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THE ROLE OF THE INTERFACIAL PROTEIN FILM IN MEAT BATTER 
STABILIZATION 

A. Gordon and S . Barbut 

Animal and Poultry Science Department, University of Guelph, 
Guelph, Ontario , Canada, NlG 2Wl. 

The microstructure of meat batters made with 
equal ionic strengths of NaCl, MgC1 2 , CaCl2 and KCl 
(IS- 0.43) and a reduced-NaCl batter (IS- 0.26) were 
examined by scanning and transmission electron 
microscopy. Micrographs revealed that fat globules 
with smooth and rough protein coats were present in 
all treatments. The roughly-coated globules were 
prevalent in the unstable batters. Pores were 
observed in the interfacial protein film (IPF) 
surrounding the globu l es and were more prevalent in 
the globules with rough protein coats. Fat was seen 
to exude from the pores in both types of globules, 
Fat globules were shown to be immobilized by the 
physical binding of their IPF to the pro tein 
matrix. Thread~like protein strands appeared to 
play a role in binding the smaller fat globules to 
the protein matrix. The IPF had a complex, multi­
layered structure. Some of the larger globules had 
internal protein structures which were connected to 
the IPF and which partitioned and further 
stabilized the fat. The results indicate that fat 
emulsification and the interfac ial film are 
important in preventing fat separat ion in meat 
batters. 

Initial paper r eceived J anuary 30, 1990 
Manuscript received June ll, 1990 
Direct inquiries to S. Barbut 
Telephone number: 519 824 4120 ext. 3669 

Key Words: Meat batter, microstructure, interfacial 
protein film (IPF), chloride salts, fat exudation, 
physical binding, emulsification 
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Introduction 

The so l ubil i zation of the salt so l uble 
myofibrillar proteins in comminuted meat produc ts 
is of great importance i n preventing fat 
separation. These proteins a r e the major 
structural components of the comminuted meat matrix 
(Fukazawa et al., 196la,b) and have also been shown 
to form an interfacial protein film (IPF) around 
fat globules (Swift et al., 1961; Galluzzo and 
Regenstein, 1978a; Jones and Mandigo, 1982). 
Finely comminuted meat products are a complex 
mixture of muscle tissue, fat particles, water, 
spices and solubilized proteins 'Which are held 
together by a variety of a ttractive forces (Jones, 
1984). These components are combined to form what 
has been referred to as either a meat emulsion 
(Theno and Schmidt, 1978) or a non-emulsion meat 
batter (Lee, 1985; Regenstein, 1988). A c lassical 
emulsion consists of t'Wo immiscible liquid phases, 
one of which is dispersed in t h e other in the form 
of a colloidal suspension (Kramlisch, 1977). ln 
meat batters, fat globules constitute the dispersed 
phase (Swasdee et al., 1982) but are sometimes 
larger than the size required to form a true 
emu l sion. Hence, there are currently two t h eories 
for explaining the stabilization of meat batters: 
a) the emulsion theory and b) the physica l 
entrapment theory (Lee, 1985). 

The emulsion theory suggests that the salt 
soluble proteins are drawn to, and concentrated at, 
fat globule surfaces thus forming a stabilizing 
membrane in the ra'W emulsion (Hansen, 1960) Jones 
( 1984) proposed that undena tured myosin first forms 
a monomolecular layer around fat globules in 
uncooked emuls i ons to which other proteins are then 
bound by protein-protein interactions. This is 
possible because of the thin layer of melted fat 
which is believed to be formed on the surface of 
the fat globules as a resu l t of localized 
frictional forces during comminution. The myosin 
molecule is be l ieved to be oriented at the 
interface such that the heavy meromyosin (HMM) head 
is facing the hydrophobic phase and the light 
meromyosin (LMM) tail is towards t he aqueous phase 
(Jones, 1984). This theory is supported by the 
relatively h i gh surface hydrophobicity of the HMM 
Sl fragment of myosin (Borejdo, 1983). Galluzzo 
and Regenstein (1978a,b,c) and Schut (1978) have 
used model systems to show that myosin is adsorbed 
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to form a film during emulsification. Hence, i t 
appears that myosin may act as an emulsifier even 
in its native state and form an interfacial film of 
defined v iscoelastic and mechanical properties at 
the oil· in·water interface. These properties 
determine t he stability of emulsions (Asghar et 
al., 1985). Consequen tly , the emulsifying action 
of myosin may be vital to the stabilization of the 
uncooked meat batter. 

Borchert et al. (1967) showed the presence of 
the interfacial protein film (IPF) in cooked meat 
batters and suggested that it may play a role in 
stabilizing the product during cooking. Their 
study also revealed drastic changes in the 
microstructure of the protein matrix on cooking and 
the existence of small holes or ' pores' in the 
protein films around fat globules in the cooked 
product. Jones and Mandigo (1982) focused on these 
pores in their study of the mechanism of meat 
emulsion stabilization. They found numerous pores 
in the protein enve lope surrounding larger fat 
globules as well as several small fat droplets in 
the vicinity of these pores. They therefore 
proposed that the pores play the role of a 
"pressure release" va l ve which allows the thermal 
expansion of fat during cooking without a collapse 
of the stabilizing IPF. They concluded that batter 
stability was related to the thickness of t h e IPF 
as well as the integrity and density of the protein 
matrix. 

The physical entrapment theory of meat batter 
stability proposes that the fat phase is stabilized 
by physical entrapment within a gelled protein· 
water matrix The myofibrillar proteins in the 
matrix of the uncooked batter are thought to exist 
in a sol form (Acton and Dick, 1984). Cooking 
causes the aggregation of the proteins to form a 
three-dimensional gel which physically traps the 
fat particles (Lee et al., 1981) This theory 
suggests that large amounts of undisrupted fat 
cells remain after the batter is made and therefore 
help to stabil ize the raw batter. The theory was 
s upported by the finding that non-protein 
emulsifiers decrease rather than increase meat 
batter stability (Meyer et al., 1964). The 
chemical and physical properties of fat as well as 
the size and distribution of fat particles have 
been shown to affect fat stabilization (Townsend et 
al., 1968; Smith et al., 1983; Lee, 1985). These 
findings suggest that the emulsification of fat by 
the myofibrillar proteins is incidental to fat 
stabilization by other mechanisms. 

Deng et al. (1981) and Lee (1985) have 
reported that fat channel formation resulting from 
the melting of fat at high chopping temperatures 
was caused by t he discontinuity of the protein 
matrix in unstable batters and led to fat and water 
loss. However, Deng et al. ( 1981) also noted that 
large amounts of broken interfacial film were found 
in unstable batters. Gordon and Barbut (1989) 
indicated that fat channel formation in CaClz and 
HgClz (ionic strength (IS)-0.43) destabilized 
batters was due to the formation of a \oleak 
interfacial film combined with t h e aggregation of 
the protein matrix. Fat and water lost from 
unstable batters were also found to be closely 
related (r-0.95). Hence, although the formation of 
a coherent protein matrix is important in the 
preparation of a stable meat batter, interactions 
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between the encapsulated fat droplets, matrix 
proteins and water influence the stability of the 
system 

The results reported here are the second part 
of a study in which several chloride salts were 
used to produce stable and unstable meat batters 
(Gordon and Barbut, 1989). The specific objectives 
of this study were to investigate the 
microstructure of the IPF and explore its role in 
the stabilization of fat in meat batters 

Materials and Methods 

Batter Preparation 
Five mechanically de boned chicken meat (MDCM) 

batters were produced in three separate trials as 
previously described (Gordon and Barbut, 1989). 
Four different chloride salts (NaCl (2.5%), HgClz, 
CaC1 2 , KCl) were used so as to give an ionic 
strength (IS) of 0.43. In addition, a reduced·NaCl 
batter (1.5%, IS- 0.26) was also prepared. The 2.5% 
NaCl represents the most widely used level for 
comminuted products. The HDCH was obtained from a 
local processing plant and used to make 0.5 kg 
batches. The meat was frozen ( ·l8°C) for one month 
prior to use. Proximate analysis of the raw meat 
as determined in duplicate (AOAC, 1980) was: 66.7% 
moisture, 16 .1% fat, 14.3% protein and l. 1% ash. 
The batters contained 6. 0% added water and the 
chloride salts (Fisher Co., Ont.), which were added 
(as solids) at the initial stages of comminut ion, 
varied between treatments. Batters were chopped 
for 4 min in a non·vacuum bowl cutter (Hobart, 
Model 84142, Troy, OH) at high speed; end point 
temperatures did not exceed 8°C. Small air bubbles 
were removed from the batters by tumbling in a pre­
cooled table top' vacuum tumbler (Lyco, Columbus, 
WI) for 30s at a pressure of 0.15 atm. Batters 
(34g) were weighed into 50ml plastic test tubes, 
centrifuged (Fisher Centrific, Fisher, Ont.) at low 
speed (600 G) for 5 min to remove air bubbles 
trapped during hand stuffing and cooked in a water 
bath at 0. 66°C/min using a programmable controller 
(Haake PG20, Haake, Berlin, W. Germany) to an 
internal temperatu re of 69°C. 
Electron Microscopy 

For SEH 3 mm cubes were cut from the centre 
of cooked batters from each treatment and were 
broken such that the broken side \olould be used for 
SEM. The specimens were fixed in 2% 
glutaraldehyde/ 1% paraformaldehyde in 0 .1M HEPES 
buffer, pH 6.0 (Sigma Chemical Co., St. Louis) for 
2 hr, rinsed with buffer, post -fixed with l% OsO~ 
for 4 hr, rinsed, dehydrated through a graded 
series of ethanols, critical point dried, mounted 
on aluminum stubs with silver paint, sputter·coated 
with palladium/gold in a Hummer VII unit (Anatech 
Ltd., VA), and examined at 10 kV (Hitachi S-570 
SEM, Tokyo, Japan) as described by Gordon and 
Barbut (1989). For TEM, alcohol dehydrated samples 
were infiltrated with Spurr's resin and cured (16 
hr) in capsules at 60°C. Sections were cue, picked 
up on grids and stained for 10 min with uranyl 
acetate and 5 min with lead citrate and viewed at 
60 kV on a JEOL JEH lOOCX TEM. 



Interfacial Protein Film in Cooked Batters 

Figure 1. SEM of CaC12 treatment showing rough-coated (RC) globules with large pores 
(Bar=lO!Jm). 

Figure 2. SEM of KCl treatment showing small globules with smooth (s) and rough (r) protein 
coats. Note pores (p) concentrated in rough sections of coat and the indentations (i) 
(Bar=4JJm). 

Figure 3. SEM of smooth and rough coated globules from the 2. 5% NaCl treatment. Pores only 
visible in the rough coat. p - pore, F - fat globule, m - matrix, b -point of physical 
binding of fat globule to matrix (Bar- lJJm). 

Figure 4. TEM of relatively stable, membrane enclosed globules adjacent to unstable globule 
with disrupted membrane (CaC1 2 treatment), Note thick coat which is continuous with the 
matrix around extended 'fingers •; r - protein film residue (Bar=O. Spm). 

Results and Discussion 

Fat Globule Morphology 
The first part of this study was designed to 

examine the surface morphology of fat globules in 
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both stable and unstable batters produced by using 
monovalent and divalent chloride salts 
respectively. A microscopical study of the five 
treatments revealed that two basic types of fat 
globules, smooth and rough, existed in meat batters 
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Figure 5. TEH of a) stable fat globules from the 1. 5% NaCl tre atment wi th r e l a t i ve l y t h ick 
coa ts and evenly distributed pores; b) a globule (MgC12 treatment) vi t h a t h i n p r o t e i n coa t 
i n a n unstable matrix showing multiple exudation of fat; I - inte rna l stru cture; " E" 
e xuda tion (Bar- lJtm). 

Figu re 6 . TEM micrograph o f a genera l field from the CaC1 2 tre a tment s h ov i ng fa t c h annels 
inter connected throughout the matrix . RG - round, stable globules ( Bar•2Jtm) 

F i gur e 7 . SEM micrograph ( 2. 5\ NaCl treatment) o f thread-like protein strands (t) bound to 
large f at globule and entrapping s maller globules . (Bar-2Jtm). 

as was also descr ibed by Jones and Mand igo (1982 ) . 
These two types we re found in a ll treatments ; 
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hovever, the globules wi t h r ough s urfaces were more 
prev alent in t he unstable meat batters s uc h as t:he 



Interfacial Protein Film in Cooked Batters 

CaC12 treatment (Fig. 1). Pores were always 
present in the protein film of rough globules and 
were often relatively large in size. The rough 
area of t he protein envelope was often not evenly 
distributed around the fat globule and there were 
globules in all treatments with both smooth and 
rough coats; the pores appeared to be concentrated 
in the rougher sections of the proteins coats 
(Figs. 2 and 3). The rough coat appeared to be due 
to thick, dense protein deposited unevenly around 
the globule. These deposits were continuous wi th 
the pro tein matrix as can be seen in a TEM cross­
section (Fig. 4). Barbut (1988) also showed the 
presence of "rough" surfaces in batters prepared 
with different polyphosphates and NaCl. He 
suggested that the rough (wrinkled) appearance of 
the IPF was due to excessive fat loss from the 
globules during cooking. In this study, even 
globule s which lost some of t heir fat retained 
their round shape (Figs. 1 and 4). 

The smooth fat globules were prevalent in the 
more stable batters such as the 2. S% NaCl 
treatment. Basically 1 the smooth globules could be 
divided into two sub - groups. The first group was 
comprised of smooth globule s which were relatively 
thickly coated with a few evenly distributed, tiny 
pores ranging from 0. 01 - 0. lJ.tm (Figs . 3 and Sa). 
The second group had globules with thin protein 
envelopes and larger pores (Fig. Sb) Generally, 
for smooth globules in all treatments, it appeared 
that the smaller, round globules had a relatively 
thick protein coat with few or no pores while 
larger round globules were thinl y coated and had 
several pores. The irregular-shaped large globules 
tended to be thickly coated and had a rough protein 
envelope (Fig. 4). Lin and Zayas (1987) have also 
reported that large, irregular-shaped globules were 
thickly coated in frankfurters prepared with pre­
emulsified fat. I n the less stable batters (MgC12 , 

Fig 4), protein envelopes ranged from fairly thick 
(>0. 05J.tm) to almost indiscern ib l e (<0. OOSJ.tm). 

In a previous study, it was found that batter 
stability was affected by the type of chloride salt 
used ; monovalent sa l ts produced stable batters 
while MgC1 2 and CaC12 resulted in batter 
instability (Gordon and Bar but, 1989). In that 
paper it was suggested that the differences 
observed may have been due to differences in the 
quantity and type of protein extracted and we have 
recently found that protein extraction influences 
the morphology of fat globules in meat batters 
(Gordon and Barbut; in preparation). It therefore 
appears that t he external morphology of fat 
globules is dependent on the type and amount of 
protein forming the IPF. The external morphology 
of fat globules is also affected by IPF thickness 
(Jones and Mandigo, 1982; Lin and Zayas, 1987). 
Jones and Mandigo (1982) have indicated that IPF 
thickness affects batter stability Deng et al. 
(1981) also observed that IPF t hickness was related 
to batter stability. Hence it appears that fat 
globule morphology in meat batters is a major 
determinant o f batter stabil ity. 
Fat Stabil izatfon 

The thermal gelation properties of the 
protein matrix and the resulting phys ical 
entrapment of fat have been proposed as the major 
contributors to batter stability ( Lee, 198S; Comer 
and Allan-Woj tas, 1988; Regenstein, 1988). 
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However, while coalescence may be prevented by the 
physica l restriction of fat by the protein sol in 
the uncooked state, it is difficult to see how fat 
not localized within a membrane could be stabilized 
by this entrapment mechanism during cooking. In 
the temperature range of 3S-50°C, the fat would be 
liquid (Townsend et al., 1968 ) while most of the 
matrix proteins would not yet have begun to gel. 
Further, in the range of S0-70°C, the majority of 
t h e matrix proteins would have undergone thermal 
gelation (Acton and Dick, 1984) while the fat would 
still be in a molten state (Townsend et al. 1 1968). 
In both cases, the unlocalized large pools of fat 
should therefore spread freely throughout the 
aggregated matrix during cooking (unless they are 
confined by a cohesive matrix) resulting in the 
formation of a microstructure similar to that 
observed in the CaC12 treatment {Fig. 6). However, 
this is not the case in stable batters (Fig. Sa) 
and, even in unstable treatments {CaC1 2 , Fig. 6), 
fat globules surrounded by a protein membrane 
remain stable during cooking. These observations 
support the idea of the importance of the IPF in 
fat stabilization during cooking. 

In this study it was observed that many fat 
globules were physically restricted by being bound 
to the protein matrix. This may have resulted from 
protein-protein interactions between the IPF and 
the matrix proteins. TEM micrographs revealed that 
globules of various types and sizes showed 
continuity between their protein coats and the 
matrix at several points on their circumference 
(Figs. Sa and b). Theno and Schmidt (1978) and 
Gordon and Barbut (1990) have shown that physical 
binding of fat globules to the protein matrix does 
take place. Katsaras and Stenzel (1984) have also 
published micrographs which possibly show this 
phenomenon and Hermansson (1986) suggested that the 
proteins of the IPF may be part of the total 
protein network. It is therefore logical to asswne 
that protein aggregation during cooking increases 
the immobilization of protein-coated fat globules 
by binding them to the matrix, thereby further 
stabilizing these globules and preventing 
coalescence. Thread-like protein strands were seen 
connecting the protein matrix and some fat 
globules 1 espec ially the smaller globules (Fig. 7). 
Hence, it is likely that the lacy structures often 
seen on the surface of fat globules in SEM 
micrographs (Theno and Schmidt, 1978; Jones and 
Mandigo, 1982; Gordon and Barbut, 1990) are 
remnants of this thread-like matrix protein bound 
to the IPF, 

Jones and Mandigo (1982) proposed that fat 
was exuded through pores which developed at weak 
points in the protein envelope during cooking in 
response to internal pressure build-up. The 
present study provides some evidence of the 
existence of such a mechanism. Fat exudation was 
evident in all treatments. Exudation was observed 
with all types of globules but depended on fat 
globule size since very small globules (<l.OJ.tm) 
which did not have pores did not show the 
phenomenon. Figure 8 shows exudation occurring in 
rough and smooth globules. Figure 8b shows 
multiple exudation which was occasionally observed, 
where even newly exuded globules themselves seemed 
to be in the process of fat release . No pores were 
visible on the surface of the exuding globule in 
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Figure 10 . TEM o f a ) a thickly coated fa t glo bu l e ; 
b ) a lower magn if i ca t ion o f t he IPF, both from t h e 
KCl trea t men t. m - matrix ; p - thic k, d i f f u s e 
p r o tein coa t; e ex t ernal membrane ; i -
i nterco nnecting diffu s e region; im - interna l 
membrane; f -in t erna l fa t ; X - unident if i e d 
partic l e (Bar-l~m). 

Fig. 8b. The protein coat around the exuded fat 
was continuous with that o f the 'parent' globules 
(Figs. Sb and 8b). However, 'bumps' wh ich may 
represent the early stages of exudation were 
evident in the protein coat of the fat globule 
(Fig. 8b). 

A possible mechanism for exudation and pore 
formation could be that during cooking, expanding 
fat pushes out the protein film at points of 
weakness to form round, stable appendages. These 
break off to form smaller round globules with the 
same type of protein envelope as the ' parent' 
globule (Fig. 8). This break leaves insufficient 
protein to properly seal the gap left in the parent 
globule, hence the formation of pores or 
indentations (Figs. 2 and 7) This phenomenon 
cont i nues unti l smaller, more stable globul es are 
forme d or all the matrix and interfacial film 
proteins of the system gel as a r e sult of cook ing. 
Th e exuded fat associated with the fo r ma tion of 
t hese pores or i ndentat i ons was not a l ways seen by 
SEM since it was probabl y retained as pa r t of the 
fracture face on the other- half of the s pecimen 
during fracturin g for SEM preparation. However, 
these pockets of fat or globules are clearly 
evident in TEM preparations (Figs. 4 and Sb). It 

may be argued t h at t h e process described above 
represents fat coalescence and not exudation. 
However, while t h e more stable batters had globules 
which exhib i ted several s mall, uniform pockets of 
exuding fat (Fig . Sa ), unstable emulsions contained 
globules which s h owed l arge exudations at weak 
points i n t h eir p ro te in coats ( Figs. 4 and Sb). 
These were more likely to form fat channels and 
facilitate coalescence (Gordon and Barbut , 1989). 
Fat coalescence can be distinguished from the 
ex.udation phenomenon in TEM by the lack of a 
defined spherical shape of the fat within t h e 
matrix (Koolmees et al., 1989), the ex i stence of 
incomplete protein film residues within the fat 
(Comer and Al lan-Wojtas, 1988; Gordon and Barbut, 
1989) and the numerous inter-connections between 
fat pockets as can be seen in Fig. 6. The 
micrographic evidence presented here gives credence 
to the role of the IPF and the mechanism of 
exudation in meat batter stabilization. 
Structure of the Interfacial Protein Film and 
Interior of Fat Globules 

While the protein envelope which surrounds 
thinly coated fat g l obules is probably formed by 
the adsorption of a monomolecular layer of myosin 
(Jones, 1984) , t h e protein film of more t h ickly 
coated fat globules appears to be more complex. 
The internal structure of a pore in a thickly 
coated fat globule appeared to consist of a 
complex, convol uted ser i es of tunnels which seemed 
to extend into the globule (Fig. 9; showing the 
enlargement of the inset). Jones and Mandigo 
(1982) observed similar i nternal structures which 
they believed were internal pores within the ma i n 

Figure 8. SEM mic r ograph of a ) a r ough globul e f r o m the 2. 5% NaC l treatment with l arge 
pores i n t h e p r o c ess o f exudation ; b ) a fat: glo bule showing mul tiple e xudation (MgC1 2 
treatment). No te interconnec t i ng 'neck' (n) o f coat be t wee n paren t a nd daughter globule. 0 -
ou t -pushin g ( 'bump s ' ); arrow - c ontinuin g p r o c ess of exuda tion. (Ba r =2Jlm). 

Figure 9 . SEM micrograph from Mg C1 2 tre a tmen t showing clos e u p of larg e pore i n the surface 
of a rough globu l e (inset) . (Bar=2~m). 
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Figure 11. TEM of the compartmentalized internal 
structure of a membrane-bound fat globule (1.5\ 
NaCl treatment) . S - internal interconnected 
s trands, C - compartment (Bar- l pm), 

Figure 12. SEM micrograph of a fractured globule 
showing what appears to be lobes of protein coated 
fat further entrapped by mesh - like network of 
fibres (CaC1 2 treatment), Arrows -junction between 
protein envelope and fibres , (Bar•2pm). 

Figure 13 , Cold stage SEM (cryo SEM) micrograph of 
chic ken meat batter made with 2, 5\ NaCl. £­
physical entrapment within matrix , P- physical 
binding of fat to matrix, F - fat; M- matrix ( Bar ., 
2 pm). 

Figure 14. Cold stage SEM micrograph of chicken 
meat batter made with 2. 5\ NaCl. S- small fat 
globule, P- pore, M- matrix, 8 - physical binding 
(Bar - 2 pm). 

Figure 15 . Cryo SEM micrograph of chicken meat 
batter. R- rough coat, P- pore, M- matrix (Bar -
2 pm) . 



Interfacial Protein Film in Cooked Batters 

pores. They suggested that this could indicate the 
existence of an inner protein membrane and 
therefore that t h e IPF had a more complex structure 
than was previously thought to exist. We observed 
that t h e protein coat around thickly coated 
globules was multi-layered in nature (Fig. lOa). 
In this case, the IPF appeared to consist of four 
distinct layers. A thin internal layer coated t he 
surface of the fat and was bound through a diffuse 
region to another layer of similar density. This 
in turn was bound to a very thick, relatively 
diffuse protein coat The three internal layers of 
the protein coat: seemed to form what may be a 
thermodynamically favoured lipid bilayer- type 
structure. Jones a nd Mandigo (1982) have proposed 
a similar structure for the IPF as is shown here. 
The two internal layers were shown to be separated 
by the interjunction of an unidentified particle 
( possibly bone from the MDCM) between them (Fig. 
lOb). The structure and formation of this membrane 
merits further investigation. 

Some of the l arger fat g lobules appeared to 
have a more complex i nternal structure than was 
originally thought . While small globules appeared 
to contain only fat, some of the larger globules 
contained internal structures of different 
densities and arrangements (Figs . Sa and 11 ). 
These might be the result of protein which coats 
internal fat, increasing the stability of the 
globule. This definitely appears to be the case in 
the compartmentalized structure evident in Figure 
11. Lin and Zayas (1987) have also found internal 
structures assumed to be protein within large fat 
globules in frankfurters made with pre-emulsified 
fat. The internal appearance of a fractured fat 
globule from the CaC12 treatment revealed that its 
internal fat was partially separated into lobes but 
was essentially continuous throughout the globule 
(Fig. 12). The fat appeared to be enveloped in a 
fairly coh esive protein coat. The internal protein 
appears to be interlinked and this could possibly 
exp l a i n the convoluted sub-structure of the pore 
seen in Fig. 9. This protein may be the source of 
the internal channe l s within the pores which 
poss i bly form a route out of the globule for 
thermally expanding fat thereby facil itating 
exudation. A transverse section of the globule in 
Figure 12 would probably produce a structure 
similar to that shown if Figure 11. While the 
origins of these different levels of internal 
organization is unclear, the continuity of the IPF 
with the internal structure is clearly seen in 
Figures 5a and 12. 

The dominant surface morphology of fat 
globules was found to be different between stable 
and unstable batters made with four chloride salts. 
These differences may be due to variations in the 
amount and type of protein forming the IPF. Fat 
was shown to exude through pores in the interfacial 
protein film in a ll treatments and was further 
stabilized by the binding of the IPF of fat 
globules to the protein matrix, the reby physically 
restricting t he fat and preventing its coalescence 
in stable batters. The number and size of pores in 
the interfacial film appeared to depend on IPF 
thickness. The interfacial film has a complex, 
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multi-layered structure which gives it stability 
and strength. The indications are that fat within 
some globules may be further stabilized by internal 
protein which interacts with the IPF. Further work 
is needed to more fully explore the functional 
significance of some of these observations. These 
find ings indicate that fat emulsification and t he 
interfacial protein film play a role in t he 
product ion of stable meat batters. 
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Discussion with Reviewers 

A.M. Hermarisson: In the preparation of the mea t 
batters for electron microscopy the dehydration 
procedure is bound to affect the fat phase one way 
or another Corroborative studies by freeze 
etching would be needed for the full evidence of 
fat exudation, the presence of pores and the 
distribution of the fat phase. Could the authors 
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specifically conunent upon the limitations of the 
preparation process? 
Authors: All conventional electron microscopical 
(EM) preparation protocols involve a series of 
chemical and physical processes which can alter the 
microstructure of the specimen. Fixation with 
osmiwn tetroxide (Os04 ) can cause up to 30% 
specimen swelling, however t his is often offset to 
some extent by the shrinkage which occurs later on 
in the preparation process (Hayat, 1981). Most of 
the structural modification of EM specimens occurs 
during alcoholic dehydration and critical point 
drying (CPD) for SEM and during embedding for TEM 
(Chabot, 1979; Dawes, 1988). Dehydration with 
alcohol can cause translocation of fat, fat 
leaching from the specimen and invar iably, specimen 
shrinkage. This shrinkage is exacerbated by CPD 
for SEM and by shrinkage during embedding for TEM. 
These all produce artefacts which must be 
controlled by careful observation of sound EM 
preparation practices during specimen processing. 
However, their effects cannot be eliminated and 
together they affect the structure of the processed 
specimens which are viewed by EM. One must 
therefore be cognizant of the presence of these 
artefacts when interpreting electron micrographs 

The freeze-etching technique has not been 
utilized in our studies but we agree that it would 
be very useful for the kind of study undertaken in 
this paper. However, we have used cryo SEM (and 
surface etching by sublimation) to study meat 
batter systems. Figures 13 to 15 show some of the 
microstructural features described in the text as 
revealed by cryo SEM of chicken meat batters. 

J .M. Regenstein: The whole issue of the amount of 
rancidity in the experimental samples and its 
implication for the interpretation of the data 
needs to be considered 
Authors: The extent of rancidity in the samples 
could affect the protein-lipid interactions. 
However, all treatments were made from the same 
source of meat so the variations in fat rancidity 
between treatments was controlled. In addition , 
many of these microstructural features have also 
been observed with other batters prepared from 
different meat and fat sources (unpublished data). 

A . M Hermansson: The fat observed in this study 
was part of chicken meat. Both the properties of 
the fat and the meat raw material may have a 
bearing on the final structure of a cooked meat 
system and it may be dangerous to generalize from 
studies made on one system. Have the authors 
studied the phenomenon of "fat exudation" or the 
nature of interfacial films of any other meat 
system? 
F. W. Comer: In your formulations the only fat is 
coming from MDCM. Due to the recovery procedures 
for MDCM (mechanical shear and high pressure) it is 
unlikely that any cellular fat structure is 
retained, and in fact some protein coating may 
occur during mechanical deboning. Have you 
examined meat homogenates containing pork back fat 
or other adipose tissues? I would be interested to 
know whether the "speckled egg" pattern in Figure 
1 has been observed in this type of meat 
homogenate. 
Authors: In subsequent studies we have used a 



Inte rfacial Protein Film in Cooked Batters 

chicken breast meatjpork back fat system to study 
the interactions involved in the stabilization of 
meat batters (unpublished data). The results of 
these studies have indicated that fat exudation and 
the multilayered IPF structure presented here also 
exists in these systems. We have not yet examined 
red meat systems but intend to do so. 

~: All studies related to meat emulsion 
stability should include light microscopic data 
which would serve as supporting evidence to the EM 
data. Please comment. 
Authors: We have used LM to examine the gross 
morphology sections from the same tissue blocks 
used for TEM sections. However, it was felt t hat 
because of the nature of this study, the resolution 
offered by light microscopy was not high enough to 
assist in clarifying the material under 
investigation. 

J M. Regenstein: Storage time of the meat batter 
will affect its properties, mainly leading to a 
stiffening of t he material. This suggests that 
changes in the matrix may be more important than 
the authors identify and that t he t h in layer of 
liquid fat immediately after chopping may not be of 
fundamental importance. Please comment. 
Authors: It was not our intention to suggest that 
changes in the protein matrix are not important. 
In fact, t h ere can be no denying the vital role 
which protein gelation during cooking plays in the 
development of texture as well as water- and fat­
binding. However, available research suggests that 
interfacial protein film (IPF) formation does take 
place in meat batters. We therefore believe that 
its role in batter stabili2ation should be 
considered . 

J M Regenstein: Our work on timed emulsification 
and cream layer formation does not necessarily 
favour the emulsion t heory . In fact later work 
with insoluble muscle systems would suggest that 
solubility and possibly the activi ty at t he 
interface may not be the critical element. Please 
comment. 
Authors: We are aware of this work (Gaska and 
Regenstein, 1982a,b; Perchonok and Regenstein, 
1986a,b; Hube r and Regenstein, 1988). We have also 
found that insoluble proteins may be important in 
fat binding in raw CaC12 batters (Gordon and 
Barbut , submitted). However, our work to date 
suggests that regardless of the origin of the 
proteins forming the protein film, the IPF works in 
conjunction with matrix protein gelation to 
stabilize raw and cooked batters. Our studies on 
CaC1 2 meat batters also suggest that the source of 
the proteins (soluble or insoluble) which form the 
IPF may be more important in determining fa t 
stability during cooking than it does in the raw 

F W Comer: It was clear from the first part of 
this study (Cordon and Barbut, 1989) that the major 
reason for differences in stability between 
treatments with various salts was the effect upon 
the protein matrix. The divalent cations produced 
"highly aggregated matrices" which resulted in 
large water losses. Differences in fat losses were 
relatively small. In this paper it is shown that 
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the divalent ions produce thicker protein coating. 
Does chis imply that ~ protein i s extracted by 
the divalent salts? Intuitively, I would expect 
thicke r protein coats to increase stability. 
~; A recent study has shown that divalent 
chloride salts extracted less protein from meat 
than monovalent chloride salts (Gordon and Barbut, 
in preparation). Consequently, the thick protein 
coat in these batters cannot be due to soluble 
proteins. However, insoluble proteins are capable 
of participating in IPF formation (Schut, 1978; 
Gaska and Regenstein, 1982 a,b; Huber and 
Regenstein, 1988). Subsequent studies done in our 
laboratory have suggested that insoluble proteins 
do form an IPF around some fat globules in the 
divalent salt batters (Gordon and Barbut, unpub­
lished). Because of the nature of these proteins, 
they appear to be distributed unevenly around the 
circumference of the globules (pointer, Fig. 4) 
resulting in weak (thin) areas at points on t he 
circumference of the globules. These points were 
predisposed to rupture during cooking, thereby 
causing fat loss from the globule (Fig. 6). It 
should be noted that Jones and Mandigo (1982) also 
found t h at overly thick protein coats around fat 
globules reduced their stability. 

J M Regenstein: Do rough globules have a protein 
envelope? 
Authors: It appears that they do. However, this 
envelope tends to be of uneven thickness (see Figs. 
4 and 6) and appears to be bound to the protein 
matrix and this may be what results in the "rough" 
appearance after fracturing and viewing by SEM 
(Figs 2 and Sa). Some globules had both rough and 
smooth areas (Figs 2 and 3) and this may represent 
differences on the circumference of the globule 
between areas with a defined IPF and those where 
the matrix proteins were directly in contact with 
the fat (See Fig Sa). 

J M Regenstein: In the TEM, how do you decide if 
something is really a protein envelope around an 
oil droplet, i.e., I presume that means it serves 
as an interfacial film in part versus the fact that 
the matrix needs to terminate when it gets to a 
discontinuity. (Is it possible that the binding of 
the matrix to the fat is important, but t ha t the 
traditional film formation is not?). 
Authors: You have raised some very important 
points. In our TEM preparation procedure, 
secondary fixation with osmium tetroxide (Os04 ) was 
employed. Osmium tetroxide reacts mainly with the 
unsaturated fatty acids and, in addition to 
stabilizing the fat, it imparts greater electron 
density to areas where these fatty acids are 
concentrated. These unsaturated fatty acids would 
be concentrated on the outside of the fat globule 
where a thin film of liquid fat is believed to be 
located (Jones, 1984). The OsO~ also produces 
acidic binding sites for the heavy metal ions 
(mainly t h e lead) which are later used to i ncrease 
the contrast of the components within the sections 
(Dawes, 1988). In addition, Os04 also reacts with 
proteins , the extent of which depends (among other 
t hings) on protein conformation (Hayat, 1981) . 
All the proteins within the system were exposed to 
Os04 but those at the interface would react 
differently from those in t h e matrix because they 
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assume different conformations (Graham and 
Phillips, 1979) or are different proteins (Gordon 
and Barbut, in preparation). Hence, all of these 
interactions result in an increased electron 
density on the circumference of fat globules when 
an lPF is formed which is distinct from cases where 
the matrix merely terminates next to a fat 
particle. Other researchers have shown that the 
use of Os0 4 improves the image of fat globule 
membranes in emulsions (Liboff et al., 1988). 

The binding of the matrix to the fat is 
important and the great majority of fat particles 
within a meat batter are bound directly to the 
matrix (Fig. 13 and 14) in both raw and cooked 
batters. However, this direct binding appears to 
require the mediation of a protein coat which at 
least covers a part of the fat particle thereby 
allowing some level of inunobilization of the fat 
once it is bound to the matrix. In recent work 
(Gordon and Bar but, in preparation) we have shown 
that it appears that the stability of CaC12 raw 
batters is due to the formation of an IPF around 
fat globules by the insoluble proteins which are 
also a part of the matrix. Earlier, Hermans son 
(1986) had suggested that the IPF proteins may be 
a part of the protein matrix Consequently, even 
in a case where soluble proteins are not available 
for IPF formation, the insoluble (but surface­
active) proteins such as actomyosin (and some 
myosin) appear to play a role in fat binding. lt 
should be noted that whether soluble or insoluble 
proteins form the IPF, its binding to the matrix 
makes it an integral part of the protein gel 
network in meat batters. 

G R Schmidt: Could it be possible that the same 
conditions necessary for a fine protein matrix are 
also necessary to form a pore free coating on fat 
droplets and that this coating actually entraps the 
lipid and prevents it from coalescing and assuming 
a non spherical shape? I notice that spheres are 
only fully coated when the entire protein gel is a 
fine laced aggregate. 
~: It is generally true that the proteins 
involved in matrix formation also function in 
forming the IPF. It seems that conditions which 
favour the formation of a fine protein matrix will 
also result in an increased number of pore-free 
globules being formed. These conditions may 
include adequate extraction of myosin and 
actomyosin (Gordon and Barbut, in preparation). 
However, even batters with fine structured macrices 
had several fat globul es with pores in their 
protein coats present (see Figs. 2 and 3) as a 
result of differences in the t h ickness and type of 
coat Therefore, the actual occurrence of pores in 
the lPF may not be affected by the above·mentioned 
conditions since they appear to be present in each 
batter. However, the number of pore·bearing 
globules, the ntunber of pores per globule, the size 
of the pores and whether or not they become rupture 
holes all appears to be affected by t he same 
conditions which influence matrix structure. 

Ue agree that the coating entraps the fat and 
helps to prevent it from coalescing and becoming 
non·spherical. The protein coat also serves as an 
intermediary to lipid·matrix binding as shown in 
this study (Figs. 3, 13 and 14) and in a previous 
study (Gordon and Barbut, 1990). This further 
helps to prevent coalescence. 
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C M. Lee: You stated "it is difficult to see how 
fat not localized within a membrane could be 
stabilized by this entrapment mechanism during 
cookingn. How do you justify this statement? 
Authors should be aware that entrapment follows 
localization, the formation of lPF is a result of 
protein· lipid interaction in which protein molecule 
orient to stabilize its molecular structure upon 
interaction with fat molecule. This can occur in 
the small surface area as in the case where fat is 
finely dispersed in relatively uniform size without 
disrupting matrix continuity. However, in either 
case when fat is not uniformly dispersed (e.g. l ow 
melting point fat or high chopping temperature) or 
when a noncohesive matrix is prepared with meat of 
poor functionality, no continuous and cohesive 
matrix is available to entrap the dispersed fat. 
One good example why the matrix continuity should 
be a prerequisite to the stable fat dispersion , is 
making a meat emulsion with squid protein which has 
a high level of salt soluble actomyosin to form lPF 
sufficient to cover the fat globules dispersed, but 
failed to form a stable meat batter (Saffle, 1973). 
It is mainly because squid protein is not capabl e 
of forming a continuous, rigid matrix which can 
entrap the fat particles and keep them from 
coalescing. 
Authors: We have suggested that localization 
precedes entrapment, as you have pointed out. The 
cohesiveness and continuity of the matrix is 
undoubtedly of importance and its importance to fat 
stabilizat i on was not questioned. We merely draw 
attention to the fact that mobile, liquid fat would 
move relatively freely through the openings in the 
protein matrix during cooking if it was not in some 
way localized within the system and kept away from 
other fat particles (see Fig. 6). 

J M Regenstein: How does one determine that a 
droplet has lost fat and is still round? 
Authors: The pores in the protein film are sites 
of fat loss from the globules (Fig. 4). It is 
therefore assumed that globules which show several 
pores by SEM have undergone at least limited fat 
exudation (Jones and Mandigo, 1982; Barbut, 1988). 
These globules still appear to retain their oval or 
spherical shape (Figs. 1 and 2). In addition, both 
TEM (Fig. 5) and SEM (Fig. 8) showed that globul es 
in the process of exudation still kept their basic 
shape except for the section of the protein film 
surrounding che exuding fat. 

F W. Come r: Figure 1 shows an interesting 
collection of globules, two of which are iden ti f ied 
as having thick rough coats. The number of holes 
is amazing. What is left inside? Has the fat 
exuded out and left empty "egg shells"? Oth er 
micrograph s suggest a "budding" effect from a 
single pore. If fat were to exudate from a 
membrane - coated globule, 1 would expect some type 
of collapsed structure. Uhy is this not observed? 
Authors: The globules shown in Figure 1 rep r esent 
extreme cases of pore formation in thickly coated 
fat globul es in an unstable treatment. In these 
extremely porous globules it is likely that some of 
the fat has been lost. However, because of the 
uniformity of distribution of the pores around the 
globules, extensive fat loss as shown in Fig. 4 
probably did not occur and instead sever a l smal l 
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amounts of fat probably exuded through each pore 
(see comparable situation in Fig. Sa), leaving a 
fair amount of the fat still inside the globules. 
Collapse of these structures was not seen possibly 
because the thick protein film denatured during 
cooking to form a rigid "shell " while the fat was 
still expanding (and exuding). Because the coat is 
protein, pr i mary fixation with the aldehydes would 
further stabilize this rigid structure and prevent 
collapse dur i ng further processing in EM prepara­
tion. In addition, the protein coat is also bound 
to the rigid protein matrix which could help in 
retaining the shape despite some fat loss. 
However, if extensive, rapid fat loss occurs, 
before the protein coat has "set" during cooking 
then some collapse of the structure would be 
expected. 

J M Regenstein: The fact that the procedure led 
to e xudate in all cases would suggest that the 
conditions may not be realistic for real meat 
systems. 
Authors: A certain degree of fat exudation was 
observed in all treatments with sufficient 
frequency to merit discussion as to its possible 
role in fat stabilization However, it should be 
noted that not all fat globules showed exudation 
and that the phenomenon appeared to be related to 
the uniformity and thickness of the IPF around fat 
globules. Globules with very uniform protein coats 
(thick or thin) quite often did not show fat 
exudation Thickly-coated, uniform globules are 
probably able to stabilize fat by virtue of their 
mechanical strength of their IPF while thinly 
coated, uniform globules would rely more on the 
elasticity of their IPF to retain fat and prevent 
fat loss. 

AM. Hermansson: An alternative to the proposed 
exudation mechanism, illustrated in Figure 8, could 
be flocculation of smaller droplets onto bigger 
globules and partial coalescence of the 
semicrystalline fat during cooling or during the 
preparation process for EM. Partial coalescence 
will not necessarily result in a lack of the 
spherical shape. 
Authors: The main fat globules in Figure 8 show 
continuity of their protein coats with that of the 
smaller globules. This suggests that the protein 
coat around the "parent" and "daughter" globules is 
the same. The long connecting "neck" of protein in 
Figure Sa would not be seen in the case of 
coalescence. The unity of the protein coat around 
parent and exuded globules is seen quite clearly by 
TEM ( " E", Fig Sb). In the case of flocculation, 
each globule would have its own distinct protein 
coat. With coalescence, protein residues would be 
seen within the fat (Fig. 4, unstable globule) as 
has been shown in other studies (Comer and Allan­
Woj tas, 1988; Gordon and Barbut, 1989). Hence, 
while it is perhaps difficult to be definitive 
about fat exudation from SEM micrographs, TEM makes 
the distinction between exudation and coalescence 
c l ear. 

G. R. Schmidt: In the TEM pictures, openings in the 
membrane are occasionally seen, but the pores seen 
in the SEM photos appear very deep. Why don't we 
see these deep pores in the TEM pictures? 
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Authors: This may be because the depth of the 
pores (as seen by SEM) is dependent on a) the 
thickness of the IPF and b) the internal 
organization of the fat globule. If the fat 
globule has an internal protein structure which is 
connected to the protein coat at the point of pore 
formation, then the pore will appear to extend 
deeply into the globule because it is merely an 
extension of the internal protein. 

A.M. Hennansson: The multilayered structure shown 
in Figure 10 is interesting and focuses the 
attention to the potential of membrane residues of 
comminuted meat systems as stabilizers. Have the 
authors any information about variations in the 
multilayered structures? 
Authors: In a follow-up study on the role of the 
IPF in raw meat batters, it was found that the 
multilayered structure varied between treatments 
and sometimes within the same meat batter 
(unpublished). The structure of the IPF appears to 
vary from a single layer to up to four different 
layers. We have found that several different 
soluble proteins are involved in IPF formation and 
that insoluble proteins may also form an IPF around 
fat globules (Gordon and Barbut, 1990 in prepara­
tion) We therefore believe that the structure of 
the protein coat varies depending on the 
types of proteins of which it is composed. 

A M Hermansson: The statement of the domain shown 
in Figure ll of being a large fat globule is not 
convincing. This could be a partly broken down fat 
cell aggregate where the network is residues of the 
collagen rich cell walls or some other structural 
component in the complex meat system. Please 
comment. 
Authors: Your analysis of Fig. 11 could be 
correct. However, the size of each of these 
compartments (<lJ.~m in diameter) makes it unlikely, 
in our opinion, that they are remnants of cell wall 
structures. In addition, such internal structures 
have been observed in several other large globules 
in this study (not shown) and in several of our 
other studies 

F. W. Comer: The presence of protein material 
inside fat globules has been observed before, but 
Figure 11 is possibly the best published example. 
You have attributed this to "protein which coats 
internal fat". I believe that this may be due to 
coalescence of protein coated fat globules (or 
alternatively, residual fat cell membranes which 
may be less likely for MDCM). It has always 
surprised me, that if protein coatings are 
prevalent in comminuted meat products, why are they 
not observed in coalesced fat poo l s? Protein 
should be pressed against protein in a restricted 
mobility environment, and some (partially) regular 
pattern observed. What do you believe happens to 
the protein coats when fat globules coalesce in a 
gelled meat system? 
Authors: Residual protein coats within pools of 
coalesced fat are occasionally seen (Fig 4) and 
were highligh ted in our previous study (see Fig. 
2c, Gordon and Barbut, 1989). In fact, in some of 
your work (Comer and Allan-Woj t as, 1988) you 
presented micrographs which we believe show a 
similar situation. However, this occurrence is not 
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very common in unstable batters. We believe that 
this is because instability results either from the 
rupture of t h e protein coat (thereby r eleasing fat) 
during cooking or its absence around much of the 
fat prior to cooking as has been shown in another 
stud y (Gordon and Barbut, submitted). It would 
therefore be the free fat itself in most cases 
which coalesces and not so much the fat particles/ 
globules . The protein coats (if any) originally 
present around these globules would remain bound to 
the protein matrix and not be present (in most 
cases) within the coalesced pool of fat. 

~: I would agree with the authors view on 
the role of the IPF as described in the paper. 
But, I must point out that the formation of an IPF 
is a mere consequence of physicochemical inter­
actions bewteen the protein and lipid which 
determine the fate of the thermal stability of meat 
emulsions. They include protein functionality , the 
extent of protein solubilization, matrix integrity, 
fat dispersion pattern (part i cle size and density) 
and other factors that further alter the fat 
morphology, independent of the formation of an IPF. 
~: As you have indicated, t h ere are many 
factors which influence batter stabi.lity. We 
believe that there may be a greater interdependence 
among these factors than is generally acknowledged 
and that IPF formation is one of the more important 
factors which interacts with others to determine 
meat batter stability. 
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Introduction 

Microscopical studies of processed meats 
have concentrated on two areas -- the structu r e 
of the so-called emulsion in products such as 
frankfurters and the structure of the protein 
matrix which binds together the p1eces of meat in 
restructured products . In the former area, 
initial investigations elucidated the st ructure 
as bei ng a dispersion of fat droplets embedded in 
a protein matrix (Hansen, 1960; Borchert et al., 
1967; Schmidt, 1984) . Subsequent work has been 
focused on relat in g quantitative mea su r eme nts of 
the fat droplets to properties of t he f inal 
product (Ca sse ns and Schmidt, 1979; Hermans son, 
1987), and interest continues in using mi croscopy 
of the raw emulsion as a predictive or quality 
control technique during the manufacturing 
process . 

In regard to restructured products , P.ffort 
has focused on the extraction and functionality 
of the muscle proteins as affected by mechanical 
agitation and composition of the add~d brine 
(Theno et al. . 1978a) . Theno et al. (l978b) have 
described the protein matrix at the interface of 
bound pieces of mee~t as being emulsion-like . 

In Bulgaria, there are speC"jal meat products 
made from whole , intact muscles . These are made 
by incor porating a !Jri ne and then subsequently 
heating and smoking . Our objective was to study 
the internal mi crost ru cture and the surface 
c haracteristics of these products and to compare 
traditio nally made products wit h products wh ich 
had an improved brine composit ion and also 
received a period of mechanical agitation during 
manufactu r e. The aim wa s to det ermine if the 
complex action of the improved brine and 
mechdnical treatment had an effect and if so if 
it could be used to improve the technological 
process . 

Materia 1 s & Methods 

The experiments were condu cted on pork. muse 1 e 
from animals with a live weight of 100 to 110 kg . 
Thirty-five animals were slaughtered in the usual 
manner and the muscles were checked to insure 
they fell within the nor ma l range of pH (5 . 5 to 
6 . 0) and d i d not exhibit either pale or dark 
appea rance . longissimus dorsi muscles were 
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Figure 1: Microstructure of control muscle showing normal shrinkage and good preservation of banding 
pattern. Scale bar is 251Jm . 

removed intact from both sides of the carcass 
following 24 hr. of chilling at 4°C. The muscles 
from the left side of the carcass served as 
controls and those from the right side were 
treated. 

The control muscles were ifTVTlersed in brine 
for 5 days. The brine was a typical 15° brine 
prepared with 160 L of water, 30 kg sodium 
chloride, 0.8 kg sucrose, 0.6 kg sodium nitrite 
and 0.4 kg sodium nitrate. 

The treated muscles were manufactured in a 
complete, complex line made by "Langen" of 
Holland. The injection of the muscles took place 
directly in the tumbling apparatus during a 
period of 30 minutes with a calculated brine 
uptake of 12%. In this case, the brine was made 
from a conmercial preparation and contained 
sodium chloride, polyphosphate, sodium nitrite 
and sodium nitrate. The tumbling process took 
place under vacuum and over a 24 hr. period_. 
Active tumbling was done intermittently for a 
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total of 150 min during the 24 hr. 
All muscles were processed (at 85-90°C) to an 

internal temperature of 72° in a smokehouse with 
natural wood smoke. The muscles were chilled for 
12 hr following removal from the smokehouse. 

Frozen sections of muscle were prepared and 
stained with hematoxylin and eosin or with picro 
ponceau S. Sections were examined with a Zeiss 
microscope using interference optics. Color 
characteristics of the cut surface of the 
products were determined spectrophotometrically, 
and a visual assessment of the surface of the 
uncut whole muscle was made. 

Results and Di scussion 

The microstructure of the control and treated 
samples is illustrated in Figures 1 and 2 
respectively. The control muscle appears 
essentially normal. The interfiber spaces are 
apparently empty, and the fibers s how cross 
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Figure 2: Microstructure of treated llllsc.le showing swollen f1bers. loss of striation and filling of 
intrafiber spaces . Scale bar is 25tJm . 

striations excep t in a few focal areas. On the 
other hand, the microstructure of the treated 
muscle is quite different. The fibers appear 
swollen and the cross striations are, for the 
most part, absent. In addition , the interfiber 
spaces appear to be filled with a substance whi ch 
we concluded is extracted and coagu lated protein. 

It is apparent from the micrographs that the 
multi-needle injection and mechanical agitation 
of tumbling resulted in good distribution of 
brine in the treated samples . Further, the brine 
components (sodium chlo ride and polyphosphates} 
were then abl e to exert their extractive 
capabilities with the result that the structure 
of the muscle was partially disintegrated and the 
proteins brought into solution were able to move 
about within the framework of the remain ing 
muscle. As a result of heating . the proteins 
were coagulated in the interfiber spaces. 

In addition, the extracted proteins also 
found their way to the surface of the whole 

93 

Table 1. Effect of tumbling on color appea rance 
and cook i ng loss . 

Calculated "a" value1 

Cooking yield in% 

Treated 

19.4 
79 . 4 

Control 

15.4 
72 . 3 

1 Higher "a" value indicates redder co l or . 

muscle. The structure of the coagulated protein 
at the surface resembles that of an emulsion. 
Objective measurement of the cut surface (Table 
1} revealed that the treated samples had a more 
pronounced red color while the controls were less 
intense red and were lighter in appearance . 
Visually, the treated whole muscle had a darker 
red color . The coagulated protein layer on the 
su rface obviously affects the color appea r ance . 
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The co l or tlifference observed may also be 
influenced , in part, by the observation that the 
intracell ular s pa ces in the treated sampl es are 
filled with coagu lated protein, and, in all 
likelihood, there is less free water present. 
The surface layer of coagulated prote in may also 
play a role in shelf life stability of the 
treated samp 1 es . 

The complex. action of sodium chloride, 
polyphosphates and mechanical action resulted in 
the structural cha nges discussed above and 
affected cooking yield (T able 1) . The !ligher 
cooking yield of the treated samples is due to 
the swollen fibers and the extracted protein 
which is more or less dispers ed throughout the 
structure of the muscle . This, together with the 
surface layer of coagul ated protein function to 
hold the water within the muscle during cooking . 

Offer and Trinick (1983) concluded that 
changes in the volume of myofibrils affected meat 
color and cooking yields . Schmidt (1984) pointed 
out that swollen meat tissue has an enhanced 
abil ity to retain fat and water dur i ng heat 
processing. Lewis et al. (1986) conc l uded that 
incro;!aSed yi e 1 ds are generally associ a ted with 
increased dispersion of my\Jfibri llar pr oteins . 

In our case, the more efficient inject i on of 
the imf)roved ~rine coupled with mechanical 
agitation resulted in a product with more 
attractive co 1 or and 1 ess cooking 1 ass . The 
procedure is used now in corrmercial production. 
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Discussion with Reviewers 

S. H. Cohen: What i'i meant by a complete, 
compl ex line? 
Authors· In this sy'it em , the injection anc 
tumb ling steps are combin ed . The tumbling 
apparatus contains injection needles and as the 
meat pieces are tumblt:!d the needles pierce into 
the meat and achieve a better distribution o.­
brine . 

S. H. Cohen: Could the authors explain what the 
cross striations are? 
Authors: The cross str i ations we refer to are 
~~ernating dark and l ight bandc;, known 
respectively as A and I bands , in skeleta l muscle 
as viewed in longitudinal section . 

S. H. Cohen: How might the <;urface layer o• 
coayulated protein affect she If 1 i fe stability? 
A.uthurs : We believe the surfacP covering or 
membrane may present a physical barrier to 
hacterial invasion anJ spoilage. and it may also 
retard oxidative changes . 

A. M. Hermansson: It appears from the figures 
that the sample may have cracked during 
preparat1on. What were the conditions for 
freezing and sectioning? 
Authors: The sdmples were frozen in lsopentane 
precooled in l1quid nitrogen and then sectioned 
at - 20° C in a crynstat . 

A. M. Hermans son: How do the authors know that 
the int ra fiber spaces are filled with extracted 
and coagulated protein? This material may as 
well consist of partly melted collagen . How have 
myofibrillar proteins been differentiated from 
collagen/gelatin? 
Authors : ~~e concluded the intrafiber Sl)aces in 
the treated muscle were filled with protein 
because of the stdinlng density in the micrograph 
compared to the appart:ont absence of staining in 
the intrafiber space<; of the cor1trol mu scle . We 
do not have any info rmation about the exact 
composition of the proteins in queo;tion. 

A. M. Hermansson: [t is Mt apparent from one 
nicrograph showing part of th ree fibres that 
there is a good distribution of brine in the heat 
treated sample . 
Authors : Hany more micrographs supporting ou r 
contention are shown in the thesis of Vel inov . 

A. M Hermansson: What were the crite r ia fo r the 
resemblence of the surface structure tu that of 
an emu 1 s ion? A mi crogrilph is needed to show 
details of this structure. 
Authors : The concept of using prote·ns , 
extracted by mechanical working of meat in the 
presence of a brine . as a binding agent in 
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restructure\.~ products is well known, and the 
references we cited by Theno et al provide 
structural detai Is . Again , the thesis by Velinov 
provides detail found by employing light, 
polarized light , Interference and transmission 
electron microscopy. 

Ci, W. Offer: The treat~d muscles differed from 
the controls, not only in the Hay the brine was 
introduced into the meat and in being tumbled, 
but in the chemical composit ion of the brines 
tJSed. The brine uc;ed with the injected and 
tumbled samp l es contained polyphosphate, that 
used for the contro l muscles did not. We hav e 
<;hown (Voyle, C. A., Jolley , P. D. , Offer , G. W. 
1984. Food Mi crostructu re 3, 113-126) that in the 
presenc e of polyphosphate the A-bands of muscles 
treated with brine are disrupted even in the 
absence of mechanical agitation . It is well 
known that po lyphosphates enhance the 
solubilisation of myosin and reduce cookiny 
losses, probably by forming a myosin gel which 
traps water (see Offer, G. & Knight , P. In 
Developments in Meat Science - 4 (Lawrie , R. ed.) 
Elsevier Applied Sci~nce pp 63-71) . Is it not 
possible that the difference in appearanc~ 
between the inJected and tumbled samples and the 
control samples was laryely due to differences in 
their chemical treatment rather than to 
differences in their mt!chanical treatment? 
Authors : The basis for our work was to compare 
twa"di fferent technologies under actua 1 

commercial manufacturing co nditions. We us ed 
structural stud i es as one means to det erm ine 
quality o f the products produced . In Bulgaria, 
we need <iUCh information for improving old 
technologies and creating new and better 
products . So, our work was not conducted in a 
laboratory or using a model system but rather in 
a plant where we compared an older procedure w1th 
one combining new and advanced technologies . It 
is quite apparent that the informatlon now 
available (ie effect of polyphosphates and 
mechanical agitation) does indeed give vast 
improvement in the resulting products . 

H. J . Swat land: What apparatus was used for 
reflectance snectrophotometry and how were the "a 
values" ca lculat ed? 
Authors: These studies were carried out with a 
Heckman DK2 with reflectance curves collected 
within the wave length range 550 to 750 nm. The 
color determination was co nducted with the Y­
axis select~d method (1305 1053/-12) f or 10 wave 
length s within the range of the indicated scope . 
For calculations, we used the color difference 
formulas CIELAB as recommended by the 
I nternat ion a 1 Lighting Cn1m1ittee . 
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Mi crostruc t ural differences between 
unbruised and bruised apple tissues were 
evaluated. Cell connec ti ons appeared to be 
looser in bruised tissue than in unbruised 
tissue. Bruised tissue exhib ited more empty 
regions which are not occup i ed by ce l ls than 
unbruised tissue. Empty reg ions in unbruised 
and bruised tissues were about 0.7 and 2.4 per 
mm2, respectively, compr i si ng 0 . 77. and 2.7'1. of 
the respective total vo l ume. Stereology is a 
body of mathema ti ca l methods relating 
thre e-dimen sional parameters defining a 
s tru cture to two- dimensional measurements. Two 
methods based on a s ter eo l ogical principle were 
also used to quantify th e fraction of total 
vo lume occu pi ed by cells. In unbrui sed tissue, 
about 99.51.. of the volume was occupied by cel l s 
compared to only 97.41.. in bruised tissue. Both 
me t hods successfully quantifled microstructural 
differences between unbruised and bru i sed app 1 e 
tissues. 
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Introducti on 

Brui s ing is the damage to plant tissue by 
e:-: ternal forces which re sults in physical 
changes in texture and/or eventual chemica 1 
altera tion of color and fla vor (Mohseni n, 1978 ; 
O'Brien et al., 1984). An e:-:ternal force 
applied to plant tissue initiates bruising which 
is manifested by a combi nat ion of chemi ca 1 and 
phys i ca l changes (O'Brien et al., 1984). 

Go ff and Twede ( 1979) observed th a t mos t 
phy s ical damage to fruits in the r e t ail chain 
occu rred during distribution, whi ch made it 
difficu lt to find an unbrui sed app l e in a 
s upermarket. They observed that the incidence 
of bruising in the retail chain from tree to 
cons umer for 'Mcintosh' apples in 3 lb bags 
ranged from BO to 100 bruises per bag. 

The high incidence of bruise damage in 
packaged apples and pea rs was also reported by 
Sc haa r! and ~i 11 i ams < 1972 . 1973). Th ey showed 
that 10-15'1. and 15-24'1. of app 1 es were bruised in 
tray packs and in patterned pack cases, 
respectively, after a journey of 1600 kilometers 
and s i x ha ndling operations. 

The most common method to measure bruises on 
appl es, pears and pea ches i s to measure the 
diameter, depth, weight or vo lume of browned 
tissue <Dedolph and Austin, 1962; Sc haar! and 
Holt, 1974; Mohsenin, 1978; Holt and Schoor l , 
1977; Holt et al., 1981; Kl ein, 1987). The 
browning reaction in brui sed ti ssue (O'Br i en et 
al., 1984) is an indirect ind ex of mechanical 
damage. However, direct mea sur eme nt of bruise 
size is very subjec tiv e due to the difficulty of 
locating the bruise boundary. Th ere i s an 
intermediate zone where the color change s from 
white to brown are not clear. A more precise 
method to eva l uate bruise damage is needed. 

Electron microscopic techn i ques have been 
applied extensively to imaging of animal and 
plant tissues (Davis et al., 1976a, b; Carrol l 
and Jones, 1979; Chabot, 1979; Da vi s and Go r don , 
1977, 1978, 1980, 19B2; Buchheim, 1981, 1982). 
Many studies with fruits were reported using 
scan ning electron microscopy (SEM) (Gough and 
Shutak, 1972; Jewell, 1979 ; Bomben and King, 
1982; Glenn et al .• 1985; Trakoontivakorn et 
a 1., 1988) . 

Apple tissue bruised by impa ct became brown 
and corky during storage not onl y because of 
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mechanical damage to cells, but also as a result 
of enzymatic reactions of polyphenolases and 
subst rates released from ruptured cells <O'Brien 
et al ., 1984 ). Quantitative differentiation of 
microstructures between unbruised and bruised 
apple tissues may be used to follow the progress 
in the development of the bruise and also can be 
used to determine the boundary between bruised 
and unbruised t i ssues. 

'Image analysis' is a numeri cal method for 
quantitatively describing geometric or 
densitometric features of an image (Bradbury, 
1979). This me t hod may be applied directly on a 
specimen or photomicrographs (Underwood , 1969; 
Bradbury , 1979; Dziezak, 1988). Stereology i s a 
body of mathematical methods relating 
three-dimensional parameters defining a 
structure to two-dimensional measurements 
obtainable on sections of the structure (Weibel, 
1980). The method is based on the principle 
that on a selected phase of a random section 
through a microstructure, equality exists among 
volume, area, linear and point ratios 
(Unde rwood , 1969). 

The objective of this study was to establish 
an objective method to quantify microstructural 
differences between unbruised and bruised apple 
tissues through image analysis. 

Ma t eri a 1 s a nd Me thods 

'Rome Beauty' apples were manually harvested 
from the Northeast Branch of Georgi a Experiment 
Station of the University of Georgia at 
Blairsville, Georgia on September 29, 1987. 
They were packed using a shrink wrap machine 
(Mode l Tl4-8, Be stronic , Beseler Corp. , Florham 
Park, NJ) in a gas permeable plastic film 
(Plastic wrap, 0955, CRYOVAC, Simpsonville, SC) 
and stored at 4°C unti 1 evaluated. 
Bruise Damage 

Five apples were used for this study . 
Before impact testing, apples were taken from 
the cooler and unwrapped. Unwrapped apples were 
impacted at room temperature with a pendulum 
impactor (Prussia et al., 1987). The apparatus 
consisted of a 90 mm diameter wooden sphere (135 
g) attached to a cord so that the center of the 

3mm 
-11-
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E.:i.9.:....... Excision of specimen from the bruised 
apple, where shaded area represents a bruise, 
numbers 1 through 5 represent section 1 to 5. 
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sphere was 1.0 m from the pivot point. The 
wooden sphere was released from a 45° angle 
which impacted the apple held at the bottom of 
the pendulum's swing. 
C l cul a ti ons f Absorb d and Bruise 
Volume 

The amount of energy absorbed by the app 1 es 
during impact was calc u lated as the difference 
between total impact and rebound energy (Prussia 
et a 1. , 1987). 

Ea = m g <h 1 - hz) (I) 

where Ea = energy absorbed (J); m .. mass of 
the wooden sphere (kg), g. gravitational 
constant, 9.8 m/s2, h1 • drop height (m); 
hz = rebound height (m). 

After impact, bruises on apples were allowed 
to develop at room temperature for 24 h. 
Bruised apples were cut along the stem-calyx 
axis from the center of the impact point. The 
radius of apples and the diameter and depth of 
the browned tissue on the cut surface were 
measured. Bruise volume was calculated based on 
the formula described by Holt and Schoorl (1977). 

Five sections from each apple in the shape 
of rectangular bars (3 x 3 x 8 mm) were taken 
star ting from the skin and proceeding to the 
core through the center of the bruised area 
(Fig. n. The sections were assigned numbers 1 
through 5 from the skin toward core. Sections 
1, 2 and 3 were excised from the brown bruised 
tissue whereas sections 4 and 5 were excised 
from the unbruised area (Fig. 1). 
Sru l e Pre ara i on for SEM 

The excised sections were fixed for 2 h in 2 
t glutaraldehyde/0.1 M phosphate buffer (pH 7.2) 
at O"C. Fixed sections were washed with 0.1 M 
phosphate buffer (pH 7 . 2) for at least 30 min at 
O"C and post-fixed in It phosphate buffered 
osmium tetrox ide solution for 1 h at ooc. After 
another washing step with phosphate buffer, 
tissues were immediately dehydrated with a 
series of ethanol concentrations and time as 
follows: 401. (5 min), sot (5 min), 60t (5 min), 
70t (15 min), BOt (10 min), 90t (15 min), and 
lOOt three times for 10 min each. 

The fixed and dehydrated sections were 
frozen and fractured based on the method 
described in Humphreys et a1. (1974). Fractured 
specimens were dried using a critical-point 
drier (Samdri -780A, Tousimi s Research 
Corporation , Rockville , MD), and mounted on 
aluminum stubs with s ilver paste. Mounted 
specimens were coated with gold/palladium by a 
Hummer X Sputter Coater (ANATECH Lim., 5510 Vine 
St., Alexandria, VA) to a thickness of 40 to 60 
nm and stored in a dessicator until examined. 

A Scanning Electron Microscope (Model 505, 
Philips Electronic Instruments. Inc .. Mahwah , 
NJ) with a secondary electron detector operated 
at an accelerating voltage range between 15 and 
20 KeV was employed to examine apple specimens. 
Spec imens were tilted and rotated to obtain 
uniform scanning and brightness over the viewed 
specimen surface. Photographs were taken at 
magnifications to allow viewing a whole specimen 
under the SEM. 
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.!!'1"-9 Anal_y} i s 
A 20.3 by 25.4 em print (B by 10 inch) was 

developed from the Polaroid (665 PiN Instant 
Pack Film, ISO 80/20•, Polaroid Corp., 
Cambridge, MA) negative. Kodak polycontrast RC 
I I F print paper was used to reduce the contrast 
be tween the bright cell wall area and the dark 
intracellular area. 

Empty reg i ons were defined as regions not 
occupied or covered by apple cells. They were 
marked by scratc hing the areas on the 
photomi crograp hs with a sha rp needle. The area 
of each marked region was measured wi th a 
digitizer (Hitach i Tablet Digitizer , Model 
HDG-liiiB, Hitachi Seiko, Ltd, Japan) connected 
to a microcomputer (Zenith-200) using a program 
written in BASIC. 

The total number of empty regions (TN) on 
photomicrographs of each specimen and su r face 
area of the specimen viewed unde r the SEM were 
evaluated. Since the viewed surface area varied 
among specimens , TN was di vided by the specimen 
area and expressed as the number of empty 
regions per unit area (NPA). Total area of 
empty regions (TA) was a 1 so measured from the 
photomicrographs and expressed as the total area 
of empty regions per unit area of specimen (APA). 

The volume rat i o has been defined as the 
rati o betwee n vo lume occup i ed by cells and total 
volume and is directly equal to either area or 
leng t h ratio (Underwood, 1969) . For the area or 
length ratio meas ur ements , test circle was 
super-impose d at random on the pho tomicrographs 
(Fig. 2). Thr ee sizes of circles (diameters of 
5.1 , 6.4 and 7.6 em) were tested for consistency 
in volume rat i o measurements. 

VRL, th e vo lume ratio from linear fraction 
measurements was calculated as follows: 

l ~i 
VRL • ------ x 100 

L 

where r !li is the total distance across 
intersected cells and Lis the total length on 
t he test 1 i ne. 

VRL was measured from at least ten different 
locations by randomly super-imposing test 
circles on the photomicrographs. Consistency of 
VRL measurements was evaluated by calculating 
the coeffic i ent of variation CCV) from each size 
of test circle (SAS , 1985) . 

The volume ratio i s also directly equal to 
the area ratio (Und erwood, 1969). Volume rati o 
from area fra ct i on CVRA) wa s calculated from the 
portion of the area occupied or covered by cells 
over th e total area inside the test line (Fig. 
2). 

L a; 
VRA • 100 - ------ X 100 

A 

where, A is the total area inside the t est line 
and r a; is the area inside the test line 
which wa s not occup i ed by the apple cell . Ten 
VRA measurements were a 1 so ob t ai ned from each 
photomicrograph as described in VRL 
measurements. 

Stati s ti cal analysis was performed using 
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Testing Line (L) 

£.i9...__1 Sketch drawing of a test circle, 
super-imposed on the apple cells. 

ANOVA procedures <SAS, 1985). The effects of 
app l e and sect i on on measured parameters were 
also analyzed. 

Results and Di sc ussion 

Meas urement of Bruise 
Apple diameters and absorbed ene rgie s at 

i mp act are presented in Table 1. Apple A had a 
particu lar ly large diameter compared with th e 
ot her four apples. Apple s A and B had slig ht ly 
higher absorbed energy than the other three 
apples which was due to th e lower angle of 
rebou nd during impact. Th i s phenomenon may be 
due to differen t textural properties of apples. 

Diameter and depth of bruised areas and the 
calcu lated bruise volumes for five apples are 
presented in Table l. Apple A had particularly 
large bruise diameter and volume which may be 
due to the larger contact surface with the 
wooden sphere. The larger the apple diameter, 
the greater the contact surface during impact 
resulting in a larger bruise diameter . Bruise 

Table 1. App le diame t er, absorbed impact energy 
and Bruise measurements of 'Rome Beauty' 
apples. 

BRUISE MEA SUREMENT 

APPLE 
APPLE DIAMETER ABSO RBED DIAMETER DEPTH VOLUME 

(mm) ENERGY (J) (mm) (mm) (cm3) 

84.0 0. 37 27 3. 6 

72.0 0 . 38 22 2.1 

68. g 0 . 36 21 I. 9 

69.6 0 .36 20 2 .o 
67.8 0 . 36 20 1.8 
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f...i9.....__J_ Microstructure of apple tissue (A) 
section 1; (B) section 2; <C> section 3; (0) 
section 4; (E) section 5. Bar - lmm. "e" 
i 11 us tra tes empty regl on . 
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depth was fairly constant and either 8 or 9 mm 
for five apples. 

Holt and Schoorl (1977) demon s trated that 
bruise damage expressed as bruise volume was 
directly proportional to the amount of energy 
absorbed during impact. The predicted bruise 
volume for an impact at 0.37 J was reported to 
be 2.6 cm3 whic h is close to the measured 
bruise vo lume {mean value • 2.3 cm3) from th i s 
st udy ev en t hough t he app l e variety, age and 
s i ze were d i ff ere nt . 
Microstructure of Ap_n 1 T" su 

Typ i cal s t ructural images of five sect ions 
are pres en ted in Fig. 3 . Cryo-fractured 
surfaces were even and contained numerous 
typ i cal open cells. Both unbruised and bruised 
apple t i ssues (Fig. 3) exhiblted some regions 
among cells <randomly-shaped black. areas on the 
picture, marked as 'e') that were not occupied 
by apple cells. Photomicrographs obtained from 
the first and second sections were from the 
bruised tissue and contained numerous large 
empty regions among loosely connected cells 
wh i ch exhibited larger extracellular spaces 
(figs. 3A and 36). The third section (Fig. 3C> 
was taken from the brown tissue adjacent to the 
uncolored tissue and had similar numbers of 
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empty regions as with the first and second 
sections, but the orderly cell structure 
remained unaffected. Figs. 3D and 3E were taken 
from the unbruised tissue and exhibited fewer 
empty regions and l ess extracellular spaces than 
photomicrographs taken fr om the bruised tissue 
(Figs. 3A, 3B and 3C). Bruised apple tissue 
appeared to lose compac tn ess when compared with 
unbruised apple tissue (Fig. 3). 
Number and Area of EmQh Regions 

The number and area of empty regions 
measured from the photomicrographs of five 
sections are presented in Table 2. Sections 1, 
2, and 3 had 19.7, 18.0, and 14.9 empty region s, 
respectively; whereas sections 4 and 5 had only 
6.3 and 3.7 empty regions, respectively. This 
indicated that sections 1, 2 and 3 had more 
damage than sections 4 and 5. 

The total number of empty regions per unit 
area viewed (NPA) results for each section are 
presented in Table 2. Sections 1, 2 and 3 
obtained from bruised apple tissue had NPA 
values of 2.41, 2 . 55 and 2.00 per mm2, 
respectively. Sections 4 and 5 obtained from 
unbruised apple tissue had NPA values of 0.91 
and 0.45 per mm2, respectively. Statistical 
analysis indicated that section 5 exhibited the 
l east NPA among the sections and section 4 
exhibited smaller NPA value than sections 1, 2 
and 3 (Table 2). 

The total areas of empty regions (TA) are 
presented in Table 2. Bruised tissue exhibited 
larg er TA s than unbruised tissue. Sections 1, 2 
and 3 had TA values of 0.24, 0.21, and D.l8 
mm2, respectively; whereas sections 4 and 5 
had TA values of 0.06 and D.05 mm2, 
respectively. This implies that bruised apple 
tissue had more areas occupied by empty regions 
than unbruised tissue. 

To account for the variation in the specimen 
area in view, the percentage of empty area per 
unit specimen area CAPA) was calculated. The 
greater APA value measured correlated with 
greater damage in the specimen. Sections 1, 2 
and 3 from bruised apple tissue had 2.87, 3.00 
and 2.361. of the area occupied by the empty 
regions, respectively. Section 4 had 0.82t and 
section 5 had 0.56t of the area occupied by the 
empty regions. The difference in APA results 
obtai ned from bruised and unbruised tissues were 
significant (P < 0.05). However, the difference 
of APA va 1 ues within bruised or unbruised 
tissue s was not s ignifi ca nt. 

Either NPA or APA were found to be useful as 
an inde x to distinguish the bruised apple 
tis sues from the unbruised tissues. However, 
NPA measurement consumed less time than the APA 
measurement. 
Size el i n f st Circle 

Three different sizes of circles were 
employed to calculate the volume ratio from 
linear fraction (VRU. Coefficient of variation 
CCV) is a measurement often used in describing 
the amount of variation in a population <SAS, 
1985). The CV of the VRL for three circles are 
presented in Table 3. VRL results measured by 
using a circle with 5.1 em diameter had the 
greatest CV whereas VRL results measured by 
using a circle with 7.6 em diameter had the 
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Table2. Number and area of empty regions, 
measured from different sections.• 

TOTAL NUMBER TOTAL AREA 
TOTAL PER UNIT TOTAL PER UNIT 

SECTION NUMBER AREA VI EWEO AREA AREA VI EWEO 
(#) (#/mm2) (mm2) (1.) 

1ST 19. 7• 2 .41ab 0. 24• 2 .87• 

2NO 18 .oa 2. 55• 0.21 ab 3.ooa 

3RD 14. 9b 2 .DDb o. 1 ab 2 .36• 

4TH 6. 3' D. 91 c 0.06' D.azb 

5TH 3. ]C 0.45d 0.05' 0. 56b 

•Mean values of five apples, values tn the same 
column not followed by the same letter are 
significantly different (P < 0.05). 

Table 3. Coefficient of variation of volume 
ratio measured from 1 inear fraction 
using three sizes of circles. 

COEFFICIENT OF VARIATION (%) 

CIRCLE DIAMETER 
SECTION 5. I em 6. 4 em 7. 6 em 

I ST 19. 46 5.45 2. 60 

2ND 17.34 6.45 2. 62 

3RD 2D. 21 5. 57 2. 73 

4TH 16.92 4.47 .09 

5TH 18 .6B 3. 56 I. 58 

smal l est CV <Table 3). This implies that the 
variation among repeated VRL measurements using 
a 7.6 em diameter circle was the lowest. 
Because of the low CV, the 7.6 em diameter 
circl e was selected for further image analysis 
on photomicrographs. 

For three sizes of circles, VRL results 
measured from sections 4 and 5 a I ways had lower 
CV values than those obtained from sections I, 2 
and 3. This implies that the VRL results 
measured from unbruised apple tissues (fourth 
and fifth sections) were more consistent than 
from bruised tissues (first, second and third 
sections). 
V lume Ratio from Linear 
Fraction VRA 

VRL results from five apples measured by 
using a 7.6 em diameter were ranged from 98.07 
to 99.081. and exhibited no statistical 
difference (P > 0.05) among apples. The VRA 
results ranged from 97.67 to 98.36% and also 
exhibited no statistical difference (P> 0.05) 
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among apples. This demonstrated that VRL and 
VRA results obtained f rom different apples were 
consistent . 

VRL results from dif ferent sections are 
presented in Table 4. Sections 1, 2 and 3 had 
mean VRL values of 97.88, 97.92 and g7.611 
whereas sections 4 and 5 had 99.66 and gg . 62't, 
respectively. Bruised tissue exhibited an 
average of 2. 21. of the tota 1 space not occupied 
by th e apple ce lls, wherea s sect i ons from 
unbrui sed ti ssue exhibited only 0 . 351.. St and ard 
deviation of VRL from different sections is a l so 
pr ese nted in Table 4. Sections obtained from 
the bruised ti ss ue had l arger sta ndard deviation 
than sect ion s obtained from th e unbruised 
ti ssue . 

Table 4. Volume Ratio by Section from Linear 
and Area Frac ti on Measurements."' 

SECTION 

1ST 

2ND 

3RD 

4TH 

5TH 

VOLUME RATIO FROM 
LINEAR FRACTION 

('t) 

STANDARD 
MEA N DEV!A TI ON 

97. as• 0. 83 

97. 92• .09 

97 6la 1.07 

99 66b 0 . 35 

99.62b 0.31 

VOLUME RATIO FROM 
AREA FRACTION 

('/,) 

STANDARD 
MEAN DEVIATION 

97. zza 0. 91 

96.91 a I. 19 

96. 97• 0. 99 

99.25b 0. 54 

99.61 b 0.18 

~ Mean values of five apples , values in the same 
column not followed by the same letter are 
signi flcantly different (P < 0.05). 

The mean VRA results and standard deviation 
obta 1 ned from different sections are presented 
in Table 4. Sec t ions 1, 2 and 3 were obtained 
from bruised app le ti ssue and had mean VRA 
values of 97 . 22 , 96 . 91 and 96.97% , 
respect iv ely. Sections 4 and 5 were obtained 
from unbruised apple tissue and had mean VRA 
va lu es of 99.2 5 and 99.61 %, respectively. 
Sec tion s obtained f rom t he brui sed ti ss ue 
ex hi bi t ed about 3% of the tot a I space not 
occupied by apple cells (empty regions), whereas 
sections obta in ed from the unbruised tissue 
exhibited only 0.6% . Sections 4 and 5 obtained 
from unbruised tissue and also had lower 
standard deviations on VRA results than the 
bruised tissue <sections 1, 2 and 3). 

The measured VRL and VRA differences between 
bruised and unbruised tissues were statistically 
significant. This demonstrated that the VRL and 
VRA measurements can be used to distinguish the 
mi crostructura 1 difference between bruised and 
unbruised apple tissues. 

From the visual observation of 
photomicrographs (Fig . 3) . specimens obtained 
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from bruised app 1 e tissue ex hi bi ted more empty 
regions: than from unbruised apple tissue. Image 
analysis data suppor t t he visual observation and 
provide numerical results for statistical 
analysis . Direct measures of empty regions 
(APA) (Table 2) ranged from 2.36 to 3 .001 for 
brui sed tis sue and 0.56 to 0.821. for unbruised 
tissue. Both VRL and VRA results agreed with 
the APA measurement s and ca n quan t ify the 
mi crostructura 1 difference between bruised and 
unbruised apple ti ss ues: however , VRA 
measurement s required more time than the VRL 
meas uremen t s. 

Major in t erferen ces for image ana lys is on 
photomicrographs of biological mate rial s are 
s tructural complexity and la ck. of grey level 
discrimination (Bradbury, 1979; Bolin and 
Huxoll, 1987). The semi-automatic method <VRU 
deve loped in this study consists of visual 
observa tion and computerized data collecting and 
processing. Structura l complexity and diffe rent 
grey 1 eve l s on photomicrographs were handled 
manually, but data collection and processing 
were handled by microcomputer. This method can 
effectively quantify the microstructural 
difference s between bruised and unbruised apple 
tissue. 

Surrmary and Concl usions 

Apples damaged by a pendulum impactor 
developed the brui se vo lume s rangi ng from 1.8 to 
3.6 cm3 . Structural image s obtained from 
cryo-f ractured samples rev ea led that some 
regions were not occupied by cells. The bruised 
ti ss ue exhibited more emp t y regions than the 
unbruised tis sue based on a visual observa ti on. 
This criterion was used for image analys i s of 
apple tissues. 

There was a clear difference in NPA and APA 
between bruised and unbruised tissues. NPAs 
ranged between 2.00 and 2.55 per mm2 for 
bruised tissues and between 0.45 and 0.91 per 
mm2 for unbr uised tissues. APAs ranged 
between 2.36 and 3.001. for bruised tissues and 
between 0.56 and 0.821. for unbruised tissues. 
Statistica l analyses of the data showed that 
both NPA and APA values can be used to quantify 
microstructural differences between unbruised 
and bruised apple tissues. 

Three different s i zes of circles 0 .6 , 6.4 
and 5.1 em diamet er) were used to measure the 
VRL. Th e 7 . 6 em diameter circle had the 
smallest coefficient of variation (CV l and is 
recommended for the volume ratio measurement. 

There were no significant differences among 
apples for both VRL and VRA resul t s This 
indicates that the measured VRL and VRA among 
apples were consistent. Both VRL and VRA 
measured from the unbruised tissue had 
significantly l ower values than the unbruised 
tissue. By using either VRL or VRA 
measurements, the mi eros true tura 1 difference 
between bruised and unbruised apple tissues can 
be quantified and distinguished objectively . 
However, the VRL method required less 
measureme nt time and is recommended. 
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Discussion with Revi ewers 

B.G . Swanson: Do you have any evidence to 
suggest these data wi ll apply to other apple 
cui tivars? 
8..u...t..b.2r. : No , we do not believe that degree of 
structu ra l damage wi 11 be the same from one 
app l e cul t ivar t o ano ther; however , we be li eve 
that t he met hod developed in th i s study ca n be 
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applied to another cultivar in order to quantify 
microstructural damage. 

B.G Swanson : Why would you want t o 
differentiate bruised apple tissue by SEM or 
Image Analysis when we can see discoloration and 
textural differences? 
~: Color and texture changes are indirect 
indicators of bruise damage. However, 
microscopic observation on bruised apple tissue 
provides information to support the bruising 
mechanism that mechanical force ruptures cells 
to give tissue softness and releases 
polyphenolases responsible for browning 
reaction. The microscopic observation on 
bruised apple tissues in this study provides 
quantitative data for structural damage and 
supports the bruising mechanism. 

E.A Davis: Would the authors discuss some of 
the practical applications in using this 
technique in evaluating apple damage to the 
apple industry. Do you think it can implemented 
in some sort of quality control-decision making 
capacity? Do you see any reason why this same 
technique could not be applied to other cellular 
tissues with similar problems? 
~: How can you use this method in 
practice? 
~: Since SEM sample preparation and 
semi -automatic image ana 1 ys 1 s are time-consuming 
and labor-intensive , the technique developed in 
this study may not be directly applied to 
quality control purposes. This st udy was 
designed to investigate the bruising mechanism. 
Sim i Jar types of structural damage induced by 
impact in peaches and pears was reported in the 
literature. The method developed in this study 
can be adapted to other cellular tissues with 
similar problems. 

~o: In your opinion. which cells are more 
susceptible to damage? (In Fig 3A. it can be 
seen, that the damaged cells did not occur 
systematically) 
~: Based on our observation on bruised 
apple tissues, cell damages occurred randomly. 
It was impossible to notice which cells were 
more susceptible to mechanical damage. 
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£. Kovacs: In your opinion, is bruising 
dependent on the variety? 
Authors: Bruise susceptibility of apple depends 
on both variety and maturity. 

R.P. Cavalieri: You report that intact cells 
occupy 2.41. less volume in the bruised tissue. 
You attribute this to the impact induced 
bruise. Do you see any evidence of a cell 
rupture pattern through the tissue from the 
point of impact or are the ruptured cells more 
randomly distributed as shown in the figures? 
If you do see a pattern in some specimens and 
not in others, can you attribute this to any 
identifiable difference in structure? 
Authors: Cell ruptures occurred randomly without 
any pattern in all bruised tissues. Based on 
our observations, distance from the impact point 
did not affect the degree of structural damage 
on damaged tissue; 1 n other words, 
microstructural damages in sections 1, 2 and 3 
appeared the same. This was also demonstrated 
statistically in Table 4. 

H.R. Bolin: The bruise, as depicted in Fig. l, 
is not a static event, as shown, but is 
dynamic. How would you envision taking this 
into account in your "bruised" "not bruised" 
formula? 
Au h rs: ~e suppose that the structural damage 
happens at the time of impact and ruptured cells 
release enzymes responsible for browning 
reaction. Released enzymes and su bst rates play 
a role for browning reaction. Browning reaction 
in apple is completed in 12 hours after impact 
as demonstrated in the literature (Klein, 
1987). If our hypothesis is correct, dynamics 
of bruise is restricted only to color changes 
which result from enzymatic browning reaction. 
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Abstract 

A method for I ight and scanning electron mi ­
croscopy of damaged resting peanut seed tissue was 
adapted as a research tool for evaluating the micro­
structural features of commercially available stabi­
lized peanut butter . This method was used in the 
present study to evaluate the degree of homogeniza ­
tion of stabilized peanut butter by examining the 
spatial relationship which exists among the micro­
structural features. Light and scanning electron mi ­
croscopy of three commercially available stabilized 
peanut butters revealed varying degrees of homogeni­
zation of broken c ell and tissue fragments, protein 
bodies, and starch grains within a matrix of stabi ­
lized oil. 
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Introduction 

During the grinding of peanuts into butter, va ­
rious liquid additives such as stabilizers may be in ­
troduced by means of metering units complete with 
proportioning pumps. Woodroof (1983) claims that 
achieving a thorough, homogenous mix during the 
grinding process is extremely difficult. Improper 
homogenization may result in an undesirable lack of 
uniformity which may affect the texture and consis ­
tency of the peanut butter. 

Over the years, our peanut laboratory has per ­
formed a substantial number of quality evaluations on 
different types of commercially available peanut but ­
ters as well as other peanut products. Recently 
Young and Schadel (1989) developed a method for 
light and scanning electron microscopy of damaged 
resting peanut seed tissue. The purpose of the pres ­
ent study is to adapt this method as a research tool 
for evaluating the microstructural features of com ­
mercially available stabilized peanut butter. By 
examining the spatial relationship which exists among 
the microstructural features , the degree of homogeni ­
zation in smooth peanut butter can be determined . 

Materials and Methods 

Sources of Stabilized Peanut Butter 
One jar of each of the three leading commercial 

brands of stabilized peanut butter as purchased at a 
local grocery store were used. In the present study, 
these will be referred to as Commercial Brands #1, 
#2, and #3. 
Fixation Method for Light and Scanning Electron 
Microscopy 

Peanut butter samples (1 mm3) were carefully 
sectioned from the contents of the three jai-s with 
razor blades . These samples were dropped directly 
into a Karnovsky 1s (1965) fixative as modified by 
Young and Schadel (1989). Our modified fixative, as 
originally devised for damaged resting peanut seed 
tissue and adapted for peanut butter, was prepared 
by mixing 25 mL of 8% formaldehyde , 3.6 mL of 70% 
glutaraldehyde and 28.6 mL of 0.1 M sodium phos ­
phate buffer (hereinafter referred to as buffer). The 
pH of the mixture was adjusted to 7.0. The peanut 
butter samples were fixed under vacuum for 30 min­
utes at room temperature and then at atmospheric 
pressure for 48 hours at 4°C. Following a 24 hour 
wash in 6 changes of 0.1 M buffer (4°C, pH 7 .0), the 
material was post- fixed for one hour in 1% osmium 
tetroxide in 0.1 M buffer (4°C, pH 7 .0). After 
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Bars = 10 micrometers on each figure. 

Figures 4- 6 on the color plate. facing page. 

Fig. 4. Light micrographs of Commercial Brand #1: 
a) representative section of a stabilized peanut 
butter with a high degree of homogenization of 
microstructural features; and b) section in which 
broken cell wall fragments (W), protein bodies (P), 
and starch grains (S) are well-dispersed in a matrix 
of s tabilized oil (0). 
Fig . 5. Light micrographs of Commercial Brand #2 
sample showing: a) incomplete homogenization of 
microstructural features; and b) cellular contents 
(primarily protein bodies) that remained coalesced 
(arrow) and incompletely dispersed. 
Fig. 6. Light micrographs of Commercial Brand #3 
sample revealing: a) incomplete homogenization of 
microstructural features; and b) comparatively large 
cell and tissue fragments (arrows). 

post-fixation, the material was washed for 30 minutes 
in 0.1 M buffer (4°C ph 7.0) and dehydrated at 15 
minute intervals in a graded series of aqueous etha­
nol (10, 25, 50, 75, and 95%) and then finally for 30 
minutes in absolute ethanol producing the dehydrated 
samples . 
Preparation for Light Microscopy 

Dehydrated peanut butter samples were embed­
ded in Spurr 1s resin using the methodology of Spurr 
(1969) for long pot-life resin. Sections, 3 micro­
meters in thickness, were cu t using a Reichert ultra­
microtome and glass knives. After mounting sections 
on glass s lides, the sections were stained with acid 
fuchsin and toluidine blue using the methods of 
Feder and O'Brien (1968). Stained sections were 
photographed using a Wild light microscope fitted 
with a 35 mm camera, 
Preparation for Scanning Electron Microscopy (SEM) 

Dehydrated peanut butter samples were prepared 
for SEM by critical point drying in a Tousimis PVT -
38 unit using liquid C02. Dried samples were 
mounted on aluminum specimen stubs using double­
sided tape and silver conducting paint. Prepared 
stubs were coated with 30 nm gold - palladium alloy at 
room temperature in a Hummer V sputter coater fit­
ted with a Technics Digital Thickness Monitor. 
Specimens were v iewed with a Philips 505T SEM at a 
working distance of 15 mm and an accelerating 
voltage of 15 k V. 
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Results 

Scanning Electron Microscopy ( SE M) 
Observations w1th SEM revealed differences in 

the degree of homogenization among the three com­
merc ially available brands of stabilized peanut butter. 

Figures 1-3 (at left). Scanning electron micrographs 
of samples from Commercial Brands #1, #2, and #3 
respectively. Fig. 1 is representative of a stabilized 
peanut butter with a high degree of homogenization 
of microstructural features . Note the broken cell 
wall fragments, protein bodies, and starch grains are 
well dispersed in a matrix of stabilized oil. 
Fig. 2 shows a sample with a variable degree of ho ­
mogenization in which cellular contents remained co­
alesced (arrows) and incompletely dispersed. 
Fig . 3 shows a sample with a variable degree of ho ­
mogenization in which comparatively large cell wall 
fragments (arrows) protrude from the surface. 
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Commercial Brand U is representative of a stabilized 
peanut butter with a high degree of homogenization 
of microstructural features. Broken cell wall frag­
ments were well - dispersed in a matrix of stabilized 
oil (Fig. 1) . Commercial Brand t2 possessed a varia­
ble degree of homogenization in which cellular con­
tents remained coalesced and incompletely dispersed 
(Fig. 2). Commercial Brand N3 also possessed a var­
iable degree of homogenization in which comparative­
ly large cell and tissue fragments were observed 
(Fig. 3). 
Light Microscopy (LM) 

Observations with LM also revealed differences 
in the degree of homogenization among the commer­
cially available brands of stabilized peanut butter. 
Commercial Brand U possessed a high degree of ho­
mogenization in which broken cell wall fragments, 
protein bodies , and starch grains were consistently 
well-dispersed In a matrix of stabilized oU (Figs. 4a 
and 4b). Commercial Brand 12 possessed a variable 
degree of homogenization which ranged from high 
(Fig. 5a) to Intermediate (Fig. 5b) In which cellular 
contents (prlmarily protein bodies) remained coa­
lesced and incompletely dispersed. Commercial Brand 
113 also possessed a variable degree of homogeniza­
tion which ranged from high (Fig. 6a) to intermedi­
ate (Fig. 6b) in which comparatively large cell and 
tissue fragments were observed. 

Discussion 

The use of SEM has Umlted capability for eval­
uating the differences among stabilized peanut but­
ters. Although SEM was capable of detecting incom­
pletely homogenized cellular contents and tissue 
fragments protruding from the specimens, the addi ­
tional use of LM provided an excellent complement 
to SE M for a more thorough understanding of the 
spatial relationship of the microstructural features. 
This spatial relationship is best preserved by plastic 
embedding which enables thin -sectioning for LM ex­
amination without disruption of the spatial relation­
ship. By preserving the spatial relationship, the 
degree of homogenization of the microstructural fea ­
tures of stabilized peanut butter can be determined . 
For example, Commercial Brand 112 exhibited a coa­
lescence of protein bodies (Figs. 2 and 5b) which 
indicated incomplete homogenization. 

Vix et al. (1972) reported pressure as the cause 
of coalescence of protein bodies in partially defatted, 
hydraulically pressed peanuts. We believe that the 
observance of coalesced protein bodies in stabilized 
peanut butter may also be related to incomplete ho­
mogenization. 

Lastly, the use of plastic embedding for LM 
also enables the observance of large tissue fragments 
that would otherwise be crushed by smearing the 
peanut butter on a slide for examination under the 
light microscope. 
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Discussion with Reviewers 

~t~~ftTif:U ob1:e~~t~~n=~~d ~~~rre~:!:~;ic~~~r~~0erit:~~ 
surface shine, etc. of the different peanut butter 
samples? 
1. Heertje: Is the difference in homogenization be ­
~ three samples in some way reflected in 
the organoleptic properties? 
Authors: Yes, our structural observations reveal dif ­
ferences between the three samples in which homog­
enization of microstructural features varies from 
complete to incomplete and is correlated with the 
smoothness c haracter note of peanut butter during 
eating , and is also related to changes in rheological 
properties and surface shine. 

I. Heertje: Is a fixation time of 1 hour in osmium 
tttiroxide adequute for fixing the continuous oil 
phase? I would fear that, under those conditions . 
pllrt of the otl would be lost during the washings 
with ethanol. Consequently the distribution of the 
dispersed particles may have been affected. 
Authors: A fixation time of one hour in 1% osmium 
fetrOX!ae is adequate for samples that are approxi­
mately 1 mm3 in size. Since the osmium tetroxide 
completely blac kens the oil in the samples, any po­
tential oil loss s~uld appear as a stream of black­
ened oil from the sample during the ethanol wash ­
ings. Net~her the removal of blackened oil nor 
sample size changes (i.e. shrinking) were observed 
during the ethanol washings . 

F .0. Flint: Would 5 mm diameter cryostat sections 
giVe more reliable results than plastic embedded sec ­
tions that are only 1 mm in diameter? 
Authors: The sample size o f 1 mm3 is determined by 
ffi'efii8tion requirements of the plastic embedding of 
peanut butter. Our experience with larger cryostat 
sections is that the peanut butter is smeared during 
cryostat sectioning and, therefore, is unsatisfactory 
since the method of preparation alters the sample . 
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Changes i n t he mic r ostructu re of peanut 
(Arachis~ L. cv. Florigian t) cot y ledon aft er 
roasting at a t emper ature of 160°C for 16 minu t es 
were investigated with t ran smission and scanning 
e lec t ron microscopy. Ther mal modification s wer e 
documented with photomicrographs of t he cy t oplasm ic 
network , prot ein bodies, s t arch grai ns and cell - t o­
cell junctions after oven roasting. These t hermal 
modifications include d isruption of t he cy toplasmic 
network, d i s tension of protein bodies, decreased stain 
affinity o f s t arch grains , and di s i nt egrat ion of middle 
lamell ae in some cell - t o- cell junction s . 
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In t roduc tion 

Observation of t he changes in t he mi crostruc­
ture of peanut cot yl edons after oven r oasting enables 
investigators t o u nders t and the r mal modification s 
t hat occur du ring roasting. Young an d Schadel 
( 1990) fi r s t noted t hermal modifications of oven 
r oast ed peanu t coty ledon s microst ructure u s ing light 
a n d scann ing e lectron microscopy (SEM) . The pur­
pose of the present s tudy was t o use t ransmission 
e lec t ron mi croscopy (TEM) in conjunc tion with SEM 
t o achieve a greater resolu tion of the thermal modi ­
fications of peanut cot y ledon microst ruc t ure after 
oven roasting . 

Ma t eria l s an d Methods 

Fixa t ion Methodology 
Cot yledons of peanu t s (Arachi s hypogaea L. cv. 

Florigiant ) were ob t a ined from t he lidewater Re ­
search St a tton, Suffolk , VA. Raw peanut cot yledons 
with in t ac t skins were roast ed i n a hot a i r oven a t 
160°C for 16 minut es. Bot h raw and roast ed peanut 
cot yledons were t hen prepared for TEM an d SEI\1. 
Ti ssue b locks (1 mm3) of ou ter surface epidermis, 
mid - region par enchyma, and i nner s u rface epidermis 
were cut from both t he r aw and roast ed peanut 
cot y ledons and fi xed i n a Karnovsky's (1965) fixa tive 
as modified by Young and Schadel (1989) . Our modi ­
fied fixative was p repared by mix ing 25 mL of 8% 
formaldehyde, 3.6 mL of 70% glu t araldehyde and 28.6 
mL of 0.1 M sodium phosphat e buffer (her einafter 
referred t o as buffer ) . The pH of t he mix tu r e was 
adjus t ed t o 7 .0 . The tissue b locks were fixed under 
vacuum for 30 minutes a t 23°C and t hen fixed a t 
a t mospheric pressure for 48 hou rs a t 4°C . Following 
a 24 hour wash in 6 changes of 0 . 1 M buffer (4 °C, 
p H 7 .0), t he ma t;erial was post - fixed for one hour i n 
1% osmium t e t rox ide in cold 0. 1 M buffer. Aft er 
post -fixation, t he material was washed fo r 30 minu t es 
i n 0.1 M buffer (4°C pH 7 .0) and dehydrated a t room 
temperature in a graded series of aqueous e t hanol 
(10 , 25, 50, 75, and 95%) and t hen fi nally i n absolu t e 
e t hanol . 
Preparation for TE M 

Dehydrat ed tissue was embedded in Spu rr's resi n 
us ing t he methodology of Spu r r ( 1969 ) fo r long pot ­
li fe resi n. Ultra thin sec t ions cut u s ing a Re ichert 
ult ramicrot ome were s t ained with 4 .0 % uran y l ace ­
t a t e for 1 hour , fo llowed by 0.4% lead c itra t e for 4 
minutes . Sections wer e examined with a JEOL 1005 
TEM. 
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Figures 1 and 2. Scanning electron micrographs of cross -sections of parenchyma cell s in the mid region of 
raw (Fig. 1) and oven roasted (Fig. 2) peanut cotyledons. Fig. 1 shows the cytoplasmic network (arrows) sur ­
rounding the storage reserve bodies of protein and starch, and the spaces once occupied by lipid bodies be ­
fore removal of the lipid bodies by alcohol during specimen dehydration. Fig. 2 shows the loss of cellular 
organization and the absence of cytoplasm along the periphery of the cells (arrows). 

Bars= 2 micrometers (Fig. 1) and 10 micrometers (Fig. 2) , 

Preparation for Scanning Electron Microscopy (SEM) 
Dehydrated tissue was crthcal pomt drted tn a 

Tousimis PVT - 3B unit using liquid COz. Subsequent­
ly, the dried sections were mounted on aluminum 
specimen stubs with double -sided tape and silver 
conducting paint. Prepared stubs were coated with 
30 nm gold-palladium alloy at room temperature in a 
Hummer V sputter coater fitted with a Technics Dig ­
ital Thickness Monitor. Specimens were viewed with 
a Philips 505T SEM at a working distance of 15 mm 
and an accelerating voltage of 15 kV. 

Results and Discussion 

The majority of peanut cotyledonary tissue is 
made up of purenchymal cells. The major subcellular 
organelles of these parenchymal cells are lipid 
bodies, protien bodies and starch grains surrounded 
by a cytoplasmic network. With SEM, the cytoplas ­
mic network can be observed to surround the almost 
spherical protein bodies, starch grains and spaces 
once occupied by lipid bodies before removal of the 
lipid bodies by alcohol dehydration during specimen 
preparat ion (Fig . 1). However, protein bodies and 
starch grains cannot be distinguished from one an ­
other with SEM since both of these organelles ap ­
pear as indistinguishable smooth spheres. The use of 
SE M in observing the microstructure of parenchymal 
cells from oven roasted cotyledons (Fig. 2) is even 
more limited because oven roasting has disrupted the 
cytoplasmic network and distended protein bodies and 
starch grains. Therefore the use of TE M, in addition 
to SEM, is necessary to achieve a more thorough 
underst anding of the thermal modifi cations of peanut 
cotyledonary microstructure after roasting . 

When viewed with TEM, the cell - to-cell junc ­
tions are characterized by a distinct middle lamella 
(Fig. 3) existing between parenchymal cells of raw 
peanuts. After oven roasting some of these middle 
lamella (Fig. 4) separat e as a result of thermal 
modifications which occur primarily within the firs t 

mm of tissue beneath the rounded outer cotyledon 
surface . In the raw cotyledon, the protein bodies 
are almost circular in outline and are surrounded by 
numerous lipid body membranes (Fig. 5). The elec ­
tron dense protein bodies have a grainy appearance 
which is distinct from the smooth appearance of 
electron dense starch grains. Aft er oven roasting 
the protein bodies are distended (Fig . 6), In the raw 
cotyledon, t he starch grains appear compact and 
electron dense, and the cytoplasmic network is intact 
(Fig. 7). After oven roasting, the starch grains have 
some electron transparent regions and cytoplasmic 
network has been disrupted (Fig. 8) . In the raw 
peanut cotyledon, the cytoplasmic network 

Figures 3- 8. Transmission electron micrographs of: 
Fig. 3. A cross -section of a cell-to-cell junction of 
parenchymal cells in a raw peanut cotyledon. Note 
the distinct middle lamella (arrow) . 
Fig. 4. A cross ~section of a cell -to- cell junction of 
parenchymal cells in an oven roasted peanut cotyle­
don. Observe that thermal modification has caused 
the cell walls to separate along the middle lamella 
(arrow). 
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Fig. 5. A protein body (P) surrounded by the cyto~ 
plasmic network within a raw peanut cotyledon. 
Note that the electron dense protein body is almost 
circular in outline and has a grainy appearance. 
Fig. 6 . A protein body (P) within an oven roasted 
peanut cotyledon . No t e that the thermal modifica~ 
tion has caused the protein body to become 
distended. 
Fig. 7 . A cross-section of a starch grain (ST) within 
a raw peanut cotyledon. Note the electron dense 
nature (arrow) of the starch grain and the continu­
ous cytoplasmic network (points). 
Fig . 8, A cross-section of a starch grain (ST) 
adjacent to disrupted cyt oplasm (large arrows) within 
an oven roasted peanut cotyledon . Observe the 
electron transparent nature of some regions of the 
starch grains (small arrows). 



SEM / TEM of Peanut Cotyledon after Roasting 

Bars= 0.5 (Figs. 3, 7 and 8) , 0.25 (Figs. 4 and 6) and 0.75 (Fig. 5) micromet ers. 
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Figures 9 and 10 . Transmission electron mic rographs of: 

Fig. 9. A c ross -section of a parenchyma cell in a raw peanut c oty ledon. No t e tha t the cytoplasmic 
network is continuous (arrows ) . Bar = 0. 75 mic rometers. 

Fig. 10 . A cross-section of the disrupted cytoplasmic network (arrow) a dj acent t o a protein body (P) in 
an oven roas ted peanut cot y ledon . Bar = 0 .75 micrometers. 

surrounding the lipid body membranes (Fig. 9) is 
continuous. After oven roasting , the heat has 
disrup t ed the cytoplasmic network (Fig. 10). 

In summary, observations with TEM, in conj unc­
tion with SEM, reveal t hat oven roast ed peanut 
c oty ledon ary parenchymal cell s possess the fo llowing 
c ha r acteristics as a result of thermal modifica tion : 

(1) s o me cell wall separations primarily 
within t he first mm of tissue beneath the 
r ounded outer cot y ledon su r face, 

(2) d i s tended protein bodies, 
(3) s t arch grains with decreased s t ain 

affinity, a nd 
( 4) d i s ruption of the cy topl asm i c 

network. 
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In order to determine cytological effects of 
microwave heating compared to conductive heating , 
whole potatoes were heated in a microwave oven in 
plastic bags for 0.5, 1 and 2 minutes and in boiling 
water for 5. 10 and 20 minutes. Both heating 
treatments caused swelling and partial disruption of 
starch granules. However, as observed with 
scanning electron microscopy, swelling patterns of 
starch granules were different in potatoes using the 
two heating processes. In conductive heating 
potatoes were heated from the outside to the 
inside. Microwave heated potatoes were heated 
fairly uniformly in different regions of tubers . The 
weight loss of potatoes was insignificant with both 
heat treatments. The sottening of potatoes heated 
in boiling water corresponded with conductive 
heating patterns. With both conventional heating 
and microwave heating potatoes were softer outside 
than inside, although this pattern did not correspond 
with heating patterns with microwave heating. 
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Introduction 

The use of microwave energy for processing 
and cooking foods has increased greatly in recent 
years. Microwave heating offers rapid and 
economic methods for processing food products of 
high organoleptic and nutritional value. Heating that 
occurs as a result of microwave energy is caused 
by molecular vibration in foods. Therefore, 
microwave energy has a much greater penetration 
depth than the heat produced by conventional 
methods (Knutson et al., 1987) . In food 
applications microwave energy penetrates to the 
center of the food in a relatively short time and 
heats the food quickly. In terms of energy cost 
differentials, industrial microwave food processing 
has become more economically attractive in recent 
years, as costs of gas and oil have risen and use 
of coal and nuclear energy sources for generating 
electrical power has increased (Mermelstein , 1989). 

Although many acceptable food products are 
produced by microwave energy, less satisfactory 
results are obtained with some starch-based foods. 
The reason for this may be related to fast heating 
rates, difference in heat and mass transfer 
mechanisms, or specific interaction of the 
components of the food with microwave radiation 
(Goebel et al., 1984). 

Today, potatoes provide 25% of the world's 
food from plants and play a major role in the diet of 
many people. Few studies have been conducted 
on the effects of microwave heating on starches of 
potato. Collison and Chilton (1974) found thai 
microwave~heated samples of potato starch were 
damaged more rapidly than forced air convection­
heated samples. They also suggested that the 
starch:water ratio was more important than heating 
rate in determining the extent of damage. Goebel 
et al. (1984) studied starch granule swelling over a 
range of water levels commonly found in starch­
based food systems and developed a classification 
of the stages of granule swelling. They indicated 
that at each starch :water ratio the range of stages 
of swelling and matrix development was smaller in 
convection~heated samples than in microwave~ 

heated samples, but the convection-heated samples 
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were at more advanced stages of gelatinization 
than the comparable microwave-heated samples. 

Chen et al. (1971) studied textural changes 
of the potato tissue caused by heat. When the 
temperature of a potato is raised above 50C, starch 
granules start to swell and begin to gelatinize at 64-
71 C. This process results in cells becoming less 
angular and in cell separation. Sogginess of the 
tissue may also occur (Roberts and Proctor, 1955). 
Reeve (1954) reported that upon prolonged heating, 
the hemicellulose and cellulose components 
undergo some breakdown. Collins and McCarty 
(1969) observed that microwave energy produced 
comparable softening in about one-third the time 
required by boiling water. They also reported that 
a sensory panel was unable to distinguish 
significant differences in texture between potatoes 
cooked in water and by microwaves Preliminary 
observations indicated that the microwave-cooked 
potatoes might possess a more mealy texture. 

Different heating patterns with microwave 
heating have been reported by several researchers. 
Chen et al. (1971) conducted heating studies on 
whole white potatoes with microwave energy (1 kW 
at 2450 MHz) and boil ing water, using white 
potatoes with a mean radius of 1.95 em and a 
mean weight of 29 g. When temperature 
measurements were made after various treatment 
durations, a temperature gradient from core to 
periphery was observed with microwave heating 
which was opposite to the gradient for heating in 
boiling water. Later Ohlsson and Risman (1978) 
carefully studied temperature distribution in spheres 
and cylinders of potatoes heated with microwave 
energy. They found more pronounced core heating 
at 2450 MHz in spheres with diameters in the 2- to 
6- em range . However, earlier work by Collins and 
McCarty (1969), in which microwave energy was 
compared with boiling water, indicated a 
temperature gradient from the surface to the core 
instead of the core to the surface shown by Chen 
et al. (1971) and Ohlsson and Risman (1978). It is 
difficult to generalize across a number of studies in 
which heating conditions are different. 

Physical properties of foods are very often 
correlated with their microscopic structure The 
purpose of this study was to determine swelling 
patterns of starch granules and heating patterns of 
potatoes during microwave and conductive heating. 
Scanning electron microscopy (SEM) was used to 
characterize changes in potato starch granules 
during microwave heating and conductive heating. 

Materials and Methods 

Raw Potatoes 
Russet potatoes were selected from a 

commercial supplier. Whole potatoes with uniform 
size, mean radius (5.8-6.1 em) and mean weight 
(117-162 g), were used. 
Conductive Heating Process 

Whole potatoes were heated in boiling water 
according to the stages listed in Table 1. 
Temperatures at the center, side, and end regions 

Fig. 1. Starch granules in raw potatoes. Bar 
100 ~m. 

of potatoes were measured with a DM 302 series 
thermocouple. Iron constantin thermocouples were 
inserted so that one was at the mass center of the 
potato, one at 2-3 mm deep at one end and 
another at 2-3 mm on the side. Heating 
experiments were replicated four times 

Temperatures were recorded every minute 
during the heating process. After heating, samples 
were cooled immediately with running tap water. 
Tissues from the center, side, and end regions of 
each conductive-heated potato were chosen as 
representative regions of potatoes for SEM studies. 

Table 1. Temperature and Heating Time of 
Each Stage During Treatments 

Boilin~ Water Microwave 

Center Heating Center Heating 
Stagel temp. time temp . time 

oc minutes oc minutes 

46 38 0 .5 

65 10 66 

90 20 80 

lstages: 
1. Center of potatoes heated to temperatures 

which are below their starch gelatinization. 
2. Center of potatoes heated to temperatures 

where starch gelatinizes. 
3 . Center of potatoes heated to temperatures 

which are above starch gelatinization. 
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Fig. 2. Center region of boi led potato sample 
heated to 46C. Fig. 3. Side region of boiled 
potato sample heated to 46C. Fig. 4. End region 
of boiled potato sample heated to 46C. Fig. 5. 
Center region of boiled potato sample heated to 
65C. Fig. 6. Side reg ion of boiled potato sample 
heated to 65C. Fig. 7 End region of boiled potato 
sample heated to 65C. Bar~ 100 ~m. 
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Table 2. Characteristics of Progressive Gelatinization of Boiling Potatoes 

Stage Center Region Side Region End Region 

mostly individual clumped small large c lustered granules 
small grains granules filled whole cell 

small to medium 1 arge swollen large swollen 
clumped granules granules granules 

swollen granules with swollen granules with swollen granules with 
reticulated structure reticulated structure reticulated s tructure 

Table 3. Characteristics of Granulation of Microwave and Treated Potatoes 

Stage Center Region Side Region End Region 

small individual granules small clumped granules small c lumped granules 

clustered large granules large swollen starch granules, large swollen starch granules 
filled whole cell individual granule no longer visible 

large swollen starch granules large swollen starch granules large swollen starch granules 

Sampling and Microwave Heating Process 
Whole potatoes were placed in plastic bags 

and heated in the center of a microwave oven 
according to the stages listed in Table t. The 
microwave oven was operated at 2450 MHz 
frequency. Immediately after heating, 
thermocouples were inserted as in conventional 
heated potatoes Temperatures at the center, side , 
and end regions of each sample were measured at 
30 second intervals until the temperatures at the 
center began to decrease Samples were then 
quickly cooled with running tap water. Tissues from 
the center, side, and end regions of microwave 
heated potatoes were chosen as representative 
regions of potatoes for SEM studies. Heating 
experiments were replicated four times. 
Preparation For SEM 

After processing, samples from representative 
regions of potatoes, including the unheated control, 
were frozen in liquid freon followed by liquid 
nitrogen before being fractured with razor blades . 
Fractured samples were then freeze-dried 12-24 
hours. The temperature of the condensing plate 
was -65C. The dry samples were mounted on 
aluminum stubs and a modified Polaron E5300 
freeze-drie r was used to gold sputter samples. The 
fractured surfaces of samples were examined with 
an JEOL 840A SEM 
Water Loss and Hardness Measurement 

Potato samples were weighed before and 
after heat treatments so that water loss could be 
measured. Firmness of the heated potatoes was 
measured by use of a Voland-Stevens-LFRA 
Texture Analyzer using a 1.6 mm diameter stainless 
steel plunger. The plunger was positioned to 
penetrate to the center of potatoes at a right angle 
to the surface. Force (kg/em') required to penetrate 
into the center of each potato was recorded as 
hardness. Travel speed of the plunger was 0.5 
mm/sec. 
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Results 

Unheated Control Samoles 
Starch granules in unheated potatoes were 

smooth and small and were not fused (Fig 1 ). 
Individual granules were distinct. 
Swelling Pattern of Conventional Heated Samples 

Representative regions from each stage are 
shown in Figures 2-10 and the characteristics of 
each region at every stage are summarized in 
Table 2. In Stage 1 (Figures 2-4) starch granules 
progressively clumped and were swollen at the 
edges of potatoes. Figures 5-7 show that at Stage 
2 coalescence occurred only in outer regions of 
boiled samples while a considerable number of 
unswollen starch granules was still present in the 
inner region . Figures 8-10 show that for Stage 3 
all the starch granules were swelled. In the center 
region the starch was coarsely reticulated (Fig. 8). 
In the side region , where temperatures were higher, 
the reticulation was finer (Fig . 9). In the end 
region, where temperatures were near boiling 
temperatures, the cell contents were homogenous 
(Fig. 10). In summary, gelatinization first occurred 
in end regions of stage 1, and advanced until it 
reached stage 3 where most of the starch appeared 
to be gelatinized. Separation of adjacent cell walls 
did not occur even after boiling the potatoes for 
twenty minutes in stage 3. 

Fig. 8. Center region of boiled potato sample 
heated to 90C. Fig. 9. Side region of boiled 
potato sample heated to 90C. Fig. 10. End region 
of boiled potato sample heated to 90C. Fig. 11. 
Center region of microwaved potato sample heated 
to 38C. Fig . 12. Side region of microwaved potato 
sample heated to 38C. Fig . 13. End region of 
microwaved potato sample heated to 38C. Bar ~ 
100 ~m 
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Table 4: Weight Losses of Treated Potatoes 

Temperature Weight (g) Weight (g) 
( OC) Before After 

Treatment Treatment 

Conventional Treated 

40 179 179 
62 185 185 
90 178 177 

Microwave Treated 

41 192 191 
62 199 192 
82 200 191 

Swelling Patterns of Microwave Heated Samples 
Representative regions of microwave treated 

samples from each stage are shown in figures 11 -
19. The characteristics of each region at each 
stage are summarized in Table 3. No granulation 
occurred in stage 1 (Figs. 11-13). However, the 
small unswelled granules appeared to be different 
from the original unheated sample. The granules in 
th is stage started to clump. 

In stages 2 and 3 (Figures 14-19) 
coalescence of starch grains occurred in both inner 
and outer regions of the microwave samples. The 
whole potato appeared to be evenly gelatinized at 
these stages and irregular shaped granules filled 
the whole cells in both the outer and inner regions 
of potatoes. In addition there were large 
intercellular spaces in the samples. 
Heating Patterns 

The time-temperature profiles for the boili ng 
water and microwave treated samples are shown in 
Figs. 20-23. With microwave heating, shorter times 
(approximately ten times shorter) were required for 
the potato starch to reach gelatinizat ion 
temperatures in the center of potatoes. 

There was a significant difference in time· 
temperature profiles between microwave and 
conductive heating. During conductive heating the 
temperature of boiled samples was higher in 
penpheral potato tissues. The temperature of 
peripheral regions of potatoes reached about 90 C 
within one to two minutes when put into boiling 
water and remained at this temperature throughout 
the heating, wh1le the temperature in the center 
regions of potatoes increased slowly to 90C. (Figs. 
20-22). On the other hand, microwave heating 
temperatures were fairly uniform in different 
regions of tubers (Fig . 23). 

Fig. 14. Center region of microwaved potato 
sample heated to 66C. Fig. 15. Side region of 
microwaved potato sample heated to 66C. Fig . 16. 
End region of microwaved potato sample heated to 
66C. Fig . 17. Center region of microwaved potato 
sample heated to SOC. Fig. IS. Side region of 
microwaved potato sample heated to SOC. Fig. 19. 
End region of microwaved potato sample heated to 
SOC. Bar = 1 00 11m. 
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Fig. 20. Penetration of heat into potato treated by 
boiling water during stage 1. 
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Fig. 21 . Penetration of heat into potato treated by 
boiling water during stage 2. 

Weight Loss and Texture of Treated Potatoes 
lMicrowave versus Boiling Water) 

The weight loss (Table 4) of potatoes, for the 
most part, was insignificant with both treatments. 
However, the weight loss of microwave treated 
potatoes was more evident than with the boiling 
water treated potatoes (Figs. 24-25). 

The hardness of raw potatoes and treated 
potatoes is shown in Figs. 26-2S. The hardness of 
boiling water heated potatoes increased from the 
outside layer to the inside layer. The hardness of 
the center part did not decrease until the center 
part was heated to gelatinization temperatures (Fig . 
27). With raw potatoes (Fig . 26), boiling water 
heated potatoes (Fig. 27) , and microwave heated 
potatoes (Fig. 2S) the skin offered resistance to 
penetration. Once the skin was penetrated, stress 
depended upon the hardness of the tissue. The 
softest point of the tissue was evident by the 
minimum values on the stress/depth curves (Fgis. 
26-2S). 

The hardness of microwave heated potatoes 
stayed at about the same level at stage 1 while the 
hardness at stages 2 and 3 increased from the 
outside to the inside as was observed with the 
boiling water treated samples (Fig . 2S). The 
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Fig. 22. Penetration of heat into potato treated by 
boiling water during stage 3. 
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Fig. 23 . Penetration of heat into potato treated by 
microwave during stage 1, 2. and 3. 
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Fig. 24. Weight loss of potatoes during boi ling 
water heating. 
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Fig. 25. Weight loss of potatoes during microwave 
heating. 
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Fig. 26. Hardness of raw potatoes. 
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Fig. 27. Hardness of potato treated by boiling 
water at stage 1 , 2 and 3. 
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Fig. 28. Hardness of potato treated by microwave 
at stage 1 , 2 and 3. 

hardness of the center regions generally did not 
change much until the center regions were heated 
to gelatinization temperatures. 

Goebel et al. (1984) studied the distribution 
of gelled, chalky and paste areas of wheat starch­
water dispersions heated in beakers with microwave 
ovens and conventional ovens. They indicated that 
the gelled regions where granulation first occurred 
were the inner regions of the microwave samples 
and the outer regions of the convection samples 
Contrary to this report, we found that the 
coalescence of starch grains occurred in both inner 
and outer regions of the microwave samples 
Nevertheless, the gelatinization did first occur in the 
outer region of the conventional samples During 
normal cooking in boiling water the heated potatoes 
at stage 1 primarily consisted of unswelled starch 
granules. Only some outer regions contained 
swelled starch granules (Figs. 2-4). However, in 
microwave heated samples, the starch granules in 
both outer and inner regions had a similar 
appearance when they were heated to 40C (stage 
1) (See Figs 11-13). At temperatures which caused 
gelatinization (stage 2), gelatinization occurred in 
both inner and outer regions with microwave heated 
potatoes (Figs. 14-16). No apparent structural 
differences were found between outer regions and 
center regions at stages 2 and 3 with microwave 
heating (Figs. 14-19). 

There appears to be no consistent 
temperature gradient between the core and the 
surface of potatoes with microwave heating (Fig 
23). This suggests that the difference in starch 
granule swelling patterns could be closely related to 
different heating patterns between conductive 
heating and microwave heating. There are a 
number of reports on microwave heating patterns of 
potatoes. However, the conclusions were different 
For example, Chen et al. (1971) demonstrated a 
temperature gradient from potato cores to peripheral 
regions with microwave heating and the opposite 
gradient for heating in boiling water. Conversely, 
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Collins and McCarty (1969) reported a temperature 
gradient from the surfaces of potatoes to the cores 
instead of the core to the surface gradient shown 
by Chen et al. (1971) Therefore , further research 
needs to be conducted to clarify the issues of 
microwave heating patterns 

Turpin (1989) suggested that although 
conventional and microwave heating methods have 
the same objective, conduction heating has very 
different thermodynamic effects. With conduction 
heating, energy is added to the food molecules in 
the form of heat With microwave heating, energy 
is added in the form of electromagnetic radiation, at 
a frequency of 2450 MHz and converts to heat at 
the target. Microwave heating of these samples 
took about one-tenth as much time as conduction 
heating to reach pre-determined temperatures 
(Table 1 ). It also explains the different starch 
swelling patterns and heating patterns between 
microwave and conductive heating. 

Large intercellular spaces were evident with 
samples heated by both methods (Figs. 8-10, 14-
19). However, the cell walls remained intact. The 
possible reasons for the prominent intercellular 
spaces are: 1) Granule shrinkage may have been 
due to increased packing density caused by 
gelatinization and retrogradation of the starch. 2) 
The intercellular spaces may have been created by 
partial solubilization of pectin in middle lamellas of 
cells which lead to easy separation of cells Sefa­
dedeh and Stanley (1979) reported that the greatest 
structural change of legumes during cooking was 
the breakdown of the middle lamella leading to the 
easy separation of intact cells. Nevertheless, they 
also stated that there was less evidence for the 
breakdown of the middle lamella in soybeans. 

On the other hand, there was a marked 
difference in the appearance of starch granules 
between conventionally heated samples and 
microwave heated samples at stage 3. The starch 
granules from conventionally heated samples 
appeared to be more reticulated (Figs. 8-9) while 
the starch granules from microwave treated 
products tended to be more compact and dense 
(Figs. 17-19). This implies that conduction heating 
may hydrate more starch causing partial disruption 
of starch granules. Langton and Hermansson 
(1989) suggested that heat treatment of wheat 
starch dispersions gave rise to two stages of 
swelling and solubilization. Solubilization was 
observed in the center of granules during the first 
stage of swelling. Further swelling caused granule 
deformation and caused amylose release. Using an 
electron microscope, Buttrose (1963) concluded that 
acid caused corros1on of starch granules. 
Apparently, the heating treatment used in this study 
also caused the starch granule disruption (Figs. 8-9, 
17-19). Nevertheless different heating methods 
resulted in different degrees of disruption. The 
microwave heated samples (Figs. 17-19) appeared 
to be less hydrated than the conventionally heated 
samples (Figs. 8-1 0). The microwave heated 
samples were less reticulated (Figs. 17-19). 

Buttrose (1963) pointed out that starch 
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granules were made of concentric shells and were 
spherocrystals. This study showed that starch 
granules had a layered structure when they were 
heated to gelatinization temperatures (Figs. 7, 14-
16). However, the layered structures were invisible 
when the temperature was above the gelatinization 
temperature (Figs. 8-9, 17-19). 

The softening trends of conduction heated 
potatoes corresponded with heating patterns. In 
other words, softness increased following the 
increase of temperature (Figs. 20-22, 27). On the 
other hand, the softening trends of microwave 
treated potatoes at stages 2 and 3 could not be 
explained by their heating patterns while softening 
trends of microwave treated potatoes at stage t 
corresponded with the heating pattern (Figs. 23 and 
28). This implies that softness does not solely re ly 
upon temperature with microwave heating. Further 
investigations are necessary to elucidate the 
understanding of the re lationship between softness, 
temperature of potatoes , and time exposed to 
microwave energy. Compared to conventionally 
heated potatoes, microwave treating did result in a 
little more moisture loss (Figs. 24-25). However, 
the relationship between hardness of heated 
potatoes and their moisture losses seems to be 
indistinct. 

The findings in this study suggest that 
microwave heating may be more desirable for 
commercial products than conventional heating 
because of density. Moledina et at (1978) 
suggested that round and dense granules were 
des,able when economy packaging and shipping is 
used. In addition, he pointed out that round and 
dense granules also tend themselves well to 
automatic mashed potato machines which are 
becoming popular in restaurants and institutions. 
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Discussion with Reviewers 

Reviewer I: Were the boiled samples placed in 
plastic bags to prevent the introduction of additional 
water into the cells? 
Authors· No. We purposely heated the samples 
with boiling water so that water in the samples 
would not evaporate . In this way we were able to 
study the impact of moisture loss on potato 
structure and softness between conventionally and 
microwave heated samples. Moisture loss was not 
evident with conventionally heated samples, but was 
evident with microwave heated samples. 

Reviewer t· Why does Figure 14 look so different 
from the other micrographs? 
Authors: Figure 14 shows the center region of a 
microwaved sample heated to 66C. In general, 
potato starch gelatinizes at about 62-65C. The 
characteristics of starch granules in Figure 14 
indicate that starch gelatinized but did not 
completely coalesce. This phenomenon does not 
last long. These physical changes in starch take 
place rapidly thus they are not normally seen. 

Reviewer 1: J. Grider 
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Freeze fracture electron microscopy and differential 
scanning calorimetry were used to study the behavior of 
coconut oil during cake batter processing. The greatest 
modifications of fat crystallization are due to the mixing 
temperature of batter more than the physical state of the fat 
before its incorporation and the wheat flour hydration. 
Mixing at a temperature below the melting point of coconut 
oil involves a liquid/solid fat segregation in the cake batter. 
The endogenous wheat flour lipids and proteins appear to 
stabilize this fat partition. These results are likely related to 
previous observations which correlate loaf volume and 
mixing temperature of wheat flour dough containing coconut 
oil. 
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Introduction 

Fats play an imponant role in the processing of 
bakery products. In cake-making a 35 to 50% fat content 
based on flour weight influences : entrapment of air during 
mixing process, lubrication of protein and starch particles, 
emulsification and retention of considerable amounts of 
liquid to increase softness of the cake. In smaller amounts (1-
3%) fats can be used in bread-making to increase loaf volume 
and to improve slicing properties, crumb grain uniformity 
and tenderness (Chamberlain et al. 1965). These effects 
depend on the crystalline form (a, P or P') adopted by the fat; 
for instance, in cake-making the beta prime form has been 
found the most appropriate to improve volume and texture of 
cakes (Hoerr et al. 1966). Furthermore, the liquid/solid ratio 
of the fat at mixing temperature greatly influences bread or 
cake volume (famstorf et al. 1980). 

It has been suggested among many hypotheses that 
the solid components of the fat facilitate the production of 
oriented structures in cake batters, which may remain even 
when the temperature exceeds the melting point of the fat; 
and these structures favour gas retention in the earliest stages 
of baking (Bell et al. 1977). In addition, microscopic studies 
of cake batters have shown that during mixing, air cells are 
incorporated into the fatty phase and during baking the fat 
quickly melts and releases the suspended air into the flour 
water phase (Carlin 1944). 

However, the reponed hypotheses do not provide a 
very satisfactory explanation for the role of fats in bread­
making or cake-making. In fact very few studies concern the 
behavior of fat during cake batter processing while a number 
of factors are known to influence fat crystallization especially 
nonfat components such as amphiphilic lipid molecules 
(Timms 1984). 

In order to clarify the mechanism of fat crystallization 
in the cake batter, the coconut oil, usually used in cake 
factories, has been chosen to take advantage of its low 
melting point (24-270C) well apan from starch gelatinization. 
Moreover simple thermal behavior due to predominating 
beta-prime polymorph (Riiner 1970), was expected to 
simplify interpretation. 

In the present investigation a dual approach of cake 
batter structure has been used combining freeze fracture 
microscopic observations for lipid phase identification and 
differential scanning calorimetry for the characterization of 
phase transitions. 
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Experimental 

Cake batter fonnulations and processing conditions 
are given in Table 1, with 40% or 60% water content on flour 
weight basis. The doughs were mixed for 15 min in a 
Farinograph under controlled temperature and with a mixing 
speed of 61 rpm. 

ADDITION ORDER 

Wheat Water Coconut Mixing (DC) 
Flour oil Temperature 

lOOg 40g L30g 
L lOg 15 -20or30 
SL lOg 

lOOg 60g L 30g 
L lOg 15 - 20or30 
SL lOg 

Wheat Coconut Water Mixing (OC) 
Flour oil Temperature 

lOOg L lOg 40g 15-20or30 
L30g 

lOOg L lOg 60g 15- 20or30 
L30g 

Table 1. Stand_ard c~e. batter fonnulation with sequential 
procedure, 3 rrnn of rrnxmg after the first adding of water or 
fat to the flour. Physical state of fat before mixing : L liquid 
SL solid/liquid. ' 

Polarized light microscopy was performed with an 
~~~J~sb~~~~~ microscope to detect starch birefringence in 

Cake. ~atter samples incubated between two copper 
s.hCC:ts at nuxtng temperature were rapidJy plunged in an 
hqutd N2 slush. Other freeze-fracture conditions were as 
p:eviously described (Marion et al 1987). Replicas were 
vtewed on a Jeol lOOS electron microscope operating at 80 
~~~e~~~- each mixing condition at least ten replicas were 

Thennal measurements were carried out on a 
temperature programmable, differential heat flux 
microcalorimeter (DSCIII, SETARAM). The samples were 
placed tn 150 ~I stamless steel pans. The samples were 
cooled. from their mixing temperature to IOC, at a rate of 
5oc;tmm, and then heated to 150oC at a rate of lOC/min. 
Indaum was used to check temperature calibration. Data were 
collec ted on a HP 86 microcomputer. 

The. same coconut oil, stored at 4oC, was used during 
these expenments and care was taken to reproduce identical 
"thermal history" for all coconut oil aliquOls. 

Results 

Differential Scanning Calorimetry 
Figure 1 shows the DSC thermogram of coconut oil. 

A large endothermic peak is observed with 3 T m 
(temperature of endothermic peak maxima) at 250C. The 
onset temperature of endothenn is obviously below ()oC and 
represents the melting of the solid ~· form, according to 
results of Hannewijk et al. (1958). 
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Fig.l Representative DSC thermogram of coconut oil. 
(Heating rate lOC/min). 

The endothermic melting of coconut oil, incorporated 
in a _liquid state into the dough and mixed at 3()oC, is not 
mcxlifled (Fig. 2). Furthermore, at a mixing temperature of 
30oC, the melting endotherm of coconut oil is not influenced 
by water or the amount of fat added to wheat flour. ln the 
same way, the melting endotherm does not depend on the 
order of water or oil addition to the flour. 

The two endothermic peaks caused by gelatinization 
of starch are affected by water content as shown in previous 
work (Donovan 1979), but not by fat level (Fig. 2). 

With cake batter mixing 3t 3QoC the melting coconut 
endothenn seems to be almost independent of the physical 
state of the fat added to cake batter (solid-liquid mixture or 
liquid fat). (Table 2 or Figs. 3 and 4). 

After heating w 1500C in the DSC pans, reheating 
after cooling (50C/min) restores the initial melting profile of 
coconut oiL The starch endotherms have disappeared, 
suggesting complete starch gelatinization. 

Studies with polarized light of these cake batters after 
fust heating show the starch granules lose polarization 
crosses (results not shown). These observations agree with 
DSC studies, and clearly demonstrate the complete starch 
gelatinization after a first heating, even at 40% water level. 

On the contrary, the endothermic peak shape of 
coconut oil is greatly mcxiified when cake batter is mixed at 
15 or 200C (Figs. 3 and 4) whatever should be the other 
processing conditions, such as addition of other ingredients, 
water content (40% or 60%) and the physical state of fat 
added to the cake batter (Table 2). 

Thus, in regard to the endotherm of coconut oil 
melting, new peaks appear below and above T m of coconut 
oiL This suggests that pan of the fat has a higher melting 
point since a thermal recycling of these cake batters restores 
the usual pattern of mixture obtained by fat addition at 300C 
(Fig. 5). 



Freeze fracturing and DSC of oil during dough mixing 

Mixing Water Water 
Temperature Content Content 

60% (60g water/lOOg wheat flour) 40% (40g water/lOOg wheat flour) 

Physical 1st scan 2nd scan Physical 1st scan 2nd scan 
state of fat oc oC state of fat oC oC 
before mixing before mixing 

15oC Liquid 13 22.4 Liquid N.D. 22 
20 18.3 
27 26.4 

Liq/sol 12 22 Liq/sol N.D. 
27 

200C Liquid 18 22.5 Liquid N.D. 22 
22.5 20.7 
29 27 

Liq/sol 18.5 22.9 Liq/sol N.D. 
23.8 
29.6 

300C Liquid 23.2 23 Liquid 23.1 23 

Liq/sol 22.7 23.5 Liq/sol N.D. 

Table 2. Temperatures of fat melting peak maxima, in the various processing conditions, achieved with DSC. 
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Fig.2 : Representative DSC thermogram of a cake batter ( 40% and 60% hydration on a wheat flour basis) 
containing coconut oil, mixed at 300C. 
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Fig.3 Representative DSC thennograms of cake batters 
(60% hydration) containing coconut oil. The fat is 
incorporated as liquid in the cake batter. Comparison of(-) 
3QoC, (-·) 2QoC, and(---) !SoC mixing temperature. 

10 20 30 40 50 

TEMPERATIJRE (OC) 

Fig.4 : Representative DSC thermograms of cake batters 
(60% hydration) containing coconut oil. The fat is 
incorporated as solid-liquid in the cake batter. Comparison of 
(-) 3QoC, (-·) 200C, and(····) I SoC mixing temperature. 
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Fig.5 : Representative DSC thermograms of cake batters 
(60% hydration) containing coconut oil. The fat is 
incorporated as liquid in the cake batter, with mixing 
temperature of 200C. Comparison of (a) the first heating, (b) 
reheating of this cake batter after a cooling at a rate of 
IOOC/min. 

10 

TEMPERATIJRE (OC) 

Fig.6 : Representative DSC thermo grams of cake batters 
containing coconut oiL The fat is incorporated as liquid in the 
cake batter, with mixing temperature of 200C. Comparison of 
t-l 40% hydration, and(---) 60% hydration. 
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50 

TEMPERATURE (OC) 

Fig.? : Representative DSC thennograms of cake batters 
containing coconut oil, with mixing temperature of 150C and 
hydration of 60%. (-- -) Fat incorporated as liquid. (-) Fat 
incorporated as liquid-solid. 

For the mixing temperature of 15 or 200C, we can 
even observe the same phenomenon independent of the Other 
processing conditions. This peak is more or less important, 
depending panicularly on water content (Fig. 6), and to some 
extent on the state of fat (liquid or solid- liquid) incorporated 
into cake batters (Fig. 7). 

Freeze-fracrure elecrum microscopy 
Freeze-fracture of the cake batter clearly shows the 

protein matrix, starch granules and lipids of wheat flour (Fig. 
8). 

The cake batter with the mixing temperature of 300C 
exhibits globular fat droplets with a diameter varying 
between 0.15 to 2 ~m more or less surrounded by the gluten 
protein network. There are a few small spherical panicles (50 
to 200 nm in diameter) associated with fat globules (Fig. 9 a­
b) , which according to previous freeze-fracture studies on 
wheat flour and gluten (AI Saleh et al. 1986; Marion et al. 
1987), could be attributed to endogenous wheat lipids. 
However DSC studies indicate that these associations do not 
modify the melting point of coconut oil. 

Cake batters mixed at 15 or 200C exhibit nOt only 
comparable fat globules but also irregular crystalline platelet 
areas (Fig. 9 c-d). These two types of fat structures appear to 
be more or less separated from each other (Fig. 10 a). It 
should be mentioned that these crystalline regions are not 
surrounded by the wheat flour lipidic vesicles, but only by 
proteic panicles. It is notewonhy that less endogenous lipid 
ves icles are still present in the prmein network, suggesting 
that most of them have been combined with fat droplets (Fig. 
10 b). 

No distinct changes in the location and structure of fat 
has been detectable for cake batter mixing temperatures of 15 
and 200C, with fat incorporated either as a solid-liquid 
mixture or as a liquid. These results are also valid for 40 and 
60% water content (Fig. 10 c). 

After heating of cake batters mixed below the melting 
temperature of fat, only globular droplets are observed, 
suggesting that fusion of fat crystalline structures and oil 
droplets occured during heating. 
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Fig.8 : Freeze fracture of a non fat cake bauer preparation. S : 
Starch; L : Lipids of wheat flour; p : Protein network. 

Discussion 

The results of this study emphasize the importance of 
mixing temperature at which the cake bauer is mixed on fat 
melting. II is obvious that cake batter mixing at temperatures 
below 300C modifies the melting endotherm of coconut oil. 
This might be explained by changes in fat crystallization 
implying growth of new crystal structures such as ~ or a 
polymorph, or by a separation of solid and liquid fat fraction 
may then take place inside the dough matrice. In the former 
hypothesis, it is well known that for a pure tri.s;lyceride 
melting temperature increases from a to ~· and to li (Perron 
et al. 1969); in the latter, few degrees below its melting point , 
coconut oil is composed of a heterogeneous slurry of crystals 
in liquid oil. During cake bauer mixing, the segregation and 
stabilization of these two phases, led to the formation of a 
lower melting solid solution and a higher melting one. 

At any rate, freeze-fracture electron microscopy 
observations indicate that the individual endothennic peaks 
of thermograrns for dough mixing at 150C and 200C, are 
related to a differentiation of at least two distinct fat 
structures. In addition to fat droplets, there is a peculiar 
agglomeration of crystalline platelets at 150C and 200C. We 
expect that the highly organized crysmlline platelets give the 
higher melting DSC curves and corresponds to the solid fat 
while the droplets gives the lower melting curves. 

It must be mentioned that both fat fractions are 
covered by proteins panicles, but only fat droplets appear, 
surrounded by lipid vesicles. Thus, endogenous lipids and 
proteins appears to stabilize this panition. The fusion of 
endogenous lipids with exogenous liquid fat implies a loss of 
lipid vesicles in the protein network. This phenomenon 
together with the modification of fat crystallization might be 
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Fig.9 : Freeze fracture of a cake batter preparation (60% water content), containing coconut oil. F : Fat; p : 
Protein network; L : Lipid vesicle ; S :Starch. a-b : cake batter mixed at 30oC; c-d: Cake batter mixed at 15 or 
200C. 
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Fig.IO : Freeze fracture of a cake batter preparation containing coconut oil. F : Fat; p : Protein network; L : 
lipid vesicle; S : Starch. a-b : Cake batter of 60% water content and mixed at 15 or 200C; c : Cake batter of 
water content 40% and mixed at 15 or 200C; d : Cake bauer of 60% water content, mixed at 15oC and heated 
for 30 min at 650C. 
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of great importance in relation to the rheological properties of 
wheat flour cake batters. 

In addition, it can be mentioned that the reheating of 
the cake batters mix.ed at 15 or 200C, involves the fusion of 
the two fat type fractions. This is clearly demonstrated by 
DSC in which the initial melting endotherm is restored and 
by freeze-fracture electron microscopy which shows the 
disappearance of crystalline platelets. 

Some slight differences are seen by DSC in peaks 
between cake batters mixed at 15 and 200C and according the 
other processing conditions at these two temperature of 
mixing (water content, physical state of addition etc ... ). 
However, these slight differences are not evidently related to 
changes in the location and ultrastructure of fat and cake 
batter. 

Concerning starch it is evident that starch 
gelatinization is not prevented with added fat within the 
processing conditions studied. These results are in agreement 
with previous ones (Abboud and Hoseney 1984). 

This partition of solid and liquid fat provides an 
explanation to the results obtained by Baker and Mize (I 942) 
which have shown that dough mixing below the melting 
point of coconut oil improves bread volume and crumb 
texture; and this is in agreement with the general idea that fat 
solid/liquid ratio more than fat source is the determinant on 
breadmaking technology (Bell et al. 1977). 

Furthermore the retention of liquid fat in protein 
network during gluten washing (Baker and Mize 1942) might 
be explained by the stabilization of liquid fat droplets at once 
by endogenous polar lipids and proteins. 

Therefore, the results of this work emphasizes the 
necessity to take into account that fat crystallization may be 
greatly modified in a dough and thus, that knowledge of fat 
crystallization before adding to a dough is necessary but not 
sufficient. Simple DSC tests are sensitive enough to detect 
changes and can serve as a systematic test to monitored fat 
segregation as long as sampling problems are overcome. 
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Discussion with Reviewers 

Reviewer II : It is postulated that the native flour lipids are 
being "dissolved" by the liquid oil fractions and that th_is may 
alter the rheological properties. To what extent will this 
change the fmished cake volume and texture? and how? 
Authors : Most of the wheat flour lipids have fused with 
coconut oil so that the polar lipids are no longer available for 
stabilization of air/water interlaces during cooking and this 
may affect the cake volume. Furthermore, below the me~ting 
point of coconut oil, this phenomenon seems to be associated 
with a modification of fat crystallisation in cake batter 
affecting the rheological behavior of fat and therefore cake 
texture. 

Reviewer II : Can the disappearance of the flour lipids be 
measured quantitatively by electron microscopy and is there 
enough evidence for this phenomenon? 
Authors : In previous work (Marion _et al, 1987) w~ have 
shown that most of the wheat flour hpids are organized in 
small vesicles. From analysis of about ten samples for each 
mixing temperature it is obvious that the quantity of vesicles 
embedded in the protein network decreases when fat is 
present. . 

For applying image analysis on electron micrographs 
of flour lipids, images need to have sufficient contrast; this 
contrast enhancement can be achieved by fixation with 
osmium before embedding and sectioning, so that lipids 
appear black and are easily distinguished from other 
structures. The lack of contrast makes quantification in 
images from freeze-fractured and freeze-etched samples very 
difficult. The fixation procedure also causes fat extraction 
which would influence the results of image analysis. 

Another kind of measurement could be obtained 
directly under TEM employing a step by step measurement 
of different image areas using a special fluorescent screen 
connected to a sensitive electrometer as already shown by 
Gallant and Guilbot (1971). 

H. C. Hoseney :Coconut oil is a mixture of chemical entities. 
Would the study be cleaner if pure, sharp melting fats were 
used? 
Authors : Study of binary phase diagrams of some simple 
triglycerides would give better results but it will be necessary 
to build a small scale apparatus similar to the Farinograph to 
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control mixing energy and temperature in order to use small 
amounts of dough and therefore small amounts of pure 
triglycerides, which are very expensive. 

A.E. Blaurock Walstra's work offers an alternative 
interpretation of the modification of coconut oil behavior in 
cake batter. Walstra has demonstrated that, in a finely divided 
emulsion, some droplets form crystals and others will not, 
simply as a result of nucleation in some droplets and not 
others. In addition, the three different curves shown in figure 
3 may result simply from the kinetics of crystallization into 
different mixtures of the polymorphic fonns of coconut oi l, 
as a result of the different thermal histories of the three 
specimens. In this case, no physical separation need have 
occured in the dough during mixing. 
Aut hors : Nucleation may explain the slight differences 
observed in individual peaks depending on (I) mainly, 
whether the fat is added as solid-liquid or liquid (Figs. 3 and 
4, respectively) , or (2) the water content of the cake batter 
(Figs. 6 and 7). However the general behavior characterized 
by individual peaks of low and high temperature endothenns 
is sensitive to the mixing temperature (Figs. 4 and 5). h is 
kept even after an overnight resting at 1 oC (result not shown) 
and cannot be explained by nucleation only. Funhermore, it 
was impossible to obtain such DSC curves whatever the 
cooling rate (up to lOC/sec) above the fat melting 
temperature. This suggests that liquid-solid mixture is 
necessary to induce modification of the thermal behavior of 
the coconut oil in cake batter. 
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Abstract 

Rheological and microstructural changes that 
occurred in ropy yogurt during shearing were ob ­
served. Yogurt made with an exopolymer-producing 
(ropy) strain of Lactobacillus delbrueckii subsp. 
bulgaricfui and non ropy s tram of Streptococcus 
thermop us was subjected to an increas1ng shear 
rate from 0-833 s - 1 using a Haake Rotavisco RV2. 
Shear stress noticeably increased to a peak value and 
then decreased t o a plateau value as the shear rate 
continued to increase. Samples taken at eight dif ­
ferent shear rates were examined by scanning elec ­
tron microscopy (SEM). At low shear rates, the 
exopolysaccharide (EPS) existed as a filamentous net ­
work attached to the lactobacilli and ~asein matrix. 
At the shear rate where the highest shear stress was 
recorded, the E PS /bacteria bonds were broken. 

SEM micrographs and shear stress curves were 
used to determine a "bond -strength " of the EPS/lac ­
tobacilli interaction. After the interaction was 
disrupted, the EPS was s till incorporated with the 
casein, where it continued to influence viscosity. 
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Introduction 

Exopolymer (EPS)-producing cultures have been 
recognized for many year s as the cause of slimy or 
ropy milk (Buchanan and Hammer, 1915; Macy, 1923). 
Previous researchers investigated the rheological 
charact eris tics of fermented milks made with these 
cultures and found an increase in viscosit y and a re ­
duction in susceptibility to syneresis (Schellhaass and 
Morris, 1985; Giraffa and Berg re, 1987; Cerning et 
al., 1986). 

Many processing problems, such as low viscosity 
or high syneresis , which occur during yogur t manu ­
facture are often solved by increasing the total 
solids or adding stabilizers, such as modified s tarch, 
carrageenan, guar gum, pectin, gelatin, and sodium 
caseinate (Winterton and Meiklejohn, 1978 ; Radema 
and van Dijk, 1973; Modler et al., 1983; Kessler and 
Kammer Iehner , 1982). However , some feel that these 
additives adversely affect the true yogurt t as te, 
aroma and mouthfeel (Kroger , 1973; Steinberg, 197 9) . 
This suggest s that the u se of ropy cultures could ap ­
peal to those consumers who are looking for a "nat ­
ural" yogurt (Steinberg, 1979). Ropy cultures are 
a lso a potential benefit for yogurt manufacturers in 
The Nether lands and France, where the addition of 
s t abil i zers is prohibited in unfruited yogur t 
(Humphreys and Plunkett , 1969). 

A produc t 's response to an applied stress is 
determined through rheological measurement s. Since 
yogurt i s a non -New tonian time - dependent fluid 
(Holdsworth, 1971) , rotational viscometers with a 
concentric cylinder design have been used in recent 
research at both steady and variable shear rates 
(Schellhaass and Morris, 1985; Winterton and 
Meiklejohn, 1978; Macura and Townsley, 1984; 
Labropoulos et al., 1981; Parnell -Clunies, 1986). 

Electron microscopy has often been utilized to 
s tudy yogurt cultures and yogurt microstructure 
(Schellhaass and Morris, 1985; Bottazzi and Bianchi, 
1986). Var iations in heat treatment of the mediu m, 
total solids, and thickening agents have all been 
shown to alter yogurt microstructure (Kalab et al., 
1975; Kalab et al, 1976; Davies et al, 1978), bu t few 
have integrated this into explanations for rheological 
behavior. Most studies were also conducted on sam­
ples existing in an undisturbed or "st atic" s t ate and 
not sub jected to any applied s tresses. 

The objectives of this s tudy were to examine 
the changes that occur in ropy yogurt when it was 
subjected to a shear force and to observe what hap ­
pened to the yogurt microstructure as a result of 
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shear by using scanning electron microscopy. 

Materials and Methods 
Yogurt 

Yogurt was made from steamed (90°C for 1/2 
hour) 11 % reconstituted nonfat dry milk (NDM) in 
200 ml aliquots contained in 400 ml beakers. The 
milk was tempered to 32°C and inoculated with 1% 
each of lactobacilli and streptococci cultures. The 
cultures for ropy yogurt were Lactobacillus del ­
brueckii subsp. bulgaricus RR (ropy) and Streptococ 
cus thermophilus C3 (nonropy) , while for nonropy 
yogurt they were Lactobacillus delbrueckii subsp. 
bulgaricus 880 (nonropy) and Streptococcus thermo­
philus C3 (nonropy). All of the beakers of yogurt 
werelncubated at 32°C for eleven hours until ap­
proximately pH 4.4 was reached and then immediately 
cooled to 4°C. 

The strains of yogurt cultures were obtained 
from the collection of H.A. Morris (University of 
Minnesota , St. Paul, MN). They were routinely prop­
agated in steamed (90°C for 1 hour) 11% reconsti ­
tuted NDM. A 1% inoculum was transferred to the 
cooled medium and incubated overnight at 37°C. 
Rheology of Yogurt 

The apparent viscosity of yogurt was measured 
using a Haake Rotovisco RV2 coaxial cylinder visco­
meter with a MVII sensor system and 500 measuring 
head (Haake, Inc., Saddle Brook, NJ). The sample 
was maintained at l0°C by a circulating waterbath 
connected to the jacket surrounding the sensor sys ­
tem during testing . The viscometer was programmed 
so the rotor speed increased from 0 rpm to 925 rpm 
in three minutes. Scale readings were recorded and 
calculations for shear stress and shear rate were 
completed according to Haake Manual 105. 

Six samples each of the ropy and nonropy yo­
gurts were sheared in the viscometer and data were 
plotted as shear stress versus shear rate. In order 
to observe microstructural changes in the ropy yo­
gurt that were occurring during the various stages of 
shearing, eight new samples were used and the visco­
meter was stopped at predetermined times during the 
programmed cycle so that samples sheared at 0, 139, 
167, 194, 222, 250, 278, 416, and 833 sec - 1 could be 
removed . These correspond to 0, 0.5, 0.6, 0.7, 0 .8, 
0 .9, 1.0, 1.5, and 3.0 minutes into the shearing cycle. 
A different sample of yogurt had to be used each 
time after the cycle was interrupted, but all samples 
were from the same lot of reconstituted NDM. 
Scanning Electron Microscopy of Yogurt 

Samples of the sheared yogurt were pipetted 
into holes (2 mm diameter x 2 mm deep) drilled into 
aluminum scanning electron microscopy (SEM) stubs. 
The stubs were gently dipped into a 3% agar sol 
(45°C) and allowed to solidify. Primary fixation of 
the stubs was done with 5.6% glutaraldehyde in 
0.033M sodium cacodylate buffer (pH 7 .0) and 500 
ppm ruthenium red for 48 hours at 4°C. The high 
concentration of glutaraldehyde was used because it 
had to penetrate the agar coating on the stubs. 
Three 10 minute rinses in 0.033M cacodylate buffer 
were followed by post fixation with 2% osmium te­
troxide in 0.033M sodium cacodylate buffer and 500 
ppm ruthenium red for 1 hour at 4 °C. The stubs 
were then rinsed three times with distilled water (10 
minutes each). Primary dehydration was carried out 
at room temperature in a graded ethanol series (10 
minutes each in 25%, 50%, 75%, 99% and 3 times in 

100%) . Final dehydration was done in a Ladd critical 
point dryer (Ladd Research Industries, Inc., Burling­
ton, VT) using C02 as the transition medium. The 
agar layer on top of each stub was gently lifted off 
and mounted upside down on a clean SE M stub using 
double -coated tape . Any small samples remaining in 
the stub holes were mounted on another clean stub 
with the tape. The samples were surrounded by a 
coat of carbon paint and coated with a layer of 
gold-palladium using a Kinney vacuum evaporator 
(model KSE - 2AM) . Specimens were viewed in a 
Philips 50 0X scanning electron microscope at 6 kV. 

Results and Discussion 
Rheology 

The use of exopolymer- producing cultures in 
yogurt increases the apparent viscosity (Schellhaass 
and Morris, 1985; Galesloot and Hassing, 1973). The 
magnitude of increase varies due to differences in 
culture strains, yogurt total solids, incubation condi­
tions, and methods for viscosity measurement. Yo­
gurt exhibits pseudoplastic or shear - thinning behav­
ior; therefore, it is more appropriate to measure the 
shear stress at an increasing shear rate (Schellhaass 
and Morris, 1985) rather than record single point 
measurements (Cerning, et al., 1986). In the present 
study, a shear rate range greater than previously ex ­
plored was evaluated (Schellhaass and Morris, 1985; 
Labropoulos, et al., 1981) in order to observe the full 
rheological history from unsheared yogurt to ex ­
tremely sheared yogurt. Figure 1 shows the magni­
tude of difference between ropy and nonropy yogurts 
and points out the three characteristic parts of the 
curve for ropy yogurt. The ropy yogurt had a no­
ticeable increase in shear stress as the shear rate 
was increased from 0 to approximately 220 s - 1, as 
indicated by arrow B. Beyond that shear rate, the 
shear stress decreased to a plateau level where it 
remained even though the shear rate continued to 
increase. This unusual "hump" in the shear stress 
curve was less noticeable in the nonropy yogurt, but 
its small presence suggests that protein- protein in­
teractions in the yogurt gel structure are broken 
during the initial period of shearing. This could also 
happen in the ropy yogurt, but there is obviously 
another factor involved. 
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The physical nature of pseudoplastic fluids 
makes it difficult to apply an empirical equation , 
such as the power law ( 1) over a wide shear rate 
range (Van Wazer, et al., 1963) . Figure 2 is a log­
log plot of Figure 1 and it exhibits a similar shape 
with the hump in the center of the curve. Conse ­
quently, this research was directed towards using 
SEM to try to explain why such curves were ob­
tained when using the ropy yogurt. 
Scannin Electron Microscopy 

canmng e ectron m1crographs have visually de ­
monstrated that ropy cultures have web - like fila ­
ments attached to the cell surface, while nonropy 
cultures are void of such attachments (Schellhaass 
and Morris, 1985; Kalab et al., 1983). Figure 3A 
confirms these findings in yogurt made with ropy L. 
delbrueckii subsp. bulgaricus and nonropy S. therm0=" 
philus. The sample has not been sheared, so the 
~s still attached to the rods. There is no ob­
vious change in the yogurt microstructure as it is 
subjected to a shear rate of 139 s-1 (Figure 3B). 
Micrographs of yogurt subjected to shear rates up to 
167 s - 1 and 194 s - 1 are not shown because there is 
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Figure 1 (at left). Shear s tress versus shear rate curves of ropy and non ropy yogurt made from reconstituted 
nonfat milk (11% solids). Yogurt was made by incubating ropy and nonropy strains of Lactobacillus del-
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and C) 833 s-1. 
Figure 2 (at right) . Log shear s tress versus shear rate curves of ropy and non ropy yogurt made from recon ­
s tituted nonfat milk (11% solids). Yogurt was made by incubating ropy and nonropy strains of Lactobacillu s 
delbrueckii subsp. bulgarlcus with nonropy strains of Streptococcus thermophilus at 32°C for 11 hours to pH 
4.4. 

little visib le difference in the progression. 
Several investigators have suggested that the 

EPS is not only attached to the cell surface, but 
a l so to the protein matrix (Schellhaass and Morris, 
1985; Tamime et al., 1984). In Figure 3A, the casein 
is vi sible as distinct micelles c lu mped t ogether. It 
appears that the EPS could be attached to the case ­
in, but this remains to be verified . 

There are marked differences in the yogurt mi­
crostructure once a shear rate of 222 s - 1 has been 
reac hed (Figure 3C). At this point, less EPS is vis ­
ibly present and the casein can be described as a 
more undefined, fluffy mass. Figures 3D, 3E, and 
3F show the progression of changes in the micro­
s tructure when exposed to shear rates of 250 s - 1 , 
416 s-1, and 833 s-1, respectively. The micrograph 
of yogurt a t a shear rate of 278 s-1 is not shown 
because there is little significant change. The EPS 
is no longer attached to the rods; therefore, it ap­
pears to become aggregated with the casein, though 
not necessarily attached to the protein. The rough 
surface of the rods could be casein fragments which 
were dislodged during shearing and adhered to the 
bacteria. The casein matrix also continues t o appear 
fluffy at the higher shear rates and less defined in 
appearance. 
Rationalization of Rheological Patterns by Electron 
MICroscopy 

I he scanning electron micrographs of yogurt 
under s tress might provide a feasible explanation for 
the unusual rheological behavior exhibited. The ini­
tial rapid increase in shear stress or resistance to 
s tret ching could be attributed to the bonds between 
EPS and the rods. At the peak of the stress, the 
bonds have reached their maximum limit and conse ­
quentl y, they break. This results in a decreased 
shear s t ress even though the shear rate continues to 

135 

increase. One could quantify the breaking point by 
comparing the SEM micrographs and shear s tress 
curves to de termine the 11bond-st rength 11 between the 
EPS and rods, From Figure l, this appear s to be 
approximat ely 150 Pa, bu t could range between 140-
160 Pa depending on the sample observed. 

Based on our observations. the EPS is actually 
a ttached to the casein in addition to the bacteria. 
The EPS /casein interaction could be weaker in 
s trength than the EPS/bacteria interaction and not 
have a visible influence on the measured shear stress 
of the yogurt or the EPS/casein interaction might be 
very strong and require a much stronger force before 
it is broken. 

Once the EPS is separat ed from the bacterial 
cell surface as a result of the shearing , it remains 
incorporated with the casein in some manner, where 
it continues to influence the viscosity. This is most 
likely due to a continued interaction of EPS with ca­
sein, which is evidenced in Figure 1, where the ropy 
yogurt exhibits a greater shear s t ress than nonropy 
yogurt even a t high shear rates. 

Conclusion 

The application of SEM to explain rheological 
behavior when s tudying BPS-produc ing cultures was 
used to help understand the mechanism by which the 
EPS interac t s with its surroundings and influences 
viscosity. In ropy cultures, the EPS is attached to 
the bacterial cell surface and also interacts with the 
casein. The EPS/bacteria interaction is disrupted 
when the yogurt is sheared a t an increasing shear 
rate to 220 s-1, which is at the peak of the hump in 
the shear s tress versus shear rate curve. The peak 
shear stress could be defined as the 11 bond-strength" 
between the EPS and bac teria and is approximately 
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Figure 3. Microstructure (SEM) of ropy yogurt made from reconstituted nonfat milk (11 % solids), ropy L . 
de1brueckii subsp . bulgaricus and nonropy S. thermophilus. Arrow in Fig. 3A indicates filaments of EPS':'" 
Casein 1s present as micelles associ ated with the bacteria and EPS. Yogurt was sheared to the following 
shear r ates: A) 0 sec - 1; B) 139 sec - 1; C) 222 sec - 1; 

D) 250 sec - 1; E) 416 sec-1; and F) 833 sec - 1. 
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150 Pa . Afte r the EPS is separated from the cell 
surface, it continues t o interact with t he casein and 
influence t he v i scosity o f the yogurt. 
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Discussion with Rev iew ers 

S . M. Sc hellhaass: Many investigators have observed 
tha t incubatmg at lower than optimum growth tem ­
peratures results in increased EPS production. Have 
you investigated the impact of s lower growth condi ­
tions (i. e . , lower inc ubation t emperatures ) on the 
resi s t ance of the EPS to detachment from the cell 
surface? 
Authors : Rheological measurements and scann ing 
e lec t ron mic roscopy have been conducted on yogurt 
inc ubated a t higher temper atures (45 °C) for compar i­
son t o lower temperature incubation (3 2°C). The 
higher incubation t emperature gave shear s tress 
values that were lower over the entire shear rate 
range. The mic rographs did not clearly indicate 
t ha t less E PS was pre sent; therefore, t hi s would 
suggest tha t lowered resi stance to de t achmen t did 
ex i s t. However, we have not determined the amount 
r ecovered when EPS i s i sol at ed from yogurt incu ­
bated a t 45°C versus 32°C . 

B.E. Brooker: Thi s s tudy is critically dependent on 
the ab i11ty to image EPS us ing scanning electron 
microscopy. Although the so called fil ament s of E P S 
are found only in EPS produc ing s trains, wha t ev i ­
dence do the authors have that this appearance ac ­
curat ely depicts the polysaccharide in life? If there 
i s no evidence that the polysaccharide is preserved 
i n a natural or near natural s t a te , does this not 
make the observations in the present paper very dif ­
fi cult t o interpret and of doubtful value? 
Authors: It i s true that we do not know the full 
eitect s of electron microscopy preparation tech­
ni ques, especially t he critical point drying, on t he 
exopolysaccharide. However, thi s conven tional SEM 
met hod has been used previous ly on ropy yogur t t o 
ob t a in s imil ar results (Schellhaass a nd Morris, 1985). 
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It has been argued t ha t critical point drying pro ­
motes artifacts because the organic solvents may ex ­
tract gelatinized s t arch or polysaccharides that are 
present (Schmidt, 1982; Kalab, 1981). In this re ­
search, there are obviously differences occurring in 
the micrographs during the progression of shear 
rates. Even if the filaments are not depicted exactly 
as in their natural s tate, they will be modified simi ­
liarly und t here i s a significant enough change to 
warrant the s t at ed observations and conclusions. An 
alternative method for sample preparation could uti ­
lize cryofixntion and freeze-fracturing, which would 
avoid the use of any c hemicals (Schmidt, 1982 ). 

R.W. Mar tin: It remains very difficul t to correlate 
rheology of dairy systems to microstrnctural charac­
teristics. Are any biochemical or microstructural 
studies planned to further i nvestigat e this correla­
tion? 
Authors: No further biochemical or microstructural 
studies are planned at this time. However, the 
viscoelastic properties of ropy and nonropy yogurts 
are being investigated. 
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Differences in structure, water uptake and efflu x of 
solubles were found between normal and hard-to-cook 
beans (Phaseolus vulgaris L.). The stai ning 
characteristics of hard beans were different from those of 
the normal in both non-cooked and cooked tiss ue, 
especially in the cell walls. The three zones of the cell 
wall - the middle lamella, the primary and the secondary 
walls - were found in both normal and hard-to-cook 
beans. The primary cell wall of both normal and hard 
beans was partially degraded upon cooking, as seen by 
bright fi e lds wi thin the fibrillar pa tte rn . The 
ultrastructure of the non-cooked secondary cell wall was 
significantly different between normal and hard beans. 
The middle lamella in normal beans disintegrated upon 
cooking, while that of hard beans was retained. Hard 
beans took up less water during soaking but released 
more solubles to the medium than normal beans. 

It is concluded that the resistance of the middle 
lamella to so lubilization upon cook ing prevents cell 
separation, and this results in the hard tex ture of the 
hard-to-cook beans. 
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Introduction 

The hard-to-cook (HTC) phenomenon in beans 
manifests itself in prolongation of cooki ng time, thus 
reducing the beans' nutritional and textural qualities. 
This phenomenon, which wi ll be referred to as 
hardening, was found to be induced by storage at elevated 
temperatures and high relative humidities (Plhak et a/., 
1987). 
Severa l suggestions have been given 10 exp lain th is 
phe nomenon. Varriano-MarsLOn and Jackson ( 1981 ) 
suggested that cytoplasmic changes during storage lead 
to enhanced cell adhesion, and hence harden ing of the 
beans. Hincks and Stanley ( 1986. 1987) suggested that 
po lymeriza tion of phenols within the cell wall might 
lead to bean hardening. Based on the work of Wardrop 
( 197 1) and Esa u (1977) suggesting that lignin 
monomers may be secreted into the region of the middle 
lamella, Varriano-Marston and Jackson ( 198 1) assumed 
that hardenin g in beans stored under unfavorable 
conditions is ca used by lignification of the midd le 
lamella. However, no differences were found between 
normal and hard beans in the degree of lignification , 
content of tannins and specific activity of peroxidase 
(Pihak eta/., 1987). Histological studies (Varriano­
Marston and Jackson, 1981 ; Jones and Bou lter, 1983; 
Narasim ha eta/., 1989) revea led differe nces in the 
packing density of the cotyledon cells between normal 
and HTC beans. No evidence relating these changes to 
specific cell components was presented. 

The present study describes the structura l changes 
occurring in the cotyledon tissue of beans as a result of 
hardening. The involvement of the cell wall , especially 
the middle lamella, in the hardening phenomenon is 
descri bed and discussed. 

Materials and Methods 
Preparation of hard-to-cook beans: 

Dry beans (Phaseo/us vulgaris L. cv. 'Ivory') from 
local production , stored for about 3 months at ambient 
tempemture and humidity (20-24°C, 50-60% RH) were 
used for the experiments. The moisture content of the 



Ilan Shomer, Nachman Paster, Pinhas Lindner and Rosa Vasilivcr 

dry beans, as measured by oven-dry method (Anon., 
1966), was 11.5%. Hardness was induced by incubating 
bean seeds at 42°C and 80% RH (in a desiccator, over a 
solution of saturated KCI), for 21 days. The incubated 
beans and a sample of non-treated beans kept at ambient 
room temperature and humidity were dried to a 
constant weight at 25'C under reduced pressure (250 mm 
Hg). The water content of the beans was determined by 
drying to a constant weight at 70°C at reduced pressure 
(250 mm Hg). The water content of both samples after 
drying was 12%. 
Soaking and cooking of beans: 

Ten g of beans was placed in 100 ml of distilled 
water in a 250 ml Erlenmeyer flask and shaken at a rate 
of 50 strokes/min for 18 h at room temperature. The 
weight of the beans and the volume of the liquid were 
then determined. The beans were cooked in boiling water 
at ambient pressure for 30 min ; after cooking, distilled 
water was added to compensate for evaporation. The 
weight of the beans and the volume of the liquid were 
then measured. Water uptake was calculated as increase 
in weight after soaking or cooking, with a correction for 
the amount of solubles which leaked into the medium 
from the beans. Leakage of solubles was determined by 
weighing the residue after lyophilization of 10 ml of 
soaking or cooking liquid. Hardening was examined by 
pressing the cooked bean with Lhe fingers; normal beans 
disintegrated , while the hard-to-cook retained their 
integrity. 
Chemical analyses: 

Nitrogen was assayed by the Kjeldahl procedure. 
Phosphate was analyzed in Kje ldahl digests by a 
Technicon Automatic Analyzer System (Technicon 
Corporation, Tarritown , NY). Trichloroacetic acid (TCA) 
coagulable nitrogen was measured in the precipitates 
formed by addition of TCA to a final concentration of 
15%. Alcohol-insoluble solids (AIS) were precipitated 
by addition of two volumes of ethanol. The precipitate 
was washed twice with 70% ethanol, dissolved with 0.05 
N NaOH and assayed according to the method of 
Blumenkrantz and Asboe-Hansen (1973). Total soluble 
sugars in the soak and cooking water were determined by 
the phenol-sulfuric acid method (Dubois eta/., 1956). 
Light and electron microscopy: 

Small slices (-I-2 mm3) from the center of bean 
cotyledon tissue were fixed in 5% glutaraldehyde in 0.1 
M cacodylate buffer (pH 7) for 2 h at 4°C. The slices 
were then rinsed several times with the same buffer, 
followed by washing with 0.1 M phosphate buffer (pH 
7), postfixed with 2% Os04 in the phosphate buffer at 
4°C for 2 h, and then washed several times with the 
phosphate buffer, followed by washing with distilled 
water. The fixed specimen was dehydrated gradually with 
ethanol and embedded in Agar 100 Resin (Agar Aid, 
Cambridge). For light microscopy, sections of -3~m 
thickness were prepared by LKB Pyramitome, mounted 
on a glass slide, and stained with a 10 X diluted solution 
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of toluidine blue and basic fuchsin (0.365 g and 0.135 g, 
respectively, in 60 mL of 30% ethyl alcohol). For 
transmission electron microscope (TEM), ultrathin 
sections were stained with uranyl acetate and lead citrate 
and examined with a JEOL-IOOCX TEM at80 kV. 

Resui!S and Discussion 
Characteristics of normal and hard-to-cook beans: 

Hard-to-cook beans were found to be hard but springy 
after cooking, while normal control beans stored at room 
temperature were disintegrated easily when subjected to 
light finger pressure. The water uptake and efflux of 
solutes in beans upon soaking and cooking arc shown in 
Tables I and 2, respectively. After 18 h of soaking in 

Table 1: Uptake of water by , and efflux of solubles 
from bean seeds soaked in distilled water for 18 h 
(mg/g dry matter). 

Efflux 
Storage Water 
conditions uptake Sugars3 Pectinb Nx6.2Sc Ed 

±50 ±1 ±0.02 ±0.5 ±0. 1 

Control 1250 4.0 3.0 0.2 

42°C at 1010 44.0 0.08 24.0 9.0 
80% RHC 

aT mal sugars, as glucose, determined by the phenol -
sulfuric acid method. 

bAs galacturonic acid 
CNo measurable amount of TCA-coagulable protein 
dPhosphatc 
CRelative humidity 

water, HTC beans took up 20% less water as compared 
with normal beans. From Table I it is seen that HTC 
beans release approximately tenfold more sugars and 
nitrogen , and about 45-fold more phosphorus to ~te 
soaking water than normal beans. Increased efflux of 
solubles and lower water imbibition upon soaking of 
HTC beans were reported by Jones and Boulter (I 983). A 

Figures 1-4. Light micrographs of cross sections of bean 
cotyledons, stained with toluidine blue and basic fuchsin 
(S - starch). Fig. 1 - normal bean. Primary cell wall is 
indicated by sharp arrows and the secondary one by blunt 
arrows; bar~ lO ~m. Fig. 2 - cooked normal bean. 
Primary cell wall is indicated by sharp arrows, and the 
secondary one by blunt arrows; bar~lO ~m. F1g. 3-
non-cooked hard bean. Arrows indicate the cell wall; 
bar~ 10 ~m. Fig 4 - cooked hard bean. Arrows indicate 
the cell wall; bar= 10 ~m. 
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disparity of views prevails concern ing the extent of water 
uptake of HTC vs normal beans. Thus, Jackson and 
Varriano-Marston (198 1) reponed a similar extent of 
water uptake upon soaking by normal HTC beans. 
Small amounts of pectin were released from HTC beans 
upon soaking, while no AIS could be isolated from the 
soaking water of normal beans. From Table 2, it could 
be seen that after cooking for 30 min, there was twofold 
greater water uptake in normal beans than in HTC beans. 

Table 2: Uptake of water by, and emux of solubles 
from soaked bean seeds during cooking for 30 
min (mg/g dry matter). 

Emux 
Storage Water ~ 

=lllii2n .!:ill:~ s..uga ~b IillJ!l .fu!!C £<1 

±50 ± I ±0.2 ±0.5 ±0. 1 ±0.5 

Conlrol 520 75 1.8 23.0 3.9 5.8 

42°C at + 260 5.0 0.82 tr 
80%RHe 

3Total sugars, as glucose, determined by the phenol-
sulfuric acid method 

bAs galacturonic acid. 
CTCA coagulable protein . 
dPhosphate 
eRelative humidity. 
fTraccs 

EfOux of carbohydrates, nitrogen and phosphorus was 
now higher in normal beans. Normal beans released 
pectin and TCA-coagulable nitrogen (protein) upon 
cooking. The increased efflu x of solubles from HTC 
beans upon soaking indicates damage ca used to the 
plasmalemma during the s torage under adverse 
conditions. The reduced water uptake by HTC beans 
upon soaking may be ascr ibed to partia l loss of 
semipermeability of the plasmalemma as well as to 
changes in hi gh molecul ar weight components like 
pectic material or in intracellular storage protein s. 
Chemical changes leading to increased crosslinkage, or 
reduced hydrophilic character of these components will 
reduce their capacity to take up water during imbibition 
as well as during the cooking processes . 
Ligh1 microscopy: 

Light microscope observations showed that in 
cooked normal beans the cells of the cotyledon tissue 
tend to separate from each other (compare Figs. I and 2). 
However, in cooked HTC beans, cell adhesion and tissue 
integrity were retained (Figs. 3, 4). These findings are in 
agreement with those of other studies (Varriano-Marston 
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and Jackson, 1981 ; Narasi mha et at., 1989 Plhak et at. , 
1989), but the present results revealed distinct differences 
in l.he stain ing characteristics between tissue sections of 
normal and HTC beans. The most marked differences 
appeared in tl1e cell walls. In HTC beans all of the cell 
wall regions were stained intensively (Figs. 3,4). 

In the cooked beans, differences also were observed in 
the stain ing intensity of starch granules between normal 
(Figs. 1,2) and HTC (Figs. 3,4) beans. The integrity of 
starch grains and the residual birefringence observed 
under polarization microscopy of both normal and HTC 
beans suggest that starch was not entirely gelatinized 
upon cooki ng. 

The differences in staining properties of the cell wall 
indicate a difference in the cell wall characteristics and 
composi tion between normal and HTC beans. A detailed 
study of the ultrastructure of the cell wall was therefore 
undertaken. 
Elecvon Microscopy: 

a. Non-Cooked Beans: The ultrastructure of cell 
walls in swollen normal beans before cooking is shown 
in Figures 5-9 Usually, the cell wall consists of th ree 
distinct regions: the outer region of the midd le lamella, 
the middle reg ion of the primary cell wall , and the 
innermost region of the secondary cell wa ll (Fig. 5). 
Facing the intercellular spaces the middle lamella is 
thicker, while it is thinner in the adhesion zone between 
the cell s. A hi gher magnification of the middle lamella 
in the adhesion zone is shown in F igure 9. In many 
cases the midd le lamella is so thin that it cannot be 
identified by ultrastructural observation. 

The secondary cell wall is thick, adjacent to the 
in terce ll ular space (Fig . 5) , pi ts (Fig. 6) and 
disconnection zone (Figs. 7). The detai led structure of 
the secondary wall with three zones is shown in Figure 
8. In cells of non-cooked norm•i beans the thick region 
of the secondary wall has a reticulated pattern, with an 
internal layer of dense structu re (Figs. 5-8). 

Higher magnification revealed that the structural 
elcmems of the reticulum arc tubul ar. T his reticulum 
seems to be embedded in a sparse microfibrillar matrix 

Figures 5-9. Ullrathin sections of co t.yleclons of normal 
bean. The reg ion of the cell wa ll includes the middle 
lamella (ML), primary cell wall (W) and secondary wall 
(S) with its outer, middle and inner layers (1, II , Ill , 
respectively). Figs. 5-7 - The secondary wall found 
usually adjacent to the intercellular space (ICS), pit (Pit) 
and disconnecting area (DC). Protein bodies (PB) seen in 
the cytoplasm (Cy); bar~l ~m . Fig. 8 - High 
magnification of the secondary cell wall shows reticulum 
(R), with its cross view seen as a tubular structure 
(arrows). The reticulum seems to be embedded in a fine 
fib rillar matrix (FM); bar~ I 0 ~m . Fig. 9 · High 
magnification of the middle lame lla (ML) and the 
primary cell walls (W); bar=0.2 ~m . 
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(Fig. 8). The zone of the secondary wall shows densely 
packed tubules. 

The cell walls of the non-cooked HTC beans differed 
from those of the normal beans in their ultrastructure, 
especially in the secondary cell wall (Fig . 10). The 
secondary wall is seen also adjacent to pits (Figs. 
10,11). The typical reticular pattern of the secondary cell 
wall is not seen; instead, there appears a pauern of 
scattered tubuli with fibrillar connections (Figs. 11 - 13). 
A similar but less organized pattern is observed in the 
innermost reg ion of the secondary cell wall (Figs. 
13,14). 

b. Cooked beans: The cooking process caused 
significant changes in the cell wall structure of normal 
beans. The primary cell wall is the most resistant part of 
the cell wall with respect to structural changes occurring 
upon cook ing (Figs. 15-17), although many weakly 
stained locations are seen wi thin its fibrillar pauern . IL 
appears that in these locations the cell wall material was 
degraded upon cooking. The ultrastructure of the normal 
secondary cell wall (Figs. 5-8) changed dramatically as a 
result of cooking (Figs. 17 ,18). The middle lamella 
became loosened (Figs. 15,19 ,20). Detailed observations 
showed two typical zones from which the middle lamella 
was changed by the cooking process: (i) zones in which 
adjacent cells arc attached to each other (Fig. 16). where 
the boundary between the cells is not seen clearly, 
because of the removal of the middle lamella; and ( ii) 
zones in which cell separation is seen clearly and where 
the residues of the middle lamella arc still observed 
(Figs. 19 ,20). 

The most prominent change in the cell wall as a 
result of cooking appeared in the secondary wall . The 
typical reticular structure in non-cooked beans (Figs. 5-
8) was lost, and replaced by an amorphous structure 
embedded wi thin a fibrillar network (Figs. 15- 18). The 
central zone of the secondary wall , where densely packed 
tubules were visible before cooking, are seen now as 
masses of dense amorphous matter (compare Figs. 15,1 8 
with Figs. 5,8). 

The secondary cell wall of cooked HTC beans (Figs. 
2 1-23) is similar to that of cooked normal beans (Fig. 
18). However, in cooked HTC beans the middle lamella 
retained its integrity (Figs. 21,24 -26). In these 
specimens the primary cell wall contains weakly stained 
locations (Figs. 21,26) , as was observed in the cooked 
normal beans (Figs. 15-17). 

h appears that although part of the primary cell wall 
is removed as a result of cooking, the middle lamella is 
retained and still functions as a cementing agent which 
prevents cell separation upon cooking. This ev idence 
supports the suggestion of Varriano-Marston and 
Jackson ( 1981) that the middle lamella is involved in 
reducing the cooking quality of beans. A poss ible 
mechanism by which the middle lamella becomes 
insoluble was suggested by Jones and Boulter ( 1983), 
who showed that during storage under conditions leading 

to HTC, phytate is partially hydrolyzed and pectin is de­
esterifi ed. This results in formation of calc ium 
magnesium pectate, which may insolubilize the middle 
lamella. 

The present study demonstrates in structural dcLails 
the significance of the middle lamella in the HTC 
phenomenon. The results of Jones and Bou lter (1983) 
suggests that HTC is due to changes in properties of the 
pectic components rather than deposition of lignin. 
Although Hincks and Stanley ( 1987) provided tentative 
evidence for lignification of cell wall in hard-to-cook 
beans, in a later study of Srisuma el a/. ( 1988), no 
significant differences in lignin content were detected 
between normal and hard-to-cook beans. 

Conc h1sions 
The primary and the secondary cell walls respond to 

cooking similarly in both normal and HTC beans. In 
contrast, the middle lamella of normal beans is degraded. 
In HTC beans the middle lamella remains intact in spite 
of cooking, and hence it prevents cell separation and is 
thus responsible for the HTC phenomenon . However, 
th e mechani sm by whi ch th e middle lamel lar 
components become insoluble during storage under 
unfavorable conditions is still unknown. 
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The involvement of other cellular components such 
as lign in, phenol s, starch granules and proteins in the 
HTC phenomenon has not yet been elucidated. 
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space (ICS) with primary (W) and secondary (S) cell 
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is seen as dark matrix with starch grains (Sl); bar=2 !Jlll. 
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Discussion with rev iewers 

M C Bourne: Do you believe that the skin (pericarp) of 
the bean seeds affects the hard-to-cook behavior? 
~: Cotyledons cooked without the pericarp exhibit 
the HTC phenomenon as docs the whole bean. 

M C Bourne: What effects would you expect if the 
beans were stored at 42°C, 80% RH for periods much 
longer than 21 days? 
~: We do not expect significant effects on the 
aspects studied by us. The beans would continue to be 
hard and the ultrastructural differences between normal 
and HTC beans would probably remain the same. The 
procedure to induce hardness was an accelerated one 
according to Varriano-Marston and Jackson ( 198 1). The 
hardness induced shows properties of HTC which, 
according to the literature, were obLaincd by longer 
storage at high humidity but at a lower temperature, 30-
350C. However, all normal beans softened during 30 min 
or cooking. 

M A l lchersax: What structural changes may have 
occurred during the initial drying process o f the seed 
which could innuence the observed resul ts? 
~: The initial drying process was not studied by 
us. 

M A. llebersax: Do other studies ex ist to address these 
changes? 
~: Other studies dealing with these changes arc 
mentioned in the manuscript. However, these !oi tudies 
have not identi fied ultrastructural detai ls as revealed by 
TEM in the present study. 

M A llebersax: Can the authors beuer describe the 
tex tural characteristics of these beans to enable better 
interpretation of the results and prov ide improved 
undcrsLanding of the extent or condition of hardening 
present in these beans. 
A.u.l!!ll!.s.: The present study did not dea l with physical 
measurements of texture. From our point of view it was 
important to determine whether the beans were soft or 
hard. The di fferences between HTC and normal beans 
were so obvious that the simple assay speci fied in the 
exper imental secti on distinguished between them 
distinctly. 
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Reviewer lll : Did the authors find any evidence for 
me mbrane di sruption? No consistent trend has been 
shown in the I iterature regarding water absorption by 
hard and soft beans. The d ifference in water uptake 
between soft and hard beans however, was even more 
pronounced following 30 min cooking even though the 
cooking process disrupted plasma membranes to an even 
greater extent than storage at adverse conditions. Th is is 
supported by the increasing losses of soluble solids to 
the cooking water reported by the authors and would 
indicate that a factor o th er than mem brane 
semipermeabi lity may play an important role in the 
differences in water uptake between soft and hard beans. 
This factor may be re lated to the increased rigidity of cell 
walls and restricted swelling of hard-to-cook beans during 
soaking and cooking compared to nondefective samples. 
~: Leakage of intracellular low molecular weight 
constituents from HTC beans into the soak water is an 
indication for damage to the plasma membrane. During 
cooking, the greater extent of leakage from normal beans 
compared to the HTC ones, indicates destruction of the 
plasmalemma of normal beans (the low molecular 
weight constituents having already leaked out from the 
HTC beans during the soaking before cooking). The 
inconsistent Lrcnd in the literature wi th respect to the 
ex tent of water imbibition of HTC beans is probably 
also due to the different ways it is reported. Not always 
are all the data necessary to correlate among various 
presentations reported unambiguously. Reduced water 
uptake by cooked HTC beans may also be the result of 
changes affecting the hydration capacity of the insoluble 
matrix of the bean tissue. 

Reviewer Ill : What does the difference in staining ability 
mean? 
~: A mixture of to luidine blue and basic fuchsin 
is known to be a multistain adsorbed by various cell 
components. T he staining differences between the 
treatments indicate changes in the adsorption properties 
of some cell constituents, as can be seen in the light 
micrographs. For example, starch stained mainly after 
cooking, and this probably indicates adsorption of dye as 
a result of partial gelatini zation and swelling. The 
secondary cell wall was stained intensively in HTC 
beans , and its ultras tructure was also distinctly different 
from that of normal beans. This indicates chemical and 
structural changes of these cellular components. 

Reviewer Ill : What is the role of changes in secondary 
cell walls on the development and manifestation of the 
hard-10-cook defect? 
Authors: We don 't know. This has to be studied, as well 
as other aspects which can be elucidated by anatomical 
and ultrastructural work. 
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Rev iewe r Jll : It is difficult to ag ree wi th the 
identification of the middle lam ella be ing as thin as 
claimed. The microscopic procedures used arc well 
known to imparl arti facts which could explain some of 
these results . 
.8.l!.l!:!lill.: From the ultrastruc tural photomicrographs it 
can be seen that distinct differences exist in the midd le 
lamellar zone after (ra ther than before) cooking between 
HTC and normal (control) beans. Furthermore, variable 
thicknesses have been observed along the middle lamella 
in the contact zones of adjacent cells. 

Figures 2 1-26. Ultrathin sections of the cotyledon of a 
cooked hard-to-cook bean. Fig. 21 -The primary (W) and 
secondary (CS) cell walls arc seen bes ide dark cytoplasm 
(Cy) and starch (S), where the middle lamella (ML) is 
seen undegraded in the adhesion zone between adjacent 
cells. Weakly sta ined locutions (DM) indicate a partiall y 
dissolved cell wall matri x; bar=l ~m. Figs. 22, 23 -
high magnification of secondary cell wa ll beside the 
primary cell wall (W) and the cytoplasm (Cy); bar=O. I 
~rn. Figs. 24-26 - High magnification of the middle 
lamella (ML) in several thicknesses between primary 
walls (W) of adjacent cells. While the middle lamella is 
seen undamaged, weakly stained locations appear in the 
primary wa ll matri x (Fig. 24 bar=O. I ~m ; Fig. 25 
bar=0.5 ~m ; Fig. 26 bar=0.5 ~m). 
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Viscous high·fat foods such as cream, egg yo lk, or may· 
onnaise are co-extruded with a 3% sodium alginate solution 
from a !-.yringe into a 50 mM calcium chloride solution. The 
food sample passes through the inner tube of a double 
needle asse mbly while the alginate solution is simul tane­
ously ex truded through a mantle surrounding the inner 
need le. As the sodium alginate so lution forms a gel on 
contact with calcium io ns, the food sample becomes e ncap­

su lated in the calcium alginate ge l formed on the su rface of 

the food sample. The encapsu latio n procedure may he car­
ri ed out within a temperature range between 0°C and 25°C. 
S:..~mplc~ may he prepared for scanning electron microscopy 
o r for transmission electron microscopy by selecting either 
wide or narrow bore needles, respectively. 
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151 

lntroduction 

The original procedure for the encapsu lation of suspen­
sions and dispersions of biological origin in agar gel tubes 
designed by Salyaev [7] has been modified by several au· 
thors fur use with foods [3-6}. In a recent mod ifica tion [6J, 
the sample is aspirated into a glass Pasteur pipette, the 
lower end of the pipette is sea led with agar ge l. and the 
pipette is re pea tedly dipped into a warm (40° ) agar so l to 
form a sleeve around the Pasteur pip ette . Th e samp le is 
then transferred into the agar gel tube by pulling the Pas­
teur pipette out. In the Discussion with Reviewers in paper 
J6J Dylewski no ted that the microstructure of some heat· 
sensitive high-fat foods may be affected by repeated ly dip­
ping the food in the pipette into the warm agar sol. In order 
to reduce the exposure to heat, Goff (per~onal communi­
cation) has been using low~temperature gelling agarose for 
thi~ purpose. Viscous foods may also he a5piraretl into agar 
ge l tubes made around glass or metal rods [51 using the rod 
as a piston. and. thus, avoiding the exposure of the foods to 
heat , hut this procedure is more diffictllt to perform than 
the former procedure [6]. In particular, it is difficult to 
properly seal both ends of the agar gel tubes following their 
conta mina tion with fat. 

1\ different approach is possible hy using a sodium algi­
nate sol ut ion which forms a gel on contact with calcium 
ions. This reaction makes it possible to instantly encapsu­
lat e viscous food samples at any temperature between 0°C 
and room temperature ( -25°C) and is the subject of this 
technical no te . 

Materials and Methods 

Sodium algina te (BDH Chemicals. Lt d., Poole, England) 
was dissolved in distilled water to form 2 to 4% solutions. 
Calcium chloride, 0.1 to 1.0 M solution, wa~ mixed with a 
2.5% glutaraldehyde solution (1:9, vfv) and the pH was 
adjusted to 6.5 using 0.2N NaOH. 

H igh-fat food (egg yolk, cream, or mayonnaise) desti ned 

for examinat ion by scann ing electron microscopy (SEM) 
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was placed in a 5-mL syringe and a double need le assembly 
was attached to it. The double needle assembly consisted of 
an inner needle ( - I mm inner diameter) concentr ically 
positioned inside a n outer stainless steel tube (mantel) with 
a 0.3-mm gap between both tubes (Fig. I). Three ribs, each 
3 mm long, were soldered on the inner tube, 5 mm from the 

tube end, as spacers in order to maintain concentric posi­
tion of both needles. Another 5-ml syringe filleu with the 
sodium alginate solution was attached to the outer needle 
(Figs. I and 2). Both the food and the alginate solution 
were manually simultaneously extruded into the calcium 
chloride solution. 

The long column of the encapsulated food (Fig. 3) was 
examined under a dissecting microscope and the best parts 
were cut into 10-15 mm sections as soon as the calcium al· 
ginate tubes were firm enough to be handled, i.e., within 1-2 
min. The food-conta in ing gel tube was compressed with a 
pair of fine tweezers and cut at that location with a scalpel. 
The wet cut surface was bloned with paper tissue, covered 
with a droplet of the sodium alginate solution, and this 
droplet was gelled using a droplet of the calcium chloride 
solution, thus sealing the food inside the cut gel tube. These 
shorter sections were washed with a 50 mM calcium chlo· 
ride solution, pH 6.5, and postfixed for 24 h at 6°C with a 
2% osmium tetroxide solution made up in a combined imi · 
dazole and veronal-acetate buffer [1} in order to retain fat. 
The samples were then dehydrated in a graded ethanol se· 
ries and freeze-fractured [1}. The fragments were immedi· 
ately critical-point dried from carbon dioxide in a Samdri 
3PVT apparatus; the heater of this apparatus was switched 
off at 35°C in the final step of drying. The dried sample 
fragments were mounted on aluminum stubs using a silver­
based cemen t, coated with gold in a Technics Hummer II 
sputter coater, and examined at 20 kV in an lSI DS-130 
scanning electron microscope equipped with an external 
oscilloscope [2]. MicrographS were taken on 35-mm 100 
ASAfilm. 

For transmission electron microscopy (TEM), the foods 
were prepared in two ways. Provided that fixation and de­

hydration sufficiently hardened the samples, they were cu t 
into smaller ( < I mm3) particles for embedding in a Spurr's 
low-viscosity medium (J.B. EM Service, Inc. , Pointe Claire­
Dorval, Quebec, Canada). Otherwise, a similar encapsu lat­
ing apparatus was used but the diameter of the inner nee· 
die was reduced to <0.5 mrn and the diameter of the outer 
needle was adjusted accordingly. Pulsed extrusion resulted 
in small encapsulated beads rather than tubes. The beads 
were better suited for TEM and were postfixed, dehy­
drated, a nd embedded in the same way as other solid 
samples [I]. 
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Results and Discussion 

Co-extrusion of high-fat food and a sodium alginate so­
lution th rough concentric needles into a calcium chloride 
solution, which contained glutaraldehyde as a fixative, re· 
suited in the encapsulation of a long column of the food 
under study in a calcium alginate gel (Fig. 3). The end of 
the double concentric needle assembly should be about 5 
mm above the calcium chloride solution; if it is too low, the 
gel may form at the needle outlet and clog the needle. The 
diameter of the food column and the thickness of the cal­
cium alginate coating depend on the diameters of the nee­
dles and the rates at which each of the two components are 

ext ruded: rapid ext rusion of the alginate solution and slow 
extrusion of the viscous food produce a thick gel coating on 
a relative ly thin food colum n. If the extrusion rates are re ­
versed, an uneven gel coating may develop on the food col­
umn and the column may disintegrate in the calcium chlo­
ride solution. The optimum conditions founds were a 3o/o 
sod ium alginate and 0.05 M calcium chloride solutions. The 
rate of extrusion varies with the consistency of the food un­
der study and should be established experimentally 

The need to seal the food under study following the 
division of the long column into shorter segments is easy to 

meet. Compared to an agar gel coating, which is brittle, the 
calcium alginate coating is elastic; the cut may be sealed 
with a droplet of the sodium alginate solution by gelation. 

Freeze·fractured cream samples which had been encap­
sulated for SEM, postfixed with a 2% osmium tetroxide 
solution in a buffered imidazole solu tion are shown in Fig. 
4. The calcium alginate gel adhered to the samples through 
all treatment steps. ln comparison with the dtjJping proce· 
<.lure using agar for encapsulation [6J, no difference could 
be found berween samples encapsulated according 10 this 
procedure and samples encapsulated in calcium alginate 
gels. The co-extrusion method, however, has been devel· 
oped to provide an alternative to the agar gel encapsulation 
and to prevent exposure of heat-sensitive food samples to 

an elevated temperatu re before fixation. 
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Encapsulation in Calcium Alginate Gel 

FiP. /. Diagram of the apparatus for the encapsulation of vl:'i­
cow· food samples in calcium alginate gel rubes by co-extmd­

ing the food samples with a 3% sodium alginate solution imo 
a 50 mM calcium chloride solwion. 

Fif!. 2. A photograph of the encapsulation apparatus. 
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~ Cream (large arrows) encapsulated an calcium algi­
nate gel (small affows). The long and curled encapsulated 

column will be cw imo shorter sections for freeze-fracturing. 

Fir:. 4. SEM of 2 freeze-fractured cream samples shows 

sm ooth fracture planes and adherence of the alginate gel r•; 
capsules to the samples. 



I. A. Veliky and M. Kalab 

Allan-Wojtas P, Kalab M. (1984). Milk gel structure. 
X IV. Fixation of fat globules in whole-milk yoghurt for 

electron microscopy. Milchwissenschaft 39(6), 323-327. 
2. Bond EF, Kalab M. (1988). An external oscilloscope im­

proves photography with the lSI DS-130 scanning elec­
tron microscope. Electron Microsc. Soc. Am. Dull. 

18(1), 90-91. 
3. l·lenstra S, Schmidt DG. (1970). The microcapsule tech­

nique. An embedding procedure for the study of suspen­

sions and emulsions. LKB Application Note No. 150. 

4. Jewell GG. (1981). The microstructure of orange juice. 
Scanning Electron Microsc. 1981;11 1:593-598. 

5. KaHib M. (1987). Encapsulation of viscous suspensions in 

agar gel tubes for electron microscopy. Electron 

Microsc. Soc. Am. Bull. 17(1), 88-89. 

6. Kalab M. (1988). Encapsulation of viscous foods in agar 
gel tubes for electron microscopy. Food Microstruc. 

7(2), 213-214. 
7. Salyaev RK. ( 1968). A method of fixation and embed­

ding of liquid and fragile materials in agar microcapsu­

lae. Proc. 4th Europ. Reg. Conf. Electron Microsc. 

Rome, T ipogra fi a Poliglo tt a Vat icana, Rome, Italy, n. 
37-38. 

Discussion with Reviewe rs 

Reviewer I· What effect could calcium ions have on the 

food under study? 
Authors: With milk products, calcium has been recomM 

mended as an ingredient in buffered fixatives by several 

authors l9, 12, 13] in order to maintain the integrity of the 

casein micelles. The concentration of calcium ions pencM 

trating the food sample may be reduced by transferring the 

encapsulated food column into a glutaraldehyde solution 

containing 5 mM CaCJ2. 

Reviewer I: May any liquid food sample be examined by 
electron microscopy us ing the encapsulation technique de­

scribed? 

~There are reports in the literature that this is pos­

sible [ 10, II}, but other authors mentioned problems en­

countered with milk [8). Although milk may be encapsu­
lated, the distribution of the casein micelles is affected by 

fixation with glutaraJdehyde and the removal of the soluble 

components of the milk serum. When the se rum is replaced 

with ethanol during dehydration, the fixed casein micelles 

sediment in the capsules irrespective whether they consist 

of agar or calcium alginate gels. 

Reviewer I: May any liquid food sample be examined by 

electron microscopy using the encapsulation technique de­

scribed? 

Authors: There are reports in the literature that this is pos­

sible [ 10, llJ, hut other author~ mentioned problems en­

countered with milk [8]. Although milk may be encapsu­

lated, the distribution of the casein micelles is affected by 

fixation with glutaraldehyde and the removal of the soluble 

components of the milk serum. When the serum is replaced 

with ethanol during dehydration, the fixed casein micel!es 

sediment in the capsules irrespective whether they consist 

of agar or calcium aiginate gels. 
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Introduction 

Papers dealing with food microstructure have 
been published by Scanning Microscopy International 
(previously Scanning Electron Microscopy, Inc. ­
SEM, Inc.) for the past eleven years. For the years 
1979 , 1980 and 1981, the papers were initially pub­
lished in the journal, Scanning Electron Microscopy . 
Those papers were also collected m the volume, 
"Studies of Food Microstructure 11

, published by 
Scanning Electon Microscopy, Inc. in 1981. Begin­
ning in 1982 and continuing through 1989, the papers 
were published in the biannual journal, Food Micro­
structure. In 1990, this journal 's title has been 
chang~d to Food Structure and it is now published 
quttrterlJ. At the time of this change, it seems 
appropriate to publish a cumulative bibliography of 
these food microstructure papers which have been 
published over the past eleven years to help readers 
to access that information . 

The 243 references are listed first alphabetically 
by the first au thors' last names. For each paper, 
the authors' names and year of publication are fol­
lowed by the paper title; then by the journal cita­
tion. Finally, the "key words", which were used in 
making the subject index, are listed. The title and 
list of key words will help the reader determine the 
content of a paper. This list of names is followed 
by an author index and finally by the subject index. 
In the subject index, key words are listed alphabeti­
cally along with the numbers of the references which 
include those key words. Many of the key words 
were provided by the authors in their papers; addi ­
tional subjects have been added for this bibliography . 
The reader should not assume that all appropriate 
key words from all papers have been included here; 
we have tried to be comprehensive, but have proba­
bly made some omissions . 

Initial paper received May 15, 1990 
Manuscript received June 15, 1990 
Direct inquiries to D . N. Holcomb 
Telephone number: 708 998 3724 

KEY WORDS: Adulteration, carbohydrates, dairy pro ­
ducts, fats, fluorescence microscopy, index, light 
microscopy, meat products, packaging, plant products, 
scanning electron microscopy, subject listing, trans­
mission electron microscopy, X-ray microanalysis . 
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Abbreviations used 

Abbreviation Definition 

LFRA Leatherhead Food Research Association 
LM Light microscopy 
SE M Scanning electron microscopy 
TE M Transmission electron microscopy 
XRD X - ray diffraction 
NMR Nuc lear magnetic resonance 
ESR Electron spin resonance 
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Koohmaraie M, Elkhalifa EA. (1983). Effect of prerig ­
or pressurization on bovine lysosomal enzyme activi­
ty. Food Microstruc. 2, 91-97. Acrylamide gel elec ­
trophores is, bovine, eilzyme, Z-line, TEM. 

55. Elgasim EA, Koohmaraie M, Anglemier AF, 
Kennick WH, Elkhalifa EA. (1985). The combined ef­
fects of the calcium activated factor and cathepsin D 
on skeletal muscle . Food Microstruc. 4~ 55-61. Calci­
um activated factor, cathepsin, electrOphoresis, mus ­
c le, myofibril, protein, skeletal muscle, LM . 

56. Elkhalfia EA, Marriott NG, Grayson RL, 
Graham PP, Perkins SK. (1988). Ultrastructural and 
textural properties of restructured beef treated with 
a bacterial culture and splenic pulp. Food Microstruc. 
7, 137 - 145. Bacterial culture, beef, collagen, endo­
ffiysium, enzymes, fibril , lnstron , myofibril, sar ­
colemma, splenic pulp, texture, SEM, TEM . 

57. Evans LG, Pearson AM, Hooper GR. (1981). 
Scanning electron microscopy of flour-water doughs 
treated with oxidizing and reducing agents. Scanning 
Electron Microsc. 1981;111: 583-592 (Studies of Food 
Microstructure, p . 313- 322, 1981). Dough, flour , oxi ­
dant. reductant, water, SEM. 

58. Evers AD, Withey RP. (1989). Use of image 
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analysis t o predic t milling extraction rat es of wheat s. 
Food Micros truc. 8 9 191-199 . Cultivar , embry o, flour , 
grain, image analYsis, milling , wheat. 

59 . Farah Z, Ruegg MW . (1989). The s i ze dis ­
tribution of case in micelles in camel milk . Food Mi­
crostruc. 8, 211 - 216. Am ino acid, camel milk, casein, 
freeze fraCturing, micelles, milk, TEM. 

60. Fleming K, Jenness R, Morris HA, Schmidt 
R. (1985 ). Properties of calcium caseina t es with di s­
par a te performance in imitation cheese. Food Micro­
struc. 4, 313 - 321. Calcium caseina t e, casein , c hromat ­
ography, elec t rophoresi s, imita tion c heese, SEM. 

61. Flint FO. (1982). Light microscopy prepar ­
ation tec hniques for s tarch and lipid cont a ining 
snack foods. Food Microstruc. 1, 145 - 150. Cr yosec ­
tioning, lip id, potato c hip, snB.ck food, s t a ining, 
st arch, LM. 

62. Fulcher RG. (1982). Fluorescence microsco­
py of cereals. Food Microstruc. 1. 167-175. Aleurone 
layer, barley, cereal, fluorescence mic roscopy, lipi d, 
niac i n , phytin , oat , pericarp , phenolic , prot ein, 
fluorochrome, s t a ining , wheat , LM. 

63. Gallant DJ, Bouchet B. (1986) . Ultrast ruc ­
ture of maize st arc h granules. A review. Food Mic r o ­
s truc. 5, 141 - 155. Amylomaize, corn, endosperm , lec­
tin , mal ze, s t arch , waxy maize, ze in body , SEM, 
TEM. 

64. Gal lant DJ , Bouchet B, Culioll J. (1 984 ). 
Ultrast ruc tural aspect s of spun pea and fababean 
proteins . Food Microstruc. 3, 175 - 183 . Fababean, fi ­
bers, isolat e, pea, prot e in , Spun protein, SEM, TEM . 

65. Gavaric DD . Carie M, Kalab M. (1989) . Ef ­
fec t s of prot e in concentration in ult rafil t ra tion milk 
re t en t at es and the t ype of protease used for coagula ­
tion on t he microstructure of resulting gel s. Food 
Mic ros truc . 8, 53 ~66. Casein, coagulation, enzyme, 
fa t , g~t . gela tion, Hoppler con s is t ometer, micelle, 
milk, prot ease, protein, rennet, retenta te, t ex t ure, 
ultrafiltration, SEM, TEM. 

66. Geissinger HD , Stanley DW. (1981) . Prepa ­
ration of musc le samples for elec t ron mi c roscopy. 
Scanning Electron Microsc. 1981;111 : 415 - 426 , 414 
( Studies o f Food Microstructure, p.61- 72, 60, 1981) . 
Cardiac and skele t al muscle , freeze - frac ture, mea t , 
myofibril , SEM, TEM. 

67. Glennie CW. Liebenberg NvdW , van Tonder 
HJ. (1984 ) . Morphological development in sorghum 
g r ain. Food Microstruc. 3, 141 - 148 . Aleurone, cell 
wa ll , endosperm, grain, pE!ricarp , sorghum , s t arch, 
SEM, TEM. 

68. Goebel NK, Grider J, Davis EA, Gordon J . 
(1984 ) . The effec t s of microwave energy an d convec ­
tion heat ing on wheat s tarch granule t ransformations. 
·Food Microstruc. 3, 73 - 82 . Convective heating, gel , 
heat t ransport , mi c rowave heating, s t arch, whea t , 
wa t er t ransport, LM , SEM . 

69 . Goff HD. Liboff M, Jordan WK , Kinsella 
J E. (1987 ). The effect s of Polysorbate 80 on the fat 
emulsion in ice cream mix : ev idence from t ransmis­
s ion e lec t ron microscopy s tudies. Food Mic rostruc . 6 , 
193-198 . Agarose, casein , emulsifier , fa t , i ce crearil, 
mic ldlle , milk, Polysorbate 80, Tween 80, TEM. 

70 . Gordon A, Barbut S. (1989) . The effect of 
c hloride salts on the tex ture , mic rostruc ture a nd 
s t ab ility of meat batters . Food Micros truc. B. 271 -
283. Batte r , c hloride sal t , emulsion , fat , Iils tron, 
meat , pH, prot e in , sal t s, tex ture, SEJ\.1 , TEM. 

71. Green ML, Langley KR. Marshall RJ. 
Brooker BE, Willis A, Vincent JFV . (1986). Mechani -

cal properties of cheese, c heese analogues and pro­
t e in gels in relation t o c omposit ion and mic ro­
s truc ture. Food Micros truc. 5 , 169- 180. Casein, 
Cheddar c heese, c heese ana lOgue, gel , lnst ron, 
protein , rheology , tex ture , whey, LM, TE M. 

72. Grider J , Davis EA, Gordon J . (1983) . 
Evaluation of selected properties of c hlorinated 
whea t flours in a lean cake formulation. Food Micro­
struc. 2, 153 - 160 . Batter, cake, c hlorinat ed flour , 
partic le- s ize d i s tribution, water transport, SE M. 

73. Grote M, Fromme HG. (1984 a). Det ermina­
tion of element concent ra tions i n fresh and processed 
veget ables by quantitative X-ray microanalysi s, Food 
Microstruc. 3, 49- 54 . Bean, car rot, vegetable, X-ray 
microanalysiS. 

74. Grote M, Fromme HG. (1 984b) . Elec t ron 
microscopic investigations of the cell s truc ture in 
fre s h a nd processed veget ab les (carrot s and green 
bean pods). Food Mic rostruc. 3, 55 - 64 . Bean, carrot , 
cell s truchlre, pod , veget able:- SEM, TEM. 

75. Gwiazda S, Noguc hi A, Saio K. (1987). 
Microstruchlral s tudies of t ex t urized veget ab le pro­
t e in product s: effec t s of oil addition a nd t ransforma ­
tion of raw mat erials in various sections of a t win 
screw extruder. Food Microstruc. 6 . 57 - 61. Barrel, 
extrus ion, flour, oil, prot ein, soybean, tex turized 
vegetable prot ein, t win screw, LM, TEM. 

76. Hachiya I, Koyano T, Sato K. (1989). Ob ­
servation of seeding effects on fa t b loom of dark 
chocolate . Food Microstruc. 8, 257 -2 61. Bloom, choc ­
olate , cocoa butter, cryo - St:"M, fa t , polymorphi sm, 
SEM. 
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77 . Hamilton RMG. (1986 ). The microstru c ture 
of the hen 's egg s hell - a s hor t review . Food Micro­
s truc. 5, 99- 110. Cryst a l, cutic le, egg s hell, fiber, 
hen, mammillary knob, palisade/matrix, pore , SEM , 

78. Harbers LH. (1985 ). Ultrast ructura l u tili za­
tion of plants by herbivores. Food Microstruc. 4. 
357 - 364. Bluest em, c orn , digestion, fe scue, forage, 
grass, herbivore, legume, p lan t , ruminant , s il ica, 
sorghum , vascular tissue, SEM. 

79 . Harwalkar VR, Allan - Wojtas P . Kalab M. 
(1989). Effect of heating t o 200 ° C on casein micelles 
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elec t ron microscope s tudy. Food Microstruc . 8. 217 -
224 . Casein, micelle, mil k, prot ein, s hadOwing, 
s t a ining, TE M. 
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acidulants and temperature on mic ros tructure, firm ­
ness, and susceptib ility to syneresi s of sk im milk 
gels. Scanning Electron Mic rosc. 1981;1ll: 503-513 
(Studies of Food Microstructure, p .211 - 221, 1981). 
Ac idul at ed milk gel s, core- and - lining s tructure, gel 
firmness , rheology , skim milk gel s, syner esi s, SEM, 
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81. Harwalkar VR, Kalab M. (1986) . Re la tion ­
ship between microstructure and s usceptibility to 
syneresi s in yoghurt made from reconstituted nonfat 
dry milk. Food Micros truc. 5, 287-29 4. Casein, c entri­
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syneresis, yoghurt, SEM, TE M. 
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induced milk gel s . Food Mic ros truc. 7.173- 179 . Acid ­
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83. Heathcock JF. ( 1985) . Charact erisation of 
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Microst ruc . 4, 17 - 27. Caramel , chocolat e, confection, 
fa t , freeze - fr3c t ur ing, fudge, mil k, protein, s k i m mil k 
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servations. Food Mic r ostruc . 6, 115- 120. Butter, con ­
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88. Heertje I. Van Kleef F SM. (1 986). Obser­
vations on the microst ruc ture and r heology o f oval ­
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t u ring, gel , micelle, milk, prot ein, sk im mil k , phos ­
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la te, cocoa bu tter, differential scaflning calorimet ry, 
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A fluorescence and scanning elec t ron microscope 
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v ine case in micelles: A r eview . Food Mic r ostruc. 4, 
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ac i dophilus t o human in testinal cell s i n v it ro. Food 
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96 . Hughes JS , Swanson BG . (1989). Soluble and 
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structure of lentil seeds (Lens culinaris). Food 
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98. Hug hes J S, Swanson BG . (1985). Micro­
s t ruc tural changes i n maturing seeds of t he common 
bean (Phaseolusvulgaris L.). Food Mic r ostruc . 4. 183-
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seed, s t arch, vascular syst em, SEM. 
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tu r e and composition of pot entia l new crops. Food 
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102. Jewell GG. (1981) . The microst ruc t ure of 
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103. J o s t R, Dannenber g F, Rosset J . (1989). 
Heat - set gels based on oil /water emul sions: An appli ­
cation of whey protein fu nc tionality. Food Micro­
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104, Jur le.e.nse AC, IIeertje I, (1988), Mi cro­
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rev iew. Food Microstn~c . 7. 181- 188. Ai r, butter, 
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wa ter, SEM, TEI\1 . 

105. Kalab M. (1 988 ). Encapsulation of viscous 
foods in agar gel tubes for elect ron microscopy. Food 
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yoghurt , SEM:-

106. Ka lab M. (1984 ). Ar t efact s i n conven t ional 
scanning elect ron microscopy of some mil k products . 
Food Mic r ostruc. 3. 95- 111 . Ar t efact , charging, 
Cheddar c heese, delec t , elect ron beam damage, fa t , 
proce ss c heese, ski m milk, yoghurt , SEM . 

107. Kalab M. (1981). Elec t ron microscopy of 
milk product s : a r eview of t echniques. Sc anning Elec ­
tron Microsc . 1981;111: 453-47 2 (Studies of Food 
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108. Kalab M. (1980) . Possibilities of an elec ­
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Electron Mic rosc. 1980; III: 645-651 (Studies of Food 
Microst ructure , p .179- 186 , 1981) . Adulteration, butte ­
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109 . Kalab M. (1979). Scanning electron mic ros ­
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tron Mkrosc. 1979; III : 261 - 272 (Studies of Food Mi­
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TEM. 
110 . Kalab M, Allan - Wojtas P, Phipps-Todd BE. 

(1983). Development of microstructure in set - style 
nonfat yoghurt- a review . Food Microstruc. 2, 51-66. 
Casein , gelation, micelle, milk , mucogenic bacteria, 
protein, whey, yoghurt, SE M, TEM . 

111. Kalab M, Allan-Wojtas P, Yang AF. (1988) . 
Sample holders for solid and visc ous foods compatible 
with the Hexland Cryotrans CT 1000 assembly. Food 
Microstruc. 7, 115 - 120. Cold stage SEM, cream, 
Hexland, yoghurt, whipping cream , SEM. 

112. Kalab M, Carie M, Zaher M, Harwalkar 
VR. (1989). Composition and some properties of 
spray - dried retentates obtained by the ultrafiltration 
of milk. Food Microstruc. 8, 225 - 233. Buttermilk , 
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tose , milk, milk powder, retentate, spray drying, 
ultrafiltration, SEM. 

113. Kalab M, Comer F. (1982). Detection of 
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ted curd, buffalo milk, casein , - core - and - lining 
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115. Kalab M, Modler HW. (1985). Development 
of microstructure in a cream cheese based on Queso 
Blanco cheese . Food Microstruc. 4, 89 - 98. Casein, 
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SEM, TEM. 

116. Kalab M, Sargant AG, Froehlich DA . 
(1981). Electron microscopy and sensory evaluation of 
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1981;1Il: 473-482, 514 (Studies of Food Microstruc ­
ture. p.153 - 162, 152, 1981). Cold stage SEM, cream 
cheese, flavour, freeze-fracture, rheology, SEM, TEM. 

117. Kalab M, Yun J, Yiu SH. (1987). Tex tural 
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rework. Food Microstruc. 6,181 - 192. Citrate, crys tal, 
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work, texture, viscosity, LM, SEM. 

118. Kebary KMK. Morris HA . (1988). Porosity, 
specific gravity and fat dispersion in blue cheeses . 
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porosity, specific gravity, LM. 

119 . Kempton AG, Trupp S. (1983) . Image analy ­
sis of morphological changes in wiener batters during 
chopping and cooking. Food Microstruc. 2, 27 - 42 . 
Batter, fat, image analysis , meat, staining:- wiener , 
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120. Keresztes A, Boka K, Bacsy E, Kovacs E. 
(1989). Ultrastructural effects of postharvest treat­
ments on the vacuolar inclusions in pear (Pyrus com­
munis L. cv . Hardenpont) peel. Food Microstru~ 
75 - 79. Calcium treatment, gamma irradiation, irradia-:. 
tion, pear, peel, vacuole, X- ray microanalysis, TEM. 

121. Keresztes A, Kovacs E. (1987). Effect of 
ionizing irradiation and storage on mushroom ultra­
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of Agaricus bisporus (LGE. Imbach). Food Microstruc. 
6, 75-79. Cap, cells, cytoplasm, irradiation, mushroom, 
Stipe , TEM. 

122 . Keresztes A. Kovacs J, Kovacs E. (1985). 
Effect of ionizing irradiation and storage on mush -
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(LGE.) Imbach and Pleurotus ostrea s acq .ex r . 
Kummer . Food Microstruc . 4, ~Hymenium, ir ­
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spore , SEM, TEM . 

123. Kerley MS. Fahey GC Jr, Gould JM, 
Iannotti EL. (1988) . Effects of lignification, cellulose 
crystallinity and enzyme accessible space on the di ­
gestibility of plant cell wall carbohydrates by the 
ruminant . Food Microstruc. 7, 59- 65 . Carbohydrate, 
cell , cell wall, cellulose, crYstal, digestibility, en ­
zymes , lignin, plant, phenolic acid , ruminant, SEM. 

124. Kim JM, Lee CM, Hufnagel LA. (1987). 
Textural properties and structure of starch- reinforced 
surimi gels as affected by heat - setting. Food Micro­
struc. 6, 81 - 89. Gels, heat- setting, potato, rheology, 
starch, -surimi, LM, TEM . 

125. Kirst E. (1986). Lipolytic changes in the 
milk fat of raw milk and their effects on the quality 
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126. Koolmees PA. Korteknie F, Smulders FJM. 
(1986). Accuracy and utility of sarcomere length as ­
sessment by laser diffraction. Food Microstruc. 5, 71 -
76. Beef, laser diffraction, muscle , sarcomere,- LM . 

127. Koolmees PA, Moerman PC, Zijderveld 
MHG. (1989). Image analysis of the fat dispersion in 
a comminuted meat system . Food Microstruc. 8, 81 -
90. Batter, comminuted meat, fat, image analysis, 
meat, polyphosphate, water, LM . 

128. Kovacs E, Keresztes A. (1989). The effect 
of irradiation on starch content in Golden Delicious 
apples. Food Microstruc. 8, 67-74. Amyloplast , apple, 
chloroplast, irradiation, -plastid, staining, starch, 
sugar, TEM. 

129 . Kovacs E, Keresztes A, Kovacs J. (1988). 
The effects of gamma irradiation and calcium treat­
ment on the ultrastructure of apples and pears. Food 
Microstruc. 7, 1 - 14. Apple, calcium, cell wall , epi­
dermis, irradiation, pear, plastid, SEM, TEM. 
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130. Lampila LE, Brown WD. (1986). Changes in 
the microstruc ture of s kipjack tuna during froz en 
storage and heat treatment. Food Microstruc. 5, 25 -
31. Collagen, connective tissue , fiber, fish, mUscle, 
sarcomere, seafood , tuna, Z- lines , SEM. 

131. Lampila LE, Mohr V, Reid DS. (1985). 
Scanning electron microscopic study of rockfish pre­
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SEM , TEM. 

132. Langton M, Hermansson A- M. (1989). 
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during heating and cooling. Food Microstruc. 8, 29-
39. Amylopectin, amylose, cryosectioning, dispeision, 
gel, staining, starch, wheat, LM, SEM. 

133. Larsson K. (1982). Some effects of lipids 
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134. Lawrence RA, Jelen P. (1982). Freeze in­
duced fibre formation in protein extracts from resi­
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struc. 1, 91-97 . Alkaline extraction, chicken, macro­
photogrB.phy, mechanical deboning, poultry protein, 
SEM. 

135. Lee CM. (1985) .. Microstructure of meat 
emulsions in relation to fat stabilization. Food 
Microstruc. !_. 63-72. Comminution, emulsion, fat, 
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frankfurter, meat , prote in , s t aining , LM, SEM, TEM. 
136 . Lee C- H, Rha CK . (1979) . Application of 

scanning e lectron microscopy for the development of 
materials for food. Scanning Electron Mic rosc . 1979; 
Ill: 465- 471 (Studies of Food Microstructure, p.17 - 23, 
1981) . Soybean isolat e and protein, imitation c heese , 
spr ay dry ing , freeze drying, SEM. 

137. Lewis DF . (1986). Features of food mic r os ­
copy. Food Mic ros truc. s. 1- 18. Ar tefact , batter, 
blood plasma, cake, c r ys t9J, fa t , frui t , glass, la r d, 
Leatherhead, meat, pot at o, protein, soy, sugar, syrup , 
toffee , vegetable , X-ray microanalysis, SEM, TEM. 

138. Lewis DF . (1981). The use of microscopy 
t o explain the behav iour of foodstuffs - a review of 
work carried out a t the Leatherhead Food Research 
Association. Scanning Electron Microsc. 1981;111: 391 -
404 (Studies of Food Microstructure, p.25 - 38, 1981) . 
Chocolat e, cocoa butter , fa t , gelatin, ge l , Leat her­
head Food R. A . , meat , pectin, replica , s t a r c h , tissue, 
SEM , TEM. 

139. Lewis DF , Groves KHM, Holgate JH. (1986). 
Action o f polyphosphates in meat produ c t s . Food 
Microstruc. 5, 53-6 2. Beef, cytoskele t on, freeze ­
e t c hing, ham:- heart, loin , meat , myofibril, pork, 
prot ein, polyphosphate , sarcomere, LM, TEM. 

140. Liboff M, Goff HD, Haque Z, Jordan WK. 
Kinsella JR. (1988). Changes in the ultrastruc ture of 
emulsions as a result of elect ron microscopy prepar a­
tion procedures. Food Mic rostruc. 7, 67 - 74. Agar, 
agarose, bovine serum albumin , c asein-: emul s ion , fat, 
gel, ice c ream, membrane, peanut oil , protein, L!\1, 
SEM , TEM. 

141. Lin LP. (1985). Mic rostructure of s pray­
dr ied and freeze - dried mic roalgal powders . Food Mi­
crostruc. 4 9 341-348 . Agar, a lgal, Chlorella cell , 
freeze fracturing, microalgal powder, SEM, TEM. 

142. Li - Shlng-Tat B , Jelen P. (1987) . The mic ro­
s tructure and rehydration properties of the Phoenix 
oyster mushroom (Pleurotus sajor - caju) d ried by 
t hree alternative processes. Food Mtcrostruc. 6, 135-
142. Gi ll, hyphae, mushroom, t exture , SEM. -

143. Loc ker RH. (1984). The role of gap fila ­
me nts in musc le and in meat. Food Microstruc. 3, 17-
32. A- fil ament, connectin , core, elec t rophoresiS: gap 
filamen t , meat, musc le, nebulin , N- line, sar comere, 
s t a ining , titin , Z-line, TEM. 

144. Lopez AS, Dimick PS, Walsh RM. (1987) . 
Scanning elect ron mic roscopy s tud ies of the c ellular 
c ha nges in r aw, fermen ted and dried cocoa beans. 
Food Microstruc. 6, 9- 16 . Cell, cocoa, cotyledon , 
cy topl asm, endosperm, lipid, protein , seed, SEM. 

145. MacGregor AW, Ballance GM, Dushnicky L . 
(1989). Fluorescence microscopy studies on (1,3) -beta­
D-glucan in barley endosperm. Food Microstruc . 8, 
235 -2 44. Aleurone layer, barley, endosperm , e nz yme, 
fluorescence mic roscopy, g lucan, g lucanase, grain, 
s t aining, LM. 

146. MacGr egor AW, Nicholls PB , Dus hnicky L. 
(1983). Endosperm degrad ation in barley kernels tha t 
sy nthes ize alpha-amylase i n t he absence o f embryos 
and exogenous g ibberellic ac id . Food Microstruc . 2, 
13-22. Aleurone layer , alpha-amylase, barley, cereaf, 
embryo, endos perm , e nzyme, germination , gibberellic 
acid , seed, SE M. 

147. Manning DM, Dimic k PS. (1985). Cryst al 
morphology of cocoa bu tter. Food Microstruc. 4, 249-
265. Bloom, centrifugation, cocoa butter, cryst al , 
differential scanning calorimetry, DSC , fat, melting 
point, LM, SEM. 
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148. MartinRW, Jr. (1989). Electron mic roscopic 
localiza tion of cholest erol in bovine milk fa t g lobu­
les. Food Mic rostruc. 8, 3- 9 . Choles terol , fa t , filip in , 
freeze fr ac tu r ing, milk, milk fat globule , TEM. 

149. Martino MN, Zarltzky NE . (1986). Fix ing 
conditions in t he freeze s ub s titution t echnique for 
lig ht mic roscopy observation of frozen beef tissue. 
Food Microstruc. 5, 19- 24 . Beef, freeze substitution , 
ice cryst al, muscle , s t aining, LM. 

150 . Masson G. (1989). Advanced techniques for 
preparation and characterization of small unilame11ar 
ves icles. Food Microstruc. 8, 11 - 14 . Freeze frac tu r ­
ing, l aser lig ht scattering,- lipid, liposome, mic ro­
fluidi za tion, TEM. 

151. McDonough CM, Rooney LW. (1989). Struc ­
tural char ac teristics of Penni setum Americanum 
(Pearl millet) using scanning electron and fluores­
c ence microscopy. Food Microstruc. 8,137 - 149 . Cere­
a l , e ndosperm , fluoresc ence microscOpy, millet , pearl 
millet, pericarp, seed coat, seed, s t a ining, s t arch, 
LM, SEM. 

152. McDonough CM, Rooney LW, Barp CF. 
( 1986). Struc tural character is tics of Eleus ine corocana 
(finger mille t) u s ing scanning elect ron and fluores­
cence microscopy. Food Mic ros truc. 5, 247 - 256. 
Aleurone l ayer , cell wall, endosperm, fluorescenc e 
microscopy, germ, mille t , ragi, s t arch , LM, SEM . 

153. McKenzie D- L, Beveridge T. (1988) . The 
effec t of s t orage , processing and enzyme treat men t 
on the mic r ostructure of c loudy Spart an apple juice 
particul ate . Food Micros truc . 7,195-203. Apple juice, 
blanching, enzyme, polygalac tUronase, TE M. 

154. McMeekin TA, McCall D, Thomas CJ . 
(1986). Cryo-scanning elec t ron microscopy of micro­
organisms i n a liquid fil m on spoiled c hi cken sk in. 
Food Mlcrostruc. 5, 77-82. Bacterial cell , chicken , 
chicken skin, cryO-SEM . 

155. Miller SS, Yiu SH, Fulcher RG, Altosaar I. 
(1984). Preliminary evaluation of lec tins as fluores ­
cent probes of seed s t ructure and composition. Food 
Microstruc. 3, 133- 139. Amyloid, carbohydrate, cell 
wall, fluorescence mic r oscopy, lec tin , muc il age, seed, 
LM. 

156 . Mod.ler HW, Yiu S H, Bollinger UK. Kalab 
M. ( 1989). Grittiness in a pasteurized c heese spr ead: 
A microscop ic s t udy. Food Microstruc. 8 , 201 - 210 . 
Agar, casein, cheese spread, c r eam, curd-;- fa t , fluo ­
rescence microscopy, grittiness , milk , p rote in , s t a in ­
Ing, LM, SEM, TE M. 

157. Mohr WP, Spurr AR, Fenn P , Timm H. 
(1 984 ). X-ray microanalysis of hollow heart pot a toes . 
Food Mic ros truc. 3, 41 - 48 . Electron microprobe, hol ­
low heart , potato, -x - r ay fluore scence, X-ray micro ­
analysis, SEM. 

158 . Morrall P, Liebenberg NvdW, Glennie CW 
(1981). Tannin development and location in bird ­
res is t ant sorghum grain. Scanning Electron Microsc. 
1981; 111 : 571 - 576 (Studies of Food Mic ros tructure, p . 
293 - 296, 1981) . Bird res is t ant grain , g r a in , sorghu m, 
t annin , t est a, LM, TEI\1. 

159. Moss R. (1985). The a pplication of light 
and scanning electron microscopy during flour mil ling 
and whea t p rocessing . Food Microstruc. 4, 135- 141. 
Aleurone layer, bran , bread, cereal, doUgh, endo­
sper m, farinograph, flour, glu t en, milling , noodle, 
wheat , LM, SEM . 

160. Moss R, Gore PJ, Murray IC. (1987). 
The influence of ingredient s and processing variables 
on the qualit y and microstro c ture of Hokkien, 
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Can tonese, a nd inst ant noodles. Food Mic rost ruc. 6, 
63-74. Bread, Cant onese noodle, dough, flour, 
Hokkien noodle, ins t an t noodle, Kan Swi, noodle , 
protein, Ll\1 , SEM. 

161. Moss R, Stenvert NL , Kingswood K, 
Point ing G. (1980 ) . The relationship between wheat 
mic ros t ructure and flourmilling. Scanni ng Elec tron 
Microsc. 1980;111: 61 3-620 (Studies of Food Micro­
s tructure, p.305 -312, 1981). Aleurone layer, bran, 
endosperm, flour, milli ng, wheat , SEM. 

162 . Nakai s. Ll-cban E. (1987). Effec t of 
c lotting in s tomac h s of infants on protein digesti ­
bility of milk. Food Microstruc. 6, 161- 170. Bovine, 
casein , c lotting , digestibility, elec trophor esis, in ­
fant, milk, pepsin , pH, rennet, LM, SEM. 

163. Nakamura M, Mugu rum a M, Fukazawa T, 
Yamaguchi M. (1988). The retention of cont rac tility 
of rabbit myofibril s during s t orage a t 25°C . Food 
Micros truc. 7, 47 - 52. Cont rac tility, elec trophoresis , 
myofibril, mYosin, muscle, rabbit , Z-line , TEI\1. 

164. Offer G, Knight P , Jeacocke R, Almond R, 
Cousins T, El sey J, Parsons N, Sharp A, St arr R, 
Purslow P. (1989). The s truc t ural basis of the water ­
holding, appearance and toughness of mea t and meat 
product s. Food Microstruc . 8, 151 - 170 . Confocal mi ­
croscopy, fluorescence microscopy, meat , muscle, 
myofibril , rabbit , t ex ture, wat er- holding, LM, SEM, 
TEM . 

165. Omar MM . Buchheim W. (1983). Composi ­
tion and mic rost ruc t ure of soft brine cheese made 
from ins t a nt whole milk powder. Food Microstruc. 2, 
43- 50. Brine cheeses, casein, freeze -fr ac t uring, milK, 
whole milk powder, TEM. 

166 . Or cutt MW, Dutson TR, Wu FY , Smith SB . 
(1986). The fine s t ructure of the endomysium, peri ­
mysium, and int ermyofibrillar connections in muscle. 
Food Micros truc. 5. 41 - 51. Bovine, collagen, endomy­
s ium, fiber, i ntermyofibrillar con nection, muscle, 
myofibril , perimysium, rabbit , recticular fiber , Z­
Hne, SEM, TEM. 

167 . Pagani MA. Gallant DJ. Bouc het B, Resmini 
P. (1986). Ultrastruc ture of cooked spaghetti. Food 
Microstruc . 5, 111- 129 . Flour, freeze frac turing , 
lipid , pasta,- prot e in , spaghetti, s t aining, s t a r ch, 
wheat , SEM, TEM. 

168. Pagani MA, Resmini P, Dalbon G. (1989) . 
Influence of the ext rusion process on c haracteristics 
a nd s truc ture of pasta. Food Microstruc. 8, 173- 182. 
Dough, extrusion, fibril, freeze fracturing, pas t a, 
protein, rheology, spaghetti, s t arch, whea t , SEM, 
TEM. 

169. Parnell - Clunies EM, Kakuda Y, liumphrey 
R. (1986 ) . Elec t ron dense granules in yoghurt : char­
act eriza tion by X - ray microanalysis . Food Micros true . 
~ 295 - 302. Art efact, casein , fat, yoghurt , X- ray 
mic roanalysis, TEM, STEM. 

170. Paquet A. Kalab M. (1988 ). Amino acid 
composition and s t ruc t ure of c heese baked as a pizza 
ingredient in conventional and microwave ovens. 
Food Micros truc. 7, 93- 103 . Amino acid c omposition, 
Cheddar cheese, c hromatography, curd granule junc ­
tion, fat, microwave , Mozzarella c heese , process 
cheese, protein, SEM, TEM. 

171. Patton J S. Vetter RD. Hamosh M, 
Borgs trom B, Linds trom M. Carey MC. (1985). The 
light microscopy of t r iglyceride digestion . Food Mi­
c r ostruc . 4. 29- 41. Biosal t , colipase, digestion, fat, li ­
pase, liqufd cryst al, triglyceride , LM. 

172 . Paulson AT. Tung MA. (1989) . Microst ruc -

ture and tex ture of mea t emulsions supplemented 
with plant proteins. Food Microstruc . 8 , 41 - 51. 
Canola protein , emulsion, meat, plan t, protein , soy 
protein , t exture, LM, SEM. 

173 . Pearce LE, Davis EA. Gordon J. Miller WG. 
(1987). An e lectron spin resonance s tudy of s tearic 
acid interactions in model whea t s tarch and g lu t en 
syst ems. Food Microstruc. 6 , 121 - 126. Electron spin 
resonance, ESR, gluten, s teRric acid , s t arch, wheat. 

17 4. Pearce LE. Davis EA. Gordon J, Miller WG. 
(1985). Application of e lectron spin resonance t ech­
niques to model s t arch syst ems. Food Microstruc. 4, 
83 - 88. Elec tron spin resonanc e, ESR, s t arc h, wat er. 

175 . Pomeranz Y. (1982). Grain s t ruc tu re and 
end -use p r operties. Food Mic r ostruc. 1, 107-124 . Al­
eurone layer, bran, cereal , germ, germfnation, grain, 
hull, malting, s t arch, wheat , SEM, TEM. 

176. Pomeranz Y, Czuchajowska Z. (1985) . 
Struc ture of coarse and fine fractions of corn sao­
p ies ground on the St envert hardness t ester. Food 
Microstruc. 4, 213-219. Cell wall, corn , den t , end:>­
sperm, flint Corn , s t aining, Stenvert hardness testEr, 
LM, SEM. 

177. Pomeranz Y, Meyer D. (1984 ). Light and 
scanning electron microscopy of whea t - and rye­
bread crumb. Interpretation of specimens prepared )y 
var ious methods. Food Microst ruc. 3, 159- 164. Bresd, 
c rumb , r ye, wheat, LM, SEM . -

178. Rao MV. Gault NFS. Kennedy S. (198g). 
Changes in the ultrastructure of beef musc le as in­
fluenced by acidic condition s below the ultimat e pH. 
Food Microstruc. 8, 115- 124 . Beef, fiber, mea t, mus ­
c le, myofibril, sarComere, Z-line , TEM . 
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179 . Ray FK, Miller BG, Van Sickle DC, Aberle 
ED, Forrest JC, Judge MD . (1979). Identification of 
fat and protein components in meat ernul sions using 
SEM and light microscopy. Scanning Elec tron 
Microsc. 1979;111 : 473- 478 (Studies of Food Micro­
s tructure. p .99- 104, 1981). Fa t , liver sausage, me1t, 
meat emul s ion, protein, s t ei n , wiener, LM, SEJ\1. 

180 . Rayan AA, Kalab M. Erns trom CA . (198 t). 
Mic ros tructure and rheology of process cheese . Scen­
ning Elect ron Microsc. 1980;111: 635 - 643 (Studies of 
Food Microstruc ture, p .143- 151, 1981). citrat e crystal, 
fa t , meltability, phosphate c r ys t a l , process c heese, 
rheology, SEl\1, TEI\1. 

181. Reeve M. Sherman P. (1986). Rheologi•!al 
and particle s i ze c hanges in corn oil -in - wa:er 
emul s ions s t abilized by 78 soybean proteins. Food 
Microstruc. 5, 163- 168. Corn, disc centri ft.ge 
photosediment Ometer, emu l sion, oil - in - water, r H. 
protein, r heology, soybean . 

182. Resmini P. Pagani MA. (1983) . U!trast nc­
ture s tudies of pasta. A review. Food Mic r ostruc. 2, 
1- 12. Cereal , dough, Durum wheat, freeze fractu:-e, 
flour, past a, protein, rice , semolina, spaghetti, s tareh , 
whea t , TE M. 

183. Rosenberg M, Talman Y. Kopelman :J. 
(1988) . The microstruc ture of spray-dried micw­
capsules. Food Microstruc. 7, 15 - 23. Encapsulation, 
gum Arabic, microcapsule , S~M. 

184. Rousseau M. (1988). Changes in the mic:-o­
s tructure of Saint Paulin cheese during manufachre 
s tudied by scanning elec t ron microscopy. Food Mic:-o­
struc. 7. 105- 113. Casein , cold-stage SEM, cu rd , fa t , 
Sa int P8.ulin cheese, SEM. 

185. Ruegg M, Blanc B. (1982). Structure md 
properties of the particulat e c onstit uen t s of hunan 
milk . A review. Food Microstruc. !.• 25- 47 . Casein, 
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curd, fat, fatty acid distribution, freeze - fracture, 
human milk, lactation, micelle, milk, SEM, TEM. 

186. Ruegg M, Moor U. (1987). The size distri ­
bution and shape of curd granules in traditional 
Swiss hard and semi-hard cheeses. Food Microstruc. 
6, 35 - 46. Appenzeller cheese, curd, curd granule 
)unction, Emmentaler cheese, Gruyere cheese, image 
analysis, Raclette cheese, Sbrinz cheese, Tilsiter 
cheese, LM. 

187. Saio K. (1981). Microstructure of tradition ­
al Japanese soybean foods. Scanning Electron Mi­
crosc. 1981;111: 553-559 (Studies of Food Microstruc ­
ture, p.275 - 281, 1981). Cryomicroscopy, kori - tofu , 
seed coat, soybean, texture, tofu, LM, SEM, TEM. 

188. Saio K, Kondo K, Sugimoto T. (1985). 
Changes in typical organelles in developing coty­
ledons of soybean. Food Microstruc. 4, 191-198. Cell, 
cotyledon, endoplasmic reticulum, llpid, organelle, 
protein~ soybean, starch, LM, TEM. 

189. Saio K, Nakano Y, Uemoto S. (1983). 
Microstructure of winged beans. Food Microstruc. 2, 
175- 181. Bean, cell wall, cotyledonary cell, lipid, 
plasmodesmata, protein, starch, winged bean, LM, 
SEM. 

190. Saio K, Suzuki H, Kobayashi T, Narnikawa 
M. (1984). Microstructural changes in winged bean 
and soybean during fermentation into miso. Food 
Microstruc. 3, 65-71. Bean, cell wall , fermentation, 
lipid, miso , Protein, soybean, LM, TEM . 

19L Saito Z. (1988). Lactose crystallization in 
commercial whey powders and in spray - dried lactose . 
Food Microstruc. 7, 75 - 81. Crystal, lactose, whey, X­
ray diffraction, SEM. 

192. Saito z. (1985). Particle structure in 
spray - dried whole milk and in instant skim milk pow ­
der as related to lactose crystalliz;ation. Food Micro­
struc. 4, 333 - 340. Crystallization, lactose, milk, skim 
milk, skim milk powder, X- ray diffraction, LM, SEM. 

193. Salgo A, Torok S, Sandor S. (1989). Micro­
structure of extruded mixtures of cereals and oil 
seed processing residues. Food Microstruc. 8, 245- 252. 
Amino acid, cereal, extrusion, maize, oil ~ protein, 
pumpkin, rice, sunflower, wheat, oilseed, seed, SEM. 

194. Saltmarch M, Labuza TP. (1980). SEM in ­
vestigation of the effect of lactose crystallization on 
the storage properties of spray dried whey . Scanning 
Electron Microsc. 1980;1II: 659- 665 (Studies of Food 
Microstructure. p.203 - 209, 1981). Browning, crystal, 
lactose , Maillard reaction, sorption isotherm, water 
activity, whey powder, SEM. 

195. Sargent JA. (1988). The application of cold 
stage scanning electron microscopy to food research. 
Food Microstruc. 7. 123-135. Barley, bread, bubble, 
chocolate, cocoa, Cold stage SEM, cotyledon, cream, 
cress, dough, emulsion, endosperm, fat, foam, ice 
cream, mayonnaise, meat, meringue, milk, muscle, 
myofibril, peanut, pizza, potato, salad dressing, seed, 
spoilage organism, starch, sugar, wheat, SEM. 

196. Sato K. (1987). Physical and molecular 
properties of lipid polymorphs - a review . Food Mi­
crostruc. 6, 151-159. Cocoa butter, differential scan­
ning calorimetry , DSC, fat , lipid, oleic acid, poly­
morphism , stearic acid, triglyceride, X-ray diffrac ­
tion. 

197. Schellhaass SM, Morris HA. (1985). Rheo ­
logical and scanning electron microscopic examination 
of skim milk gels obtained by fermenting with ropy 
and non - ropy strains of lactic acid bacteria . Food 
Microstruc. !_. 279-287. Centrifugation, flow curve, 
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gel, Haake Rotovisco viscometer, lactic acid bacteria, 
milk , rheology, ropy strain, shear- thinning, skim 
milk , syneresis, viscosity, water activity, SEM. 

198. Schmidt DG. (1982). Electron microscopy of 
milk and milk products: problems and possibilities . 
Food Microstruc. 1, 151-165. Auger electron spectro­
metry, calcium tyrosinate, casein, crystal, freeze ­
etch, freeze - fracture, Gouda cheese, micelles, milk, 
shadowing, skim milk, whipped cream, X- ray micro­
analysis, SEM, TEM. 

199. Schmidt DG, van Hooydonk ACM. (1980). A 
scanning electron microscopical investigation of the 
whipping of cream. Scanning Electron Microsc. 1980; 
III: 653-658, 644 (Studies of Food Microstructure, p . 
187-192, 210, 1981). Cream, cryomicroscopy, fat, 
freeze etch, whipping, SE M. 

200. Schmidt GR. (1984). Processing effects on 
meat product microstructure. Food Microstruc. 3, 33-
39. Emulsion, fat, meat, protein, LM, SEM. -

201. Sealy L, Renaudin S, Gallant DJ, Bouchet 
B, Brlllouet JM. (1985). Ultrastructural study of yam 
tuber as related to postharvest hardness. Food Mi­
crostruc. 4, 173-181. Autoradiography, cell, lamella, 
lignification, parenchyma cell, staining, tuber, yam, 
SEM, TEM. 

202. Seideman SC, Cohen SH, Schollmeyer JV. 
(1984). Some factors influencing ante - mortem changes 
in muscle: a brief review. Food Microstruc. 3, 127-
132. Enzyme, fiber, muscle, Z-lines, TEM. -

203. Shomer I, Weinberg ZG, Vasiliver R. 
(1987). Structural binding properties of silvercarp 
(Hypophtalmichthys molitrix) muscle affected by NaCl 
and CaCl2 treatments. Food Microstruc. 6, 199-207. 
Carp, fish, muscle, myofibril, salt treatilient , sar­
comere, silvercarp, Z- line , TEM. 

204. Siddiqui IR, Yiu SH, Jones JD, Kalab M. 
(1986). Mucilage in yellow mustard (Brassica hirta) 
seeds. Food Microstruc. 5, 157-162. Brass1ca ilirfii, 
carbohydrate, chromatograPhy, electrophores1s,huiT, 
mucilage, mustard, polysaccharide, seed coat, seed, 
staining, LM, SEM. 

205. Smith LB. (1981). An SEM study of the ef­
fects of avian digestion on the seed coats of three 
common angiosperms. Scanning Electron Microsc. 
1981; III: 545-552 (Studies of Food Microstructure, p. 
267 - 274, 1981). Angiosperm, avian digestion, diges ­
tion, germination, seed, seed coat, SEM. 

206. Sosnicki A, Cassens RG, Mcintyre DR, 
Vimini RJ, Greaser ML. (1988). Characterization of 
hypercontracted fibers in skeletal muscle of domestic 
turkey (Meleagris gallop avo). Food Microstruc. ?__. 
147 - 152. ~fiber, Meleagris gallopavo, muscle, 
skeletal muscle, turkey, TE M. 

207. Spaeth SC, Debouck DG, Tohme J, Van 
Beem J. (1989). Microstructure of Nunas: Andean 

~~~i~~.b~=~~2~~-h8ee~~~sc:li1~~1~ ~~i;l::~. ~~~~~~ 
microwave, nunas, popping bean, starch, SEM. 

208. Spaeth SC, Hughes JS. (1987). Cellular 
rupture and release of protoplasm and protein bodies 
from bean and pea cotyledons during imbibition. Food 
Microstruc. 6, 127-134. Bean, cell, cotyledon, pea, 
Phaseolus suij"iis, Pisum sativum, SEM. 
~ tan ey D-w-:--(f98~review of the mus ­
cle cell cytoskeleton and its possible relation to meat 
texture and sarcolemma emptying. Food Microstruc. 
2, 99-109. Cell, cytoskeleton, desmin, immunofluo­
rescence, interference light microscopy, muscle, 
sarcolemma, texture, Z-line, LM, SEM, TEM. 
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210. Stasny JT, Albright FR, Graham R. (1981). 
Identification of foreign matter in foods. Scanning 
Electron Microsc. 1981; III : 599- 610, 560 (Studies of 
Food Microstructure, p.39-50, 24, 1981). Asbestos, 
glass, lead, paint, pest fragments, X- ray micro­
analysis, SE M, XRD. 

211. Swanson BG, Hughes JS, Rasmussen HP. 
(1985). Seed microstructure: Review of water imbibi­
tion in legumes . Food Microstruc. 4, 115- 124 , Bean, 
cowpea, lamella, legume , protein,- seed, soybean, 
water imbibition , SEM. 

212. Swatland HJ. (1985) . Early research on the 
fibrous microstructure of meat. Food Microstruc. 4, 
73 - 82. Cytoskeleton, fiber, meat, myofibril, sarco-:_ 
mere, LM. 

213. Swatland HJ. (1984). Studies on the micro­
distribution of aerobic enzymes and myoglobin in 
pork. Food Microstruc. 3, 9-15. Color, enzyme, fiber 
optics, meat, myoglobin~ pork, staining, succinate 
dehydrogenase, LM . 

214. Swatland HJ. (1983). Morphometry of meat 
by scanning light microscopy. Food Microstruc . 2, 
135 - 141. Enzyme, meat, morphometry, pork, stereolo-:. 
gy, succinate dehydrogenase, LM . 

215. Tamime AY, Kalab M. Davies G. (1989). 
Rheology and microstructure of strained yoghurt 
(Labneh) made from cow's milk by three different 
methods. Food Microstruc. 8, 125-135 . Casein, consis ­
tency, Labneh, LFRA texture analyzer, micelle, milk, 
retenta te, rheology , texture, ultrafiltration, yoghurt, 
SEM, TEM. 

216. Tamime AY, Kalab M, Davies G. (1984). 
Microstructure of set-style yoghurt manufactured 
from cow's milk fortified by various methods. Food 
Microstruc . 3, 83 - 92. Casein, micelle, milk, mucogenic 
bacteria, void space, yoghurt, SEM, TEM. 

217. Taranto MV, Wan PJ, Chen SL, Rhee KC . 
(1979). Morphological, ultrastructural and rheological 
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96 
differential scanning calorimetry 

38, 46, 49, 92, 112, 147, 196 
123, 162 

78, 171, 205 , 240 
2 

digestibility 
diges tion 
dioxane 
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disc cen tri fuge phot osediment ometer 
dispers ion 

18 1 
13 2 
233 
195 

dog muscle 
dough 12, 57, 86, 159 , 160, 168, 182, 
DSC - see differential scanning calorimetry 
duodenum 15 

182 
77 

8 

Durum wheat 
egg shell 
elasticity 
electrical stimula tion 
e lec t ron beam damage 

8, 9, 

225 
106 

elect ron microprobe see X-ray microanalysis 
electron microscopy see scanning, transmission 
electron spin resonance 173, 174 
e lectrophoresis 

20, 29, 44, 55, 60, 143, 162, 163, 
58 , 99, embryo 

Emmentaler cheese 
emulsification 
emulsifier 
emulsi fying salt 
emulsion 

204 
146 
186 
38 
69 

27, 117 
10, 24, 38, 43, 47. 69, 70, 103, 

135, 140, 172, 179, 181, 195, 200 
4, 105, 183 

56, 166 
12, 188 

8, 9, 12, 13, 63, 67, 84, 144, 

encapsulation 
endomysium 
endoplasmic reticulum 
endosperm 

enzyme 
145, 146, 151, 152, 159, 161, 176, 195 

5, 39, 40, 54, 56, 65, 100, 123, 
145, 146, 153, 202, 2 13, 21 4, 228 

ep idermis 2, 129 
ESR 173, 174 
e thy l oleate 30 
extru s ion 41 , 75, l68, 19 3 
fababean 64 
far lnograph 159 
fa t 10, 15, 20, 22, 23, 25, 27, 28, 29, 31, 43, 

47, 49, 65, 69, 70, 76, 83, 85, 86, 87, 92, 104, 
106, 108, 115, 117, 118, 119, 125, 127, 133, 135, 
137. 138, 140, 147. 148, 156, 169, 170, 171 , 179. 
180, 184, 185 , 195, 196, 199, 200, 206, 217, 238 

fa t g lobule 22 
fa t lactation 29 
fatty ac i d 125, 185 
fea thering of cream 25 
feed 223 
fermen tation 190, 228 
fescue grass 7 8 
Fet a cheese 27 
fiber 32, 33, 44, 64, 77, 96, 130, 

fiber optics 
fibril 
f!l!pln 
filler 
fi sh 
flake 
flaked and formed meat 
flavonoid 
flavor 
flint corn 
flour 

flow curve 
fluorescence microscopy 

fluorochrome 
foam 

166 , 17 8, 202, 206, 212, 236 
213 

56, 90, 95, 168, 227 
148 

43 
130, 131, 203, 233 

239 
26, 39 

51 
100 , 116, 223 

176 
43, 57. 58, 75, 96, 

159 , 160, 161, 167, 182, 230 
197 

50, 51, 62, 93, 99, 145, 
151 , 152, 155, 156, 164, 

236, 237. 238, 239, 240, 241 
50, 62 

19, 20, 195 

forage 
frankfurter 
freeze drying 
freeze etch 
freeze fixation 
freeze fracture 

78 
31, 43, 135 

136 
14, 22, 38, 91, 102, 139, 198, 199 

131 
4, 9, 12, 20, 21, 22, 23, 24, 25, 

28, 59, 66, 83, 85, 89, 92, 104, 116, 
141, 148, 150, 165, 167, 168, 182, 185, 198 

freeze substitution 149 
freeze tex turization 44 
fruit 137, 222 
fudge 83 
fungal spore 232 
gamma irradiation 120 
gap filament 143 
gel 3, 16 , 22, 42, 65, 68 , 71, 80 , 82, 88, 89 , 

91, 10 3, 105, 110, 124, 132, 138, 140, 197 
gel firmness 82 
gel atin 138 
gel atinization 38, 46 
gelation 65, 80, 110 
germ 15 2, 175 
germination 5, 146, 175, 205, 222 
g ibberell i c ac id 146 
gill (mushroom) 101, 142 
glass 35, 137, 210 
g lu can 145 
g lu canase 145 
glu ten 91, 159, 173 
glycocalyx 232 
glycolysis 53 
Golg i apparatus 12 
Gouda cheese 27, 86, 198 
grain 52, 58, 67, 145, 158, 175 
granule 36 
grass 78 
gravity, spec ific 118 
grittiness 155, 156 
Gruyere c heese 186 
gum arabic 183 
Haake Rotovisco v i scometer 197 
ham 139 
hardness tester 176 
heart muscle 139 
heat transport 46, 68 
heat - setting 124 
hen 77 
herbivores 78 
Hexland 111 
hilum l , 207 
Hokkien noodle 160 
hollow heart potato 15 7 
hologram 17 
Hoppler consistometer 65 
hull 175, 204 
humun milk 29, 185 
hydroc olloid 234 
hydrostatic pressure 53 
hymenium 122 
hyphae 142, 228 
ice c ream 69, 140, 195 
ice crysta l 149 
image analysis 8, 58, 119 , 127, 186, 221 
imitation cheese 60, 136 
immunofluorescence 209 
in fan t 162 
infrared spectroscopy 4 7 
instant noodle 160 
lnstron 8, 39, 48, 56, 70, 71, 88 

170 
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interfacial membrane 19 
interference light microscopy 209 
intermyofibrillar connection 166 
intestinal flora 95 
irradiation 120, 121, 122, 128, 129 
isol ate 64 
Kachkaval cheese 27 
Kan swi 160 
kernel 7 
kori- tofu 187 
Labneh 215 
lactic acid bacteria 95, 100, 197 
lactic s tarter 100 
Lactobl:lcilli 95 
lactoglobulin 80 
lactose 28 , 81, 107, 108, 112, 191, 192, 194 
lamella 9, 201, 211, 228 
lard 137 
laser confocal microscopy 86 
l~:~.ser diffraction 39, 40, 126 
laser light scattering 150 
Latin American white cheese 115 
lead 210 
Leatherhead Food Research Assoc. 137, 138, 215 
lecithin 103 
lec tin 63 
legume 78, 211 
lentil 97 
LFRA tex ture analyzer 215 
light microscopy 13, 14, 17 , 27, 30, 33, 41, 43, 

47. 49, 50, 51, 55, 61, 62, 68, 
71, 75, 86, 93, 99, 101, 109 , 117. 118, 119 , 124, 
126, 127, 132, 133, 135, 139, 140, 145, 147, 149, 
151, 15 2, 155, 156, 158 , 159, 160, 162, 164, 171 , 
172, 176, 177, 179, 186, 187, 188, 189, 190, 192, 
200 , 204, 209, 212, 213, 214, 217, 220, 223, 225, 
228, 229, 232, 236, 237. 238, 239, 240, 241, 242 

light scattering 94 
lignification 201 
lignin 2, 123 
lipase 15, 171 
lipid 9, 22, 24, 38, 51, 61, 62, 84, 91, 

103, 133, 144, 150, 167, 188, 189, 190, 196 
lipol ysi s 
liposome 
liquid crystal 
liver sausage 
Ll\1 - see light microscopy 

125 
150 
171 
179 

loin 139 
Lymeswold cheese 18 
macrophotography 134 
magnesium salt 48 
Maillard reaction 194 
maize 63, 193 
malting 175 
mammillary knob 77 
margarine 22, 85, 86, 87, 104 
mayonnaise 86, 195, 220 
meal 239, 10 
meat 26, 30 , 31, 32, 34, 35, 43, 66, 70, ll3, 

119, 127, 135, 137, 138, 139, 143, 164, 172, 178, 
179, 195, 200, 2 12, 214, 221 , 224, 225, 226, 227 

meat binder 113 
meat emulsion 31, 179 
mechanical deboning 134 
Meleagris gallopavo (turkey) 206 
melt 117 
meltability 180 
melting point 147 

171 

membrane 
meringue 
mesquite 
mice lle 

37. 140 
195 

99 
19, 22, 28, 29, 59, 65, 69, 79, 80, 89, 

94, 107, LLO, ll3, 185, 198, 215, 216 
microalgal powder 141 
microbial cell 100 
microcapsule 183 
microencapsulation 29, 103, 107 
microfibril 228 
microfluidization 150 
micropyle I, 68, 170, 207, 229 
milk 3, 15, 19, 21, 22, 23, 28, 29, 59, 65, 

69, 79, 80, 81, 83, 89, 107 , 108, 109, 
110, ll 2 , LLB, 125, 148, 155, 156, 162, 
165, 185, 192, 195, 197. 198, 215, 216 

milk fat globule 148 
milk powder 21, 23, 28, ll2, 165, 192 
millet 151, 15 2 
milling 7, 58, !59, 161 
mineral 7 
miso 190 
mold 18 
morphometry 214 
Mozzarella cheese 170, 217 , 218, 238 
Mozzarella cheese analog 234 
mucilage 204, 241 
mucogenic bacteria 110, 216 
muscle ll, 30, 32, 33, 53, 55, 126, 130, 131, 143, 

149, 163, 164, 166, 178, 195, 202, 203, 206, 

mushroom 
mustard 
myofibril 

166, 178, 
myoglobin 
myosin 

209, 224, 225, 226, 227, 229 , 233 
101, 121, 122, 142, 232 

93. 204, 223 
11, 40, 53, 55, 56, 66, 139, 163, 164 

195, 203, 212, 224, 225, 226, 227, 233 
213 

N- line 
nebulin 
Nematospora 
niacin 
nicotinic acid 
NMR 
nonfat dry milk 
noodle 
nuclear magnetic resonance 
nunas 
nutrition 
oat 
oil 
oil - in - water 
oilseed 
oleic acid 
olive 
orange 
orange juice 
organelle 
ovalbumin 
oxidant 
ozone 
paint 
palisade 
Paneer cheese 
paraffin 
parenchyma cell 
particle s ize distribution 
pasta 
paste 
pea 

163. 227 
143 
143 

93 
62 
51 

24, 88 
81 , 11 3 

159, 160 
24, 88 

207 
236 

62, 236, 237. 240 
75, 181, 193 

181 
5, 19 3 

196 
223 
223 
102 
188 

88 
57 

2 
210 

77, 96, 97 
114 
228 
201 

72 
167, 168, 182 

36 
35, 64, 208 



D.N. lio1 comb 

peH.nut 195, 242, 243 
peanut oil 140 
pear 120, 129 
pearl millet 151 
pectin 138 
pectinol y tic enzyme 228 
peel 120 
p~netrometer 87 
pepsin 162 
perlcarp 52, 62, 67, 151, 222 
perimysium 166 
permunganate 2 
~~~ 2 
pest fragment 210 
pH 25, 70, 162, 181 
phase change 47 
phenolic 62, 241 
phenolic acid 123 
phloem 96 
phosphate 27, 89, 107, 180 
phosphate crystal 107, 180 
phytate 236 
phytln 51, 62, 241 
p ickle 228 
pig 37 
Pi sum sativum (pet:t) 208 
pizza 195 
pl•nt 78, 123, 172, 223 
plasma 19 
plasmodesmata 189 
plastid 128, 129 
pod 74 
polyacrylamide gel 42 
polygalacturonase 153 
polymorphism 47, 49, 76, 92, 133, 196 
polyphosphate 127, 139, 226, 227 
polysaccharide 90, 204 
Polysorbate 80 69 
popping bean 207 
pore 77 
pork 11, 139, 213, 214 
porosity 118 
potato 30, 124, 137, 157, 195 
potato chip 61 
poultry 134, 229 
powder 21 
press cake 239 
process cheese 27, 106, 117, 170, 180 
process cheese food 27, 117 
process cheese spread 27 
protease 65 
protein 5, 6, 9, 10, 12, 16, 17 , 19, 20, 22, 25, 

27, 31, 43, 44, 51, 55, 62, 63, 64, 65, 70, 71, 
75, 79, 81, 83, 86, 88, 89, 91, 98, 98, 99, 103, 

110, 115, 134 , 135, 137. 139, 140, 144, 155 , 156, 
160 , 167, 168, 170, 172, 179, 181, 182, 188, 189, 

protein body 
PSE porcine musc le 
Pseudomonas fragi 
pumpkin 
pyrophosphate 
Pyrus communis 
quarg 
Queso Blanco 
quinoa 
rabbit 
Raclette cheese 
radiometry 

190, 193, 200, 211 , 217, 230, 233 
5, 6, 63 

11' 37 
90 

193 
226, 227 

120 
21 

115 
222 

163, 164, 166 
186 

17 

rag! 152 
rapeseed 223, 239, 241 
rat 15, 33, 236, 240 
rectangular fiber 166 
reductant 57 
reflectance spectroscopy 17 
remote sensing 17 
rennet 65, 162 
rennet coagulation 22 
replica 21 , 138 
retentate 65, 112, 215 
retrogradation 235 
rework 117 
rheology 8, 24, 36, 39, 48, 56, 70, 71, 82, 87, 88, 

116 , 124 , 168 , 180, 181, 197, 215, 217, 218, 234 
rheogoniometer 88 
ribeye 221 
rice 182, 193 
ripening 122 
rock fi sh 131 
rod body 233 

172 

ropy s train 197 
rotary shadowing 89 
ruminant 78, 123 
rusting 35 
rye 177 
Saint Paulin cheese 184 
salad dressing 195, 220 
salt 70, 203, 227 
salt treatment 203 
sarcolemma 56, 209 

40, 126 , 130, 139, 143, 178, 
203 , 212, 224, 225, 229 

Sb rinz cheese 18 6 
scanning electron microscopy 1, 2, 3, 4, 5, 6, 7, 

seafood 

8, 9, 10, 11, 14, 15, 16, 17, 18, 20, 26, 27, 
28, 30, 31, 34, 35 , 36, 37, 39, 40, 41, 42, 
43, 44, 45, 46, 48, 49, 52, 53, 56, 57, 60, 
63, 64, 65, 66, 67, 68, 70, 72, 74, 76, 77, 
78, 81 , 82, 83, 84, 85, 87, 88, 89, 90, 93, 

95, 96, 97' 98, 99 , 100, 101 , 103, 104, 105, 
106, 107. 108, 109, 110, 111, 112, 114, 115, 
116, 117, 122, 123, 129, 130, 131, 132, 134, 
135, 136 , 137. 138, 140, 141, 142, 144, 146, 
147, 151, 152, 155, 156, 157, 159, 160, 161, 
162, 164, 166 , 167, 168, 170, 172, 175, 176, 
177, 179 , 180, 183, 184, 185, 187, 189, 191, 
192 , 193, 194, 195, 197, 198, 199, 200, 20 1, 
204, 205, 207, 208, 209, 210, 211 , 215 , 216, 
217 , 218, 219, 220, 222, 224, 225, 228, 23 0, 

231, 232, 234, 235, 236, 239, 242, 243 
130, 131 

seed 1, 8, 93, 96, 97, 98, 99, 144, 146, 151, 
193, 195, 204, 205, 211, 222, 231, 239, 241, 242 

seed coat I , 93, 96, 97, 98, 99, 151, 
187, 204, 205 , 23 0, 231 

SEM - see scanning electron microscopy 
semolina 182 

26 
101 

sensory 
septa 
shadow ing 
shear thinning 
shortening 
sil i ca 
silvercarp 
skeletal muscle 
skim milk 
sk im milk gel 
skim milk powder 

14, 79 
197 

87. 104 
78 

203 
53, 55, 206, 229 

28, 43, 89, 106, 108, 192, 197, 198 
82 

21, 83 
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skin 
skinned fiber technique 
snack food 
sorghum 
sorption isotherm 
soy 
soy concentrate 
soy isolate 
soy protein 
soybe an 

219 
33 
61 

50, 51, 52, 67. 78, 158 
194 
137 

43 
26 

172 
48, 75, 181, 187. 190, 211 , 

218, 230, 23 1 , 234 
soybean i solates and protein 136 
soybean s tarch 188 
spaghetti 167, 168, 182 
specific gravity 11 8 
~~ n 
spl enic pulp 56 
spoilage organism 195 
spore 122 
s pray drying 136 
spread 87 
spun protein 64 
s t aining 29, 43, 5 1, 61, 62, 79, 90, 99, 119, 128, 

132, 135, 143, 145, 149 , 151, 155, 156, 167. 
176, 17 9, 201, 204 , 213, 232 , 236, 237, 238, 240 

s taling of bread 133 
s tarch 9, 12, 13, 34, 38, 43, 46, 61, 63, 67, 

68, 86 , 97. 98, 124, 128, 132, 138, 
151, 152, 167 , 168, 173, 174, 175, 
182 , 189, 195, 207, 222 , 235, 236 

s teak 
s tearic ac id 
STEM 
Stenvert hardness tester 
s tereology 
s tipe 
s traw cell 
s trep tococci 
succinate dehydrogenase 
sugar 
sun nower 
surfactant 
surimi 
syneresis 
sy rup 

22 1 
173, 196 

169 
176 
214 

121, 232 
232 
100 

213 , 2 14 
83, 128, 137. 195 

6, 193, 223 
24 

124 
8 1, 82, 197 

tannin 158, 
137 
223 

TE M - see transmission electron mic roscopy 
tenderness 30 

30 
52, 158, 24 1 

te ns ile s tress 
testa 
texture 26, 44, 48, 56, 65, 70, 71 , 117 , 

142, 164 , 172, 187, 209, 215, 229 
texture profile anal ysis 218, 23 4 
texturized vegetable protein 75 
Tilsiter c heese 186 
tin pla t e 35 
tissue 138 
tltin 143 
toffee 137 
t ofu 48, 187 
tomato 35 
tox icity 223 

173 

transm ission electron mi c roscopy 3, 6, 9, 11 , 
12, 13, 14, 15 , 18, 19, 20, 21, 23, 24, 25, 27, 
28, 29, 31, 37, 40, 41, 43, 46, 47, 49, 53, 54, 
56, 59, 63, 64, 65, 66, 67. 69, 70, 71, 74, 75, 

79, 80, 81, 82, 83, 84 , 88 , 89, 90, 91, 92, 100, 
101, 102, 103, 104 , 107, 108, 109, 113, 114, 115 , 
116, 120, 121, 122, 124, 128, 129, 131, 135, 137, 
138, 139, 140, 141, 143, 148, 150, 153, 155, 156, 
158, 163, 164 , 165, 166, 167 . 168, 169, 170, 175, 
178, 180, 182, 185, 187, 188, 190, 198, 201, 202, 
203, 206 , 209 , 215 , 216, 217 . 22 0, 222, 224, 225, 

triglyceride 
trimyristin 
tripalmitin 
tristearin 
tuber 
tuna 
turkey 
Tween 80 
twin sc rew 
ultracentrifugation 
ult rafi1tration 
vacuole 
vacuole wheat 
vascular system 
vascular tissue 
vegetable 
v i scosity 
v itreosity 
void space 
water 

226 , 22 7. 228, 229, 232, 233 
49, 133, 171, 196 

49 
49 
49 

201 
130 
206 

69 
75 

108, 113 
65, 112, 215 

120 
13 
98 
78 

73, 74, 137 
24, 25 , 36, 117, 197 

9 
216 

1 , 7, 8 , 46, 57, 68, 72, 85, 
104 , 127, 164 , 174, 194, 197, 211 

water activ ity 194, 197 
water content 7, 8 
wat er - holding 164 
water imbibition 211 
water transport 46, 68, 72 
water uptake 1 
waxy maize 63 
\Yeissenberg r heogoniometer 88 
whea t 7, 8, 9, 12 , 13 , 17, 58, 62, 68, 132 , 159, 

161, 167, 168, 173, 175, 177, 182, 193, 

whey 

whippable emulsion 
whipped cream 
whipping 

195, 223, 235, 236 
16, 20, 21, 28, 48, 71 , 103, 

109, 110, 191, 194 
24 

20, 198 
199 

whipping c ream 
wiener 

47. 111 
43, 119, 179 

189 
91, 92, 191, 192 , 196, 2 10 

winged bean 
X - ray diffrac tion 
X - ray elemental mapping 
X - r ay fluorescence 
X-ray microanalysis 

7 
157 

7, 10, 18, 35, 73, 120, 137, 
157. 169, 198, 210, 222, 240 

X -ray scattering 
xylem 

235 
45 

201 
93 

4, 21, 8 1 , 89, 105, 106, 109, 
110, 111 , 169, 215, 216 

40 
13 1 

11 , 37. 46, 54, 130, 143, 163, 166, 
178, 202 , 203, 209, 226, 227 . 229, 233 

63 

yam 
yeast 
yoghu rt 

Z-band 
Z-d isc 
Z-line 

zein body 
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Papers for publication in the international journal Food Structure are 
invited. Papers can cover all types of foods and feeds, including vegetables, 
fruits, grains, seafoods, meat, dairy products, fats and others. The theme 
of the Journal is structure of foods and feeds with special emphasis on rela­
tion between processing, molecular properties, microstmcture and 
macroscopic behavior. Papers related to techniques to study feed structure 
and their applications are also welcome. 

Papers for Food Structure (FS) may be offered at any time. Papers 
can be for publication only, or intended for oral presentation at the An­
nual Food Structure meeting generaUy in early spring. The latter papers 
are due two months prior to the start of the meeting; only papers 
acceptable for publication are allowed oral presentation. Oral presenta­
tion of a paper at some other meeting or publication as unreviewed abstract 
(e.g., in proceedings. etc.) does not preclude consideration of a paper by FS 

The letter accompanying the paper should contain names and complete 
addresses of at least four persons competent to review the paper. Suggested 
reviewers: a. must neither be from author's current or recent affiliations, nor 
CQ\.\.Qrkers ; b. should preferably be active researchers in the field (e.g., whose 
work is being extensively referred to); and c. need not be personally known 
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TECHNICAL TIP: Paper should have no more than 1000 words 
LEITER TO THE EDITOR: Commenting on paper already published 

in Food Microstructure/Food Structure 
The author should indicate the type of paper and carefully adhere 

to the applicable definition, since the reviewers and editors judge the paper 
accordingly. 

INSTRUCTIONS FOR SUBMISSION OF PAPERS 
Type paper in double-spaced format on standard size paper. 
The paper should include title page, abstract, all headings and text. On 

the title page include: a. a short title which accurately represents the con­
tents of the paper; b. an informative running head consisting of no more 
than 50 characters; c. names and affiliations of all authors. name and com­
plete work and home addresses and phone numbers of the person to 
contact; d. 10 key word<ii/phrases suitable lOr subject index.: and e. for 
review papen;, indicate page numbers containing new material (e.g .. ~new 
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Cover Photo: The thermotropic behavior of coconut oil during 
wheat dough mixing is studied in a paper by C. Le Roux et al 
(pages 123-131) showing evidence for a solid-liquid phase 
separation. The modifications in fat crystallization are mostly 
due to the mixing temperature of batter. This electron 
micrograph, by freeze-fracturing, shows small fat globules and 
irregular fat crystalline platelet areas. 
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