . 

An alternative explanation for what the relaxation zones represent wou ld be that the fast 

relaxation zone corresponds to l ip id that is completely interior to all fat globu les .  The slow 

relaxation zone would then correspond to l ip id that is in contact with the interface and that can 

move more freely than the l ip id in the interior ( hence slower relaxation time) .  S imilarly to the 

previous explanat ion, the combination of an i ncreased fat g lobu le surface area and generation 

of a proteinaceous coat, through adsorption of plasma proteins onto the denuded fat upon 

blend ing of the m ilk ,  wou ld be expected to result in faster relaxation times .  

AB.2.2 31 p N M R  

The 31 p spectrum showed one major peak and some minor peaks (Figure AB.2) .  At the time the 

experiment was conducted , the major peak was assumed to represent the organic P ( i .e . ,  

phosphol ip ids) .  From a comparison with the chemical shift of the phosphorous peaks reported in  

a later study (Andreotti et al. , 2006), this appeared to be an erroneous assumption as the 

largest peak apparently represents the 31 p from inorganic phosphate. To ampl ify the organic 31 p 
s ignal (which was buried in the noise i n  the current experimentS), a min imu m of 600 acqu is it ions 

wou ld probably have to be made. This wou ld requ ire an analysis time of at least 1 2  h (The 31 p 
NMR analyses took 6 h for 300 acquisitions ) .  As milk is a l iv ing med ium6, and physical changes 

such as creaming wou ld occur, such a long analys is time wou ld raise serious questions about 

the interpretation of the results and the practical use of the technique. 

AB.3 Potential of NMR 

Although 1 H NMR results showed d ifferences in relaxation constants between the untreated 

sample and the treated sample, NMR spectroscopy was not cons idered to be a suitable 

technique for studying changes to the MFGM as a consequence of milk hand l ing and treatment. 

The b lend ing of the treated sample involved severe ag itation of the milk for 60 s .  Yet, only 

relatively smal l  d ifferences in NMR data between the untreated sample and the treated sample 

were observed . In practice, milk hand l ing is not expected to be as extreme as that in this 

experiment. Therefore, NMR is unl ikely to be a sens itive tool for measuring MFGM damage. 

Furthermore, the duration of the NMR analysis , particularly that of the 31 p N M R, the technical ly 

compl icated env ironment ( h ighly ski l led N M R  operators are requ ired ) ,  as wel l  as the h igh 

purchase price and maintenance costs prec lude this technique from being used in a (semi­

)routine env ironment for measuring changes to the MFGM.  This conclusion agrees with that of 

4 Fat and prote in interact via hydrogen bonding, which has the effect of changing the lH relaxation time of the fat to a 

value intermediate between that of its own and that of the protein .  As the latter is lower than that of the fat, this 

would result in a reduced lH relaxation times for the fat, which agrees with the results of this study. 

5 The organic phosphorous signal was not seen in the 31p spectra. However, it could have been identified if the signal 

of the inorganic 31p had been filtered out and the number of acquisitions had been increased to enhance the signal­

to-noise ratio. 

6 Bacterial growth may occur. 
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Vanhoutte et al. ( 2004) who believed that 3
1
p N M R  analysis of foods wou ld remain a research 

techn ique rather than a qual ity control method.  Therefore, the development of an N M R  

technique was not further pursued in the current study. 

Fig ure AS.2 

20 

15  

10 

" 10 ·s 1 0  

Phosphorus spectrum of untreated and treated milk samples . Phosphorus 

relaxation profile taken from the largest peak ( inorganic P) .  
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Appendix 9 Summary of recommendations made in C hapters 
2-7 

Recommendation 

1 .  Confirm whether changes in  the MFGM occur through membrane blebbing 

post secretion of the fat globule by the secretory cel l .  

Section 

2 .2 .2 

2 .  Determine the distribution of cholesterol between the core fat, the MFGM and 2 .3 . 1  

mi l k plasma upon cold ageing of m i lk. 

3. Determ ine how cool i ng ,  ageing a nd pressurising m i l k  changes the structure 2 .3 . 1  

and  com position of the MFGM. 

4 .  Determine how heating affects the phosphol i pid content of the MFGM,  and 2 .3 . 1  

whether heati ng results i n  the release of native membrane from the  fat 

g lobule .  

5 .  Determine how temperature affects the fat globu le  size distribution of mi lk  and 2 .3 . 1  

cream as  a function of temperature and time i n  the absence of mechan ical 

agitation.  

6 .  I nvestigate the relationsh i p  between the physical state of MFGM constituents 2 .3 . 1 

a nd membrane stabil ity. 

7 .  I nvestigate the effect of mastitis on  the MFGM.  2 . 3 .2 

8 .  Verify whether the quantity of membrane material is lower in m id-lactation 2 .3 .3  

than i n  either early or  late lactation .  Control led experimental cond itions are a 

pre-requ isite. 

9. Future research should i ncreasingly focus on studying the mi lk  fat g lobule i n  2 .4  

its native env ironment and i n  real t ime. 

1 0. I nvestigate why the fluorescence intensity of Di IC1s(3)-DS-sta ined fat globules 4 .5 .2  

is greater i n  cold-aged mi lk  than that i n  fresh mi lk .  

1 1 .  I nvestigate the use of ethanol ic stocks of fl uorescent probes on the sta in ing of 4 .8 .2  

fat globules or their membranes. 
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Recommendation 

1 2 .  I nvestigate whether replacing the methyl group on the pyrid in ium r ing of DiA 

by a carboxylated or sulfonated alkyl cha in of su itable length (or other 

modifications) would  make the compound more solu ble  in water as wel l  as 

promoting its location  in the MFGM. 

Section 

4 .8 .3  

1 3 . Determine what caused the  differences i n  fl uorescence intensity of FM4-64 i n  4 .8 .3  

d ifferent parts of the MFGM. 

1 4. Explore changing the length of the double bond bridge i n  D i IC 1 8(3)-DS to 4 .8 .3  

obtai n  analogues that have the same, or a very simi lar, affi n ity for the  MFGM 

as that of Di IC 1 8(3)-DS, but that posses d ifferent excitation and emission 

wavelength spectra . (This is an important option to explore when developing 

multiple  sta in ing protocols as D i IC1 8(3)-DS has been found not to be 

com patible  with som e  other probes because of emission spectrum overlap . )  

1 5. Confirm that WGA b inds to  casein m icel les by  determin ing whether 

fl uorescent particles are absent in WGA-sta ined m i l k  in wh ich the casein  

micel les have been d issociated or  from which the casein  m icel les have been 

removed . 

5 .4. 3 

1 6 . Confirm that �-Iactoglobul i n  is i nvolved i n  the disappearance of on-sl ide fat 5 .8 .3  

globule aggregation upon elevated heat treatment of mil k by  repeati ng the 

stud ies of Ye et al. ( 2004a, 2004b) on human mi lk  or rodent m il k, as m i lk  from 

these species does not conta in  �-Iactoglobu l i n .  

1 7 . E lucidate which MFGM proteins are lost upon using a particular wash ing 5 . 8 .4 

technique, and where these were situated on, or  i n ,  the MFGM, by us ing a 

combination of a membrane-analytical approach ( i .e . ,  determ i ning the 

average composition of the glycosylated com pounds of the MFGM) and a 

microscopy approach ( i . e . ,  assessing the degree of membrane surface 

covered by glycosylated com pounds) as a function of d ifferent wash i ng 

techniques. 

1 8. Further i nvestigate the effect of WGA concentration grad ient on fluorescence 5 .8 .5  

intensity of fat globules. 

1 9. Determi ne the optimum concentration of WGA for d ifferent Alexa Fluor® 5 .8 .5  

conjugates, types of  sam ple  (e.g. ,  washed fat globu les re-suspended in a 

certai n  aqueous medium ,  or mi l k), source of fat globules ( i .e . ,  species), and 

type of m icroscope. 
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Recom mendation 

20.  The use of WGA conjugates i n  studying the structure and com position of the 

MFGM as described in this chapter should serve as a templ ate for further 

stud ies of the MFGM using fl uorescent conjugates of d ifferent l ecti ns. 

Section 

5.9 

2 1 . Extend the current studies us ing WGA by multiple stai ning stud ies in which 5 .9 

both the fat globules and the mi lk plasma proteins (whey protein  and casein)  

are fluorescently l abel led 

2 2 .  Develop a mul ti-stain ing protocol that resulted i n  the sta ining of both fat 5 .9 

g lobules and other sources of membrane, i nclud ing cel ls .  

23 .  Determine whether the double r ing phenomenon is a microscopy artifact. 6 .2 .7 

24.  Expand on the work that showed significant d ifferences i n  both carbohydrate 6.4 

composition and distri bution in MFGM of human, bov ine and ov ine orig ins, by 

employ ing d ifferent lectins that are known to b ind to MFG M ,  and to conjugate 

these with selected AJexa Fl uor® fl uorophores to al low double or triple 

sta i n i ng .  This approach wou ld ,  for example, qu ickly establ ish whether the 

non-fl uorescent patches as shown by WGA are devoid of carbohydrate 

moieties altogether, or whether there is a specific grouping of other 

glycosylated matter at those domains. 

25. E lucidate wh ich factors affect the u ptake of the tested l ipophi l i c  fluorescent 6 .4 

probes by fat globules from mi lk of different species, as th is wi l l  lead to a 

greater understand ing of the d ifferences i n  structure and composition of the 

MFGM between species. 

26 .  Perform further screen ing of fl uorescent probes as analogues of the 

fl uorescent probes tested in this study m ight possess superior sta in ing 

properties for fat globu les from certa in  species of mi lk .  

6 .4 

27 .  I nvestigate in more deta i l  the effect of temperature-time com binations on the 6 .5 

fluorescence intensity of fat g lobules sta i ned with D i IC1 8(3)-DS . 

28 .  Study the effect of heat treatm ent of m i lk  by CLSM. 6.5 

29.  I nvestigate whether using an a nti-fade i mproves the use of a range of 6 .7 . 1  

fl uorescent probes that were found to be photolabi le in the current study. 

30. Perform further experiments to eval uate whether the probes perturb the 6 .7 .3 

membrane or whether they reflect pre-existi ng membrane states. 
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Recommendation 

31 . Develop both a wet-scann ing AFM technique and a dry scann ing AFM 

technique. 

32. Explore the potential of using the micromanipulator technique. 

33. Optimise the flow cytometry technique by optimising sam ple d i lution 

conditions, reducing background signal , selecting appropriate dyes, and 

constructing appropriate cou nting windows. 

Bibl iog raphy 

232 

Section 

7 . 1 .6 

7 .2 .4/7 .2 .5  

7 .3 .3/7.3 .4  

Ye, A. , Singh, H . ,  Oldfield ,  D . J .  & Anema, S .  (2004a) Kinetics of heat-induced association of r.,­
lactoglobu l i n  and a-lactalbumin with mi lk  fat globule membrane in whole mi lk .  
International Dairy Journal 1 4(5) ,  389-398. 

Ye, A. , S ingh,  H . ,  Taylor, M .W . & Anema, S .  (2004b) I nteractions of whey proteins with m i l k  fat 
globule membrane proteins during heat treatment of whole mi lk .  Lait 84, 269-283. 



Appendix 1 0  233 

Appendix 1 0  Assessm ent of ethics of handling h u man milk 

..•... 
,._.- Massey University 

� 

OFFICE OF THE ASSISTANT 
TO THE VICE· CHANCELLOR 
(Ethies & Equity) 

20 December 2006 

TO W H O M  IT MA Y CONCERN 

Re: Mr Jacob Evers 

Private Bog 1 1  222 
Palrnerslon North 
New Zealand 
T 64 6 350 5573/350 5575 
F 64 6 350 5622 
humanelhics@massey.ac.nz 
animalethicS@massey.ac.nz 
gtc@massey.ac.nz 
www.massey.Bc.nz 

M r  Evers submitted thc fol lowing human cthics appl ication for his doctoral research:  

MUH£C: Southern A Applicatioll 0610 7 - Measurement of milk/at globule (membrane) damage 

The application was approved. 

The Committee was subsequently advised by Mr Evcrs that the proposed study did not proceed 
for technical reasons beyond his  contro l .  

At the request of h i s  supervisor, I di  cussed with M r  Evers the procedures h e  used i n  order to 
gather human m i l k  samp les for the conduct of his CLSM validation work and on this basis I am 
confident that the validation work was conducted in accordance with the requirements of Massey 
Univers i ty's  Code of Ethical Conduct for Research, Teaching and Evaluations involving Human 
Purt icipClnts. 

The Committee's term s  o f  reference do not peml it the consideration o f  appl ications for the 
retrospective approval o f  research that has already begun or been completed; consequently, rhe 
only eth ical course of action avai labl e  to Mr Evers and his  supervisor i s  that \vhieh they have 
fo l lowed. 

Yours sincerely 

J ' V� .U 
-----

Professor John O'N e i l l ,  Chair 

Mas ey U n iversity Hu man Eth ics Com mittee: Southern A 

cc Dr Owcn McCanhy 
IF H H  
P 452 

Prof R ichard Archer, Hol 

I FN H H  
PN452 

Massey University Human Ethics Committee 
Accredited by lhe Health Research Council 




