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Abstract

The microstructure of meat batters made with
equal ionic strengths of NaCl, MgCl,, CaCl, and KCl
(I8=0.43) and a reduced-NaCl batter (IS=0.26) were
examined by scanning 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 globules 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 protein
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 interfacial film are
important in preventing fat separation in meat
batters.

and
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Manuscript received June 11, 1990
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Key Words: Meat batter, microstructure, interfacial
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Introduction

The solubilization of the salt soluble
myofibrillar proteins in comminuted meat products
is of great importance in preventing fat
separation. These proteins are 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 attractive 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 classical
emulsion consists of two immiscible liquid phases,
one of which is dispersed in the other in the form
of a colloidal suspension (Kramlisch, 1977). In
meat batters, fat globules constitute the dispersed

phase (Swasdee et al., 1982) but are sometimes
larger than the size required to form a true
emulsion. Hence, there are currently two theories

for explaining the stabilization of meat batters:

a) the emulsion theory and b) the physical
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 raw emulsion (Hansen, 1960). Jones
(1984) proposed that undenatured myosin first forms
a monomolecular layer around fat globules in
uncooked emulsions 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 result of localized
frictional forces during comminution. The myosin
molecule is believed to be oriented at the
interface such that the heavy meromyosin (HMM) head
is facing the hydrophobic phase and the light
meromyosin (ILMM) tail is towards the aqueous phase
(Jones, 1984). This theory is supported by the
relatively high surface hydrophobicity of the HMM
S1 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, it
appears that myosin may act as an emulsifier even
in its native state and form an interfacial film of
defined viscoelastic and mechanical properties at
the oil-in-water interface. These properties
determine the stability of emulsions (Asghar et
al., 1985). Consequently, 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 envelope 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" valve 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 the 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 stabilize the raw batter. The theory was
supported 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 the 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 CaCl, and
MgCl, (ionic strength (IS)=0.43) destabilized
batters was due to the formation of a weak
interfacial film combined with the 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 deboned chicken meat (MDCM)
batters were produced in three separate trials as
previously described (Gordon and Barbut, 1989).
Four different chloride salts (NaCl (2.5%), MgCl,,
CaCl,, KCl) were used so as to give an ionic
strength (IS) of 0.43. In addition, a reduced-NaCl
batter (1.5%, 1S=0.26) was also prepared. The 2.5%
NaCl represents the most widely used level for
comminuted products. The MDCM was obtained from a
local processing plant and used to make 0.5 kg
batches. The meat was frozen (-18°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 1.1% 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 comminution,
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 temperature of 69°C.
Electron Microscopy

For SEM 3 mm cubes were cut from the centre
of cooked batters from each treatment and were
broken such that the broken side would 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 1% 0s0,
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 cut, 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 JEM 100CX TEM.




Interfacial Protein Film in Cooked Batters

Figure 1. SEM of CaCl, treatment showing rough-coated (RC) globules with large pores
(Bar=10um) .
Figure 2. SEM of KC1 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=4pm) .
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=1lum).

Figure 4. TEM of relatively stable, membrane enclosed globules adjacent to unstable globule
with disrupted membrane (CaCl, treatment). Note thick coat which is continuous with the
matrix around extended ‘fingers’; r - protein film residue (Bar=0.5um).

Results and Discussion both stable and unstable batters produced by using

monovalent and divalent chloride salts

Fat Globule Morphology respectively. A microscopical study of the five
The first part of this study was designed to treatments revealed that two basic types of fat
examine the surface morphology of fat globules in globules, smooth and rough, existed in meat batters
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Figure 5. TEM of a) stable fat globules from the 1.5% NaCl treatment with relatively thick
coats and evenly distributed pores; b) a globule (MgCl, treatment) with a thin protein coat
in an unstable matrix showing multiple exudation of fat; I

- internal structure; "E" -
exudation (Bar=lum).

Figure 6. TEM micrograph of a general field from the CaCl, treatment showing fat channels

interconnected throughout the matrix. RG - round, stable globules (Bar=2um)
Figure 7. SEM micrograph (2.5% NaCl treatment) of thread-like protein strands (t) bound to
large fat globule and entrapping smaller globules. (Bar=2um).

as was also described by Jones and Mandigo (1982).

however, the globules with rough surfaces were more
These two types were found in all treatments;

prevalent in the unstable meat batters such as the
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Interfacial Protein Film in Cooked Batters

CaCl, 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 the 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 with
the protein 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
globules which lost some of their fat retained
their round shape (Figs. 1 and 4).
The smooth fat globules were prevalent in the
stable batters such as the 2.5% NaCl
treatment. Basically, the smooth globules could be
divided into two sub-groups. The first group was
comprised of smooth globules which were relatively
thickly coated with a few evenly distributed, tiny
pores ranging from 0.01-0.1um (Figs. 3 and 5a).
The second group had globules with thin protein
envelopes and larger pores (Fig. 5b). 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 thinly 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. In the less stable batters (MgCl,,
Fig 4), protein envelopes ranged from fairly thick
(>0.05um) to almost indiscernible (<0.005um).

In a previous study, it was found that batter
stability was affected by the type of chloride salt

more

used; monovalent salts produced stable batters
while MgCl, and CaCl, resulted in batter
instability (Gordon and Barbut, 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 the 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 thickness was related
to batter stability. Hence it appears that fat
globule morphology in meat batters is a major
determinant of batter stability.
Fat Stabilization

The thermal gelation properties of the
protein matrix and the resulting physical
entrapment of fat have been proposed as the major
contributors to batter stability (Lee, 1985; Comer
and Allan-Wojtas, 1988; Regenstein, 1988).
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However, while coalescence may be prevented by the
physical 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 35-50°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 50-70°C, the majority of
the matrix proteins would have undergone thermal
gelation (Acton and Dick, 1984) while the fat would
still be in a molten state (Townsend et al., 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 CaCl, treatment (Fig. 6). However,
this is not the case in stable batters (Fig. 5a)
and, even in unstable treatments (CaCl,, 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. 5a 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 assume
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, especially 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 (<1.Oum)

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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Interfacial Protein Film in Cooked Batters

Figure 10. TEM of a) a thickly coated fat globule;
b) a lower magnification of the IPF, both from the

KCl treatment. m - matrix; p - thick, diffuse
protein coat; e - external membrane; 1=
interconnecting diffuse region; im - internal
membrane; f -internal fat; X - unidentified

particle (Bar=lum).

Fig. 8b. The protein coat around the exuded fat
was continuous with that of the ‘parent’ globules
(Figs. 5b and 8b). However, ‘bumps’ which 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
continues until smaller, more stable globules are
formed or all the matrix and interfacial film
proteins of the system gel as a result of cooking.
The exuded fat associated with the formation of
these pores or indentations was not always seen by
SEM since it was probably retained as part of the
fracture face on the other half of the specimen
during fracturing for SEM preparation. However,
these pockets of fat or globules are clearly
evident in TEM preparations (Figs. 4 and 5b). It

may be argued that the process described above
represents fat coalescence and not exudation.
However, while the more stable batters had globules
which exhibited several small, uniform pockets of
exuding fat (Fig. 5a), unstable emulsions contained
globules which showed large exudations at weak
points in their protein coats (Figs. 4 and 5b).
These were more likely to form fat channels and
facilitate coalescence (Gordon and Barbut, 1989).
Fat coalescence can be distinguished from the
exudation phenomenon in TEM by the lack of a
defined spherical shape of the fat within the
matrix (Koolmees et al., 1989), the existence of
incomplete protein film residues within the fat
(Comer and Allan-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 globules is probably formed by
the adsorption of a monomolecular layer of myosin
(Jones, 1984), the protein film of more thickly
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, convoluted series of tunnels which seemed
to extend into the globule (Fig. 9; showing the
enlargement of the inset). Jones and Mandigo
(1982) observed similar internal structures which
they believed were internal pores within the main

Figure 8.

SEM micrograph of a) a rough globule from the 2.5% NaCl treatment with large

pores in the process of exudation; b) a fat globule showing multiple exudation (MgCl,
treatment). Note interconnecting ‘'‘neck’(n) of coat between parent and daughter globule. 0 -
out-pushing (‘bumps’); arrow - continuing process of exudation. (Bar=2um).

Figure 9.

of a rough globule (inset). (Bar=2um).

SEM micrograph from MgCl, treatment showing close up of large pore in the surface
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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
strands, C - compartment (Bar=lum).

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 (CaCl, treatment). Arrows-junction between
protein envelope and fibres. (Bar=2um).

Figure 13. Cold stage SEM (cryo SEM) micrograph of
chicken meat batter made with 2.5% NaCl. E-
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, B- physical binding
(Bar = 2 pm).

Figure 15. Cryo SEM micrograph of chicken meat
batter. R- rough coat, P- pore, M- matrix (Bar =
2 um).
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pores. They suggested that this could indicate the
existence of an inner protein membrane and
therefore that the IPF had a more complex structure
than was previously thought to exist. We observed
that the protein coat around thickly coated
globules was multi-layered in nature (Fig. 10a).
In this case, the IPF appeared to consist of four
distinct layers. A thin internal layer coated the
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 1lipid bilayer-type
structure. Jones and 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.
10b). The structure and formation of this membrane
merits further investigation.

Some of the larger fat globules appeared to
have a more complex internal 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. 5a 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 CaCl, 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 cohesive protein coat. The internal protein
appears to be interlinked and this could possibly
explain the convoluted sub-structure of the pore
seen in Fig. 9. This protein may be the source of
the internal channels within the pores which
possibly form a route out of the globule for
thermally expanding fat thereby facilitating
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.

Conclusion

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 all treatments and was further
stabilized by the binding of the IPF of fat
globules to the protein matrix, thereby physically
restricting the 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
findings indicate that fat emulsification and the
interfacial protein film play a role in the
production of stable meat batters.
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Discussion with Reviewers

A.M. Hermansson: In the preparation of the meat
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 comment 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
osmium tetroxide (0s0O,) can cause up to 30%
specimen swelling, however this 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 invariably, 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?
E.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
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chicken breast meat/pork 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.

C.M. Lee: 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 that
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.

Storage time of the meat batter
will affect its properties, mainly leading to a
stiffening of the material. This suggests that
changes in the matrix may be more important than
the authors identify and that the thin 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, there 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

J.M. Regenstein:

place in meat batters. We therefore believe that
its role in batter stabilization should be
considered.

Our work on timed emulsification
and cream layer formation does not necessarily
favour the emulsion theory. In fact later work
with insoluble muscle systems would suggest that

J.M. Regenstein:

solubility and possibly the activity at the
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; Huber and Regenstein, 1988). We have also
found that insoluble proteins may be important in
fat binding in raw CaCl, batters (Gordon and
Barbut, submitted). However, our work to date
suggests that regardless of the origin of the
proteins forming the protein f£ilm, the IPF works in
conjunction with matrix protein gelation to
stabilize raw and cooked batters. Our studies on
CaCl, meat batters also suggest that the source of
the proteins (soluble or insoluble) which form the
IPF may be more important in determining fat
stability during cooking than it does in the raw
state.

F.W. Comer: It was clear from the first part of
this study (Gordon 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. 1In this paper it is shown that
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the divalent ions produce thicker protein coating.
Does this imply that more protein is extracted by
the divalent salts? Intuitively, I would expect
thicker protein coats to increase stability.
Authors: 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 the
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 that 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 8a). 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 5a).

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 that the
traditional film formation is not?).

Authors: You have raised some very important
points. In our TEM preparation procedure,
secondary fixation with osmium tetroxide (0s0,) 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 0s0, also produces
acidic binding sites for the heavy metal ions
(mainly the lead) which are later used to increase
the contrast of the components within the sections
(Dawes, 1988). In addition, 0sO, also reacts with
proteins, the extent of which depends (among other
things) on protein conformation (Hayat, 1981).
All the proteins within the system were exposed to
0s0, but those at the interface would react
differently from those in the 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 IPF 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 0s0, 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 immobilization of the fat
once it is bound to the matrix. In recent work
(Gordon and Barbut, in preparation) we have shown
that it appears that the stability of CaCl, 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, Hermansson
(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. It
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.

Authors: 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 matrices
had several fat globules with pores in their
protein coats present (see Figs. 2 and 3) as a
result of differences in the thickness and type of
coat. Therefore, the actual occurrence of pores in
the IPF 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 number of pores per globule, the size
of the pores and whether or not they become rupture
holes all appears to be affected by the same
conditions which influence matrix structure.

We 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
cooking”. How do you justify this statement?
Authors should be aware that entrapment follows
localization, the formation of IPF 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. low
melting point fat or high chopping temperature) or
when a noncohesive matrix is prepared with meat of
poor functionality, mno 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 IPF
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 capable
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
stabilization 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 globules
in the process of exudation still kept their basic
shape except for the section of the protein film
surrounding the exuding fat.

F.W. Comer: Figure 1 shows an interesting
collection of globules, two of which are identified
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"? Other
micrographs suggest a "budding" effect from a
single pore. If fat were to exudate from a
membrane-coated globule, I would expect some type
of collapsed structure. Why is this not observed?
Authors: The globules shown in Figure 1 represent
extreme cases of pore formation in thickly coated
fat globules 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 several small
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amounts of fat probably exuded through each pore
(see comparable situation in Fig. 5a), 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, primary fixation with the aldehydes would
further stabilize this rigid structure and prevent
collapse during 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 exudate 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.

A.M. 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 8a 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 5b). 1In 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-
Wojtas, 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
clear.

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. Hermansson: 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 11 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 (<lum 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 pools? 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 highlighted in our previous study (see Fig.
2c, Gordon and Barbut, 1989). In fact, in some of
your work (Comer and Allan-Wojtas, 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 the protein coat (thereby releasing fat)
during cooking or its absence around much of the
fat prior to cooking as has been shown in another
study (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.

C.M. Lee: 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 1lipid 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 (particle size and density)
and other factors that further alter the fat
morphology, independent of the formation of an IPF.
Authors: As you have indicated, there are many
factors which influence batter stability. 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.

and S.
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Abstract Introduction
The properties of a whole-muscle processed Microscopical studies of processed meats
meat were determined. The complex action of have concentrated on two areas -- the structure
sodium chloride, polyphosphates and mechanical of the so-called emulsion in products such as
agitation caused extraction o myofibrillar frankfurters and the structure of the protein
protein, swelling of fibers and loss of cross- matrix which binds together the pieces of meat in
striations. A new functional ability was found restructured In the former area,

for the extracted proteins to form a fine cover initial investigations elucidated the structure
or membrane on the surface of the whole muscle as being a dispersion of fat droplets embedded in
during cooking. These changes produced a product a protein matrix (Hansen, 60; Borchert et al.,
with improved cooking yield and color appearance. 1967; Schmidt, 1984). Subsequent work has been
focused on relating quantitative measurements of
the fat droplets to properties of the final
product (Cassens and Schmidt, 1979; Hermansson,
1987), and interest continues in using microscopy
of the raw emulsion as a predictive or quality
control technique during the manufacturing

process.
In regard to restructured products, effort
has focused on the extraction and functionality
the muscle proteins as affected 1
agitation and osition of the added brine
(Theno et al., 8a). Theno et al. (1978b) have

by mechanical

- jescribed the

n matrix at the interfa ) f

bound pieces o as being emulsion-like.
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Manuscript received May 13, 1990
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3ulgaria, there are special meat products

made from whole, intact muscles. These are mé
by incorporating a brine and then subsequently
heating and smoking. Our objective was to study
- the internal microstructure and the surface
characteristics of these products and to compare
traditionally made products with products which
had an improved brine composition and also
received a period of mechanical agitation during
manufacture. The aim was to determine if the
complex action of the improved brine and
mechanical treatment had an effect and if so if
it could be used to improve the technological
process.

Materials

Key Words: Muscle, Mechanical Treatment, The experiments were condu on pork muscle
Processed Meat from animals with a Tive weight of 100 to 110 kg.

L Thirty-five animals were slaughtered in the usual
Address for correspondence: r and the muscles were checked to insure
Robert G. Cassens, Muscle Biology Lab., they fell within the normal range of pH (5.5 to
1805 Linden Drive, University of Wisconsin, 6.0) and did not exhibit either pale or dark
Madison, WI 53706 U.S.A., Phone (608)262-1792 appearance, Longissimus dorsi muscles were

91




P. D. Velinov, M. V. Zhikov & R. G. Cassens

Figure 1: Microstructure of control muscle showing normal shrinkage and good preservation of banding
pattern. Scale bar is 25um.
removed intact from both sides of the carcass total of 150 min during the 24 hr.
following 24 hr. of chilling at 4°C. The muscles A11 muscles were processed (at 85-90°C) to an
from the left side of the carcass served as internal temperature of 72° in a smokehouse with
controls and those from the right side were natural wood smoke. The muscles were chilled for
treated. 12 hr following removal from the smokehouse.

The control muscles were immersed in brine Frozen sections of muscle were prepared and

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 1line 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 commercial 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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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 Discussion

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 show cross
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Figure 2:

intrafiber spaces. Scale bar is 25um.

Microstructure of treated muscle showing swollen fibers, loss of striation and filling of

striations except 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 which
we concluded is extracted and coagulated 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 chloride and polyphosphates)
were then able 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 remaining
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 appearance
and cooking loss.
Treated Control
Calculated "a" valuel 19.4 15.4
Cooking yield in % 79.4 72.3

1 Higher "a" value indicates redder color.

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
surface obviously affects the color appearance.
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The color difference observed may also be
influenced, in part, by the observation that the
intracellular spaces in the treated samples are
filled with coagulated protein, and, in all
likelihood, there is less free water present.
The surface layer of coagulated protein may also

play a role in shelf life stability of the
treated samples.
The complex action of sodium chloride,

polyphosphates and mechanical action resulted in
the structural changes discussed above and
affected cooking yield (Table 1). The higher
cooking yield of the treated samples is due to
the swollen fibers and the extracted protein

which is more or less dispersed throughout the
structure of the muscle. This, together with the
surface layer of coagulated 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
ability to retain fat and water during heat
processing. Lewis et al. (1986) concluded that
increased yields are generally associated with
increased dispersion of myofibrillar proteins.
In our case, the more efficient injection of

the improved brine coupled with mechanical
agitation resulted in a product with more
attractive color and Tless cooking loss. The

procedure is used now in commercial production.
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Discussion with Reviewers

__H. Cohen:
complex line?
Authors: In

What is meant by a complete,
this

steps are

system, the injection anc
combined. The tumbling
apparatus contains injection needles and as the
meat pieces are tumbled the needles pierce in
the meat and achieve a better distribution of
brine.

S. H. Cohen: Could the authors explain what the
cross stria

ons are?
Authors: The cross striations we refer to are
the alternating dark and light bands, known
respectively as A and | bands, in skeletal muscle
as viewed in longitudinal section.

S. H. Cohen: How might the surface layer of
coagulated protein affect shelf life stability?
Authors: We believe the surface covering or
membrane may present a physical barrier to
bacterial invasion and spoilage, and it may also
retard oxidative changes.

A. M. Hermansst It appears from the figures
that the sample may have cracked during
preparation. What were the conditions for

freezing and sectioning?

ors: The samples were frozen in
cooled in liquid nitrogen and
at -20° C in a crynstat.

isopentane
then sectioned

A. M. Hermansson How do the authors
the intrafiber spaces are filled with extracted
and coagulated protein? This material may as
well consist of partly melted collagen. How have
myofibrillar proteins differentiated from
collagen/gelatin?

Authors: We concluded the intrafiber spaces in
the treated muscle were filled with protein
because of the staining density in the micrograph
compared to the apparent absence of staining in
the intrafiber spaces of the control muscle. We
do not have any information about the exact
composition of the proteins in question.

know that

been

A. M. Hermansson: It is not apparent from one
micrograph showing part of three fibres that
there is a good distribution of brine in the heat
treated sample.

Authors: Many more micrographs supporting our
contention are shown in the thesis of Velinov.

A. M Hermanss What were the criteria for the
resemblence of the surface structure to that of
an emulsion? A micrograph is needed to show
details of this structure.

Authors: The concept of
extracted by mechanical
presence of a

using
working of meat
brine, as a binding

proteins,
in the
agent in
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and the
provide

y Velinov
fetail found )y employing light,
transmission

ight, interference

tron microscopy.

The treated muscles differed from
) not only in the way the brine was
introduced o the meat and in being tumbled,
but in the chemical compusition of the brines
used, The brine used with the injected and
tumbled samples contained polyphosphate, that
used for the control muscles did not. We have
shown (Voyle, C. A., Jolley, P. D., Offer, G. W.
1984, Food Microstructure 3, 11 26) that in the
presence of polyphosphate the A-bands of muscles
treate with brine are disrupted even in the
of mechanical agita t is well
that polyphosphates enhance the
f myosin and cooking
probably by forming which
traps water (see Offe

Dev.

e

Meat Science-4

Science pp

the dif
the ected and tu samples and the
control samples was largely to differences in
their hemical treatment rath than to
differences in their mechanical treatment?

Authors: The basis for our work was to compare
two  different technologies  under  actual
commercial manufacturing conditions. We used
structural studies as one means to determine
quality of the products produced. In Bulgaria,
we need such information for improving old
technologies and creating new and Dbetter
products. So, our work was not

conducted in a

laboratory or using a model system but rather
compared an older pr
v and advan

dure w

a plant where w

one combining ne

is quite app

availa

Swatland What apparatus was used for
reflectance spectrophotometry and how were the "a
values" calculated?

uthors: These studies were carried out with a

nan DK2 with reflectance curves collected
within the wave length range 550 750 nm. The
color determination was conducted with the Y-
axis selected method (BDS 10537-72) for 10 wave
lengths within the range of the indicated scope.
For calculations, we used the color difference
formulas CIELAB as recommended by the

International Lighting Committee.
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MICROSCOPIC MEASUREMENT OF APPLE BRUISE

N.-K. Kim and Y.-C. Hung*
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Abstract

Microstructural differences between

unbruised and bruised apple tissues were
evaluated. Cell connections appeared to be
looser in bruised tissue than in unbruised
tissue. Bruised tissue exhibited more empty
regions which are not occupied by cells than
unbruised tissue. Empty regions in unbruised
and bruised tissues were about 0.7 and 2.4 per

0.7% and 2.7% of
Stereology is a
methods relating
defining a
Two

mmé, respectively, comprising
the respective total volume.
body of mathematical

three-dimensional parameters
structure to two-dimensional measurements.

methods based on a stereological principle were
also used to quantify the fraction of total
volume occupied by cells. In unbruised tissue,

about 99.5% of the volume was occupied by cells
compared to only 97.4% in bruised tissue. Both
methc successfully quantified microstructural
differences between unbruised and bruised apple
tissues.
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Introduction
Bruising is the damage to plant tissue by
external forces which results in physical
changes in texture and/or eventual chemical

alteration of color and flavor (Mohsenin, 1978;
0'Brien et al., 1984). An external force
applied to plant tissue initiates bruising which

is manifested by a combination of chemical and
physical changes (O'Brien et al., 1984).

Goff and Twede (1979) observed that most
physical damage to fruits in the retail chain
occurred during distribution, which made it
difficult to find an unbruised apple in a
supermarket. They observed that the incidence
of bruising in the retail chain from tree to
consumer for 'McIntosh' apples in 3 1b bags

ranged from 80 to 100 bruises per bag.

The high incidence of bruise damage in
packaged apples and pears was also reported by
Schoorl and Williams (1972, 1973). They showed

that 10-15% and 15-24% of apples were bruised in
tray packs and in patterned pack cases,
respectively, after a journey of 1600 kilometers
and six handling operations.
The most common method

to measure bruises on

apples, pears and peaches is to measure the
diameter, depth, weight or volume of browned
tissue (Dedolph and Austin, 1962; Schoorl and
Holt, 1974; Mohsenin, 1978; Holt and Schoorl,
1977; Holt et al., 1981; Klein, 1987). The
browning reaction in bruised tissue (O'Brien et
al., 1984) 1is an indirect index of mechanical
damage. However, direct measurement of bruise

size is very subjective due to the difficulty of
Tocating the bruise boundary. There is an
intermediate zone where the color changes from
white to brown are not clear. A more precise
method to evaluate bruise damage is needed.
Electron microscopic techniques have been
applied extensively to imaging of animal and
plant tissues (Davis et al., 1976a, b; Carroll
and Jones, 1979; Chabot, 1979; Davis and Gordon,
1977, 1978, 1980, 1982; Buchheim, 1981, 1982).
Many studies with fruits were reported using
scanning electron microscopy (SEM) (Gough and
Shutak, 1972; Jewell, 1979; Bomben and King,
1982; Glenn et al., 1985; Trakoontivakorn et
al., 1988).
Apple tissue bruised by
corky during storage

became brown
because of

impact

and not only
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mechanical damage to cells, but also as a result
of enzymatic reactions of polyphenolases and
substrates released from ruptured cells (0'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 tissues.

‘Image analysis' is a numerical method for
quantitatively describing geometric or
densitometric features of an image (Bradbury,

1979). This method may be applied directly on a
specimen or photomicrographs (Underwood, 1969;
Bradbury, 1979; Dziezak, 1988). Stereology is 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
(Underwood, 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.

Materials and Methods

Test Materials
‘Rome Beauty' apples were manually harvested
from the Northeast Branch of Georgia Experiment

Station of the University of Georgia at
Blairsville, Georgia on September 29, 1987.
They were packed using a shrink wrap machine

(Model T14-8, Bestronic, Beseler Corp., Florham
Park, NJ) in a gas permeable plastic film
(Plastic wrap, D955, CRYOVAC, Simpsonville, SC)
and stored at 4°C until 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
—| |-—
SN T
0085 Torm
J 0 54321
Fig. 1 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.
Calculations of Absorbed
Volume

The amount of energy absorbed by the apples
during impact was calculated as the difference
between total impact and rebound energy (Prussia
et al., 1987).

Energy and Bruise

Ea =m g (hy - hp) QP
where E3 = energy absorbed (J); m = mass of
the wooden sphere (kg); g = gravitational
constant, 9.8 m/s2; hy; = drop height (m);

hy = 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
starting from the skin and proceeding to the
core through the center of the bruised area
(Fig. 1). 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).

Sample Preparation for SEM

The excised sections were fixed for 2 h in 2
% glutaraldehyde/0.1 M phosphate buffer (pH 7.2)
at 0°C. Fixed sections were washed with 0.1 M
phosphate buffer (pH 7.2) for at least 30 min at
0°C and post-fixed in 1% phosphate buffered
osmium tetroxide solution for 1 h at 0°C. After
another washing step with phosphate buffer,
tissues were immediately dehydrated with a
series of ethanol concentrations and time as
follows: 40% (5 min), 50% (5 min), (5 min),
70% (15 min), 80% (10 min), 90% (15 min), and
100% three times for 10 min each.

The fixed and dehydrated sections were
frozen and fractured based on the method
described in Humphreys et al. (1974). Fractured
specimens were dried using a critical-point
drier (Samdri-780A, Tousimis Research
Corporation, Rockville, MD), and mounted on
aluminum stubs with silver 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.
Specimens 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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Image Analysis

A 20.3 by 25.4 cm print
developed from the Polaroid
Pac Film ISO 80/20°, Polaroid Corp.,
Cambridge, MA) negative. Kodak polycontrast RC
11 F print paper was used to reduce the contrast

(8 by 10 inch) was
(665 P/N Instant

between the bright cell wall area and the dark
intracellular area.

Empty regions were defined as regions not
occupied or covered by apple cells. They were
marked by scratching the areas on the
photomicrographs with a sharp needle. The area
of each marked region was measured with a
digitizer (Hitachi Tablet Digitizer, Model
HDG-1111B, 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 surface
area of the specimen viewed under the SEM were

evalvated. Since the viewed surf area varied

among specimens, TN was divided by the specimen
area and expressed as the number of empty
regions per unit area (NPA). Total area of
empty regions (TA) was also measured from the

photomicrographs and expressed as the total area
of empty regions per unit area of specimen (APA).

The volume ratio has been defined as the
ratio between volume occupied by cel and total
volume and is directly equal to either area or
length ratio (Underwood, 1969). For the area or
Tength ratio measurements, test circle was
super-imposed at random on the photomicrographs
(Fig. 2). Three sizes of circles (diameters of
5.1, 6.4 and 7.6 cm) were tested for consistency
in volume ratio measurements.

VRL, the volume ratio from linear fraction
measurements was calculated as follows:
1% v
VRL & i x 100
L
where J 25 1is the total di e across
intersected cells and L is the t length on
the test line.
VRL was measured from at least ten different
locations by randomly super-im ing test

circles on the photomicrographs. Consistency of
VRL measurements was evaluated by calculating
the coefficient of variation (CV) from each size
of test circle (SAS, 1985).

The volume ratio is also directly equal to
the area ratio (Underwood, 1969). Volume ratio
from area fraction (VRA) was calculated from the
portion of the area occupied or covered by cells
over the total area inside the test line (Fig.
2)s

1 aj
VRA = 100 = ——=enam x 100
A

where, A is the total area inside the test line
and § aj is the area inside the test line
which was not occupied by the apple cell. Ten
VRA measurements were also obtained from each

photomicrograph as described in VRL
measurements.
Statistical analysis was performed using
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Testing Line (L)

Testing
Area (A)

Cell

of a
super-imposed on the apple cells.

Fig, 2 Sketch drawing

of
were

ANOVA procedures (SAS, 1985).
apple and section on measured
also analyzed.

The effects
parameters

Results and Discussion

Measurement of Bruise

Apple diameters and absorbed
impact are presented in Table 1.
particularly large diameter compared with the
other four apples. Apples A and B had slightly
higher absorbed energy than the other three
apples which was due to the lower angle of
rebound during impact. This phenomenon may be
due to different textural properties of apples.

Diameter and depth of bruised areas and the
calculated bruise volumes for five apples are

energies at
Apple A had a

presented in Table 1. 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. Apple diameter, absorbed impact energy
and Bruise measurements of 'Rome Beauty'
apples.
BRUISE MEASUREMENT
APPLE
APPLE DIAMETER ABSORBED DIAMETER DEPTH VOLUME
(mm) ~ ENERGY (J)  (mm)  (mm) (cm3)
A 84.0 0.37 27 9 3.6
B 72.0 0.38 22 8 2l
C 68.9 0.36 21 8 1.9
D 69.6 0.36 20 9 2.0
E 67.8 0.36 20 8 1.8




and Y.-C. Hung

Flg. 3 Microstructure of

section 1; (B) section 2;
section 4; (E) section
illustrates empty region.

5.

apple

tissue

(C) section 3;

Bar

Tmm.

(A)
(D)
ngh
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depth was fairly constant and either 8 or 9 mm
for five apples.

Holt and Schoorl (1977) demonstrated 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 which is close to the measured
bruise volume (mean value = 2.3 cm3) from this
study even though the apple variety, age and
size were different.

Microstructure of Apple Tissues

Typical structural images of five sections
are presented in Fig. 3. Cryo-fractured
surfaces were even and contained numerous
typical open cells. Both unbruised and bruised
apple tissues (Fig. 3) exhibited 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
which exhibited 1larger extracellular spaces
(Figs. 3A and 3B). 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 less extracellular spaces than
photomicrographs taken from the bruised tissue
(Figs. 3A, 3B and 30). Bruised apple tissue
appeared to lose compactness when compared with
unbruised apple tissue (Fig. 3).
Number and Area of Empty 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 regions,
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 mwvz,
respectively. Sections 4 and 5 obtained from
unbruised apple tissue had NPA values of 0.91
and 0.45 per mmé, respectively. Statistical
analysis indicated that section 5 exhibited the
least 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
larger TAs than unbruised tissue. Sections 1, 2
and 3 had TA values of 0.24, 0.21, and 0.18
mme, respectively; whereas sections 4 and 5
had TA values of 0.06 and 0.05 mm2,
respectively. This implies that bruised apple

tissue had more areas occupied by empty regions

than unbruised tissue.

To account for the variation in
in view, the percentage of
specimen area (APA) was

APA  value measured

greater damage in the i

and 3 from bruised apple tissue

and 2.36% of the area occupied by
regions, respectively.
section ¢
empty regions. The
obtained from bruised and
significant (P < 0.05). However, the difference
of APA values within bruised or unbruised
tissues was not significant.

Either NPA or APA were found to be useful as

the specimen

area
unit
greater

the
Section 4 had 0.82%
had 0.56% of the area occupied by the

empty
and

difference in APA results
unbruised tissues were

an index to distinguish the bruised apple
tissues from the unbruised tissues. However,
NPA measurement consumed less time than the APA
measurement.
Size Selection of Test Circle

Three different sizes of circles were
employed to calculate the volume ratio from

Coefficient of variation
in describing
(SAS,

linear fraction (VRL).
(CV) 1is a measurement often used
the amount of variation in a population

1985). The CV of the VRL for three circles are
presented in Table 3. VRL results measured by
using a circle with 5.1 cm diameter had the

VRL
7.6

results measured by

greatest CV whereas
cm diameter had the

using a circle with
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Table 2. Number and area of empty regions,
measured from different sections.*
~ TOTAL NUMBER TOTAL AREA
TOTAL ~ PER UNIT  TOTAL  PER UNIT
SECTION NUMBER AREA VIEWED AREA  AREA VIEWED
# #iom?)  (om2) (%)
1ST 19.7a 2.413b 0 242 2.873
2ND 18.02 2.552 0.21ab 3.002
R0 14.9b 2.00b 0.18b 2.368
4TH 6.3C 0.91¢ 0.06¢ 0.82b
5TH 3.7¢ 0.45d 0.05¢ 0.560

*Mean values of five apples, values in 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 linear fraction
using three sizes of circles.

COEFFICIENT OF VARIATION (%)
CIRCLE DIAMETER

SECTION 5.1 ¢m 6.4 cm 7.6 cm

1ST 19.46 5.45 2.60

2ND 17.34 6.45

3RD 20.21 §.57

4TH 16.92 4.47 1.09

5TH 18.68 3.56 1.58

smallest CV (Table 3). This implies that the
variation among repeated VRL measurements using
a 7.6 cm diameter circle was the lowest.
Because of the low CV, the 7.6 cm diameter
circle was selected for further image analysis
on photomicrographs.

For three sizes of circles, VRL results

measured from sections 4 and 5 always had lower
CV values than those obtained from sections 1, 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).
Volume Ratio from Linear (VRL) and Area
Fraction (VRA)

VRL results from five apples measured by

using a 7.6 cm diameter were ranged from 98.07
to 99.08% 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 from different apples were
consistent.

VRL results from different sections are
presented in Table 4. Sections 1, 2 and 3 had
mean VRL values of 97.88, 97.92 and 97.61%

whereas sections 4 and 5 had 99.66 and 99.62%,
respectively. Bruised tissue exhibited an
average of 2.2% of the total space not occupied
by the apple «cells, whereas sections from
unbruised tissue exhibited only 0.35%. Standard
deviation of VRL from different sections is also

presented in Table 4. Sections obtained from
the bruised tissue had larger standard deviation
than sections obtained from the unbruised
tissue.
Table 4. Volume Ratio by Section from Linear
and Area Fraction Measurements.*
VOLUME RATIO FROM  VOLUME RATIO FROM
LINEAR FRACTION AREA FRACTION
(%) (%)
STANDARD STANDARD
SECTION MEAN DEVIATION MEAN DEVIATION
1ST 97.883 0.83 97.223 0.91
2ND 97.928 1.09 96.912 1.19
3RD 97.618 1.07 96.973 0.99
4TH 99.66b  0.35 99.25b 0.54
5TH 99.62b 0.31 99.61b 0.18

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

The mean VRA results and standard deviation
obtained from different sections are presented
in Table 4. Sections 1, 2 and 3 were obtained
from bruised apple tissue and had mean VRA
values of 97.22, 96.91 and 96.97%,
respectively. Sections 4 and 5 were obtained
from unbruised apple tissue and had mean VRA
values of 99.25 and 99.61%, respectively.
Sections obtained from the bruised tissue
exhibited about 3% of the total space not
occupied by apple cells (empty regions), whereas
sections obtained from the wunbruised tissue
exhibited only 0.6%. Sections 4 and 5 obtained
from wunbruised 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
microstructural difference between bruised and
unbruised apple tissues.

From the visual
photomicrographs (Fig. 3),

observation of
specimens obtained
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from bruised apple tissue exhibited more empty
regions than from unbruised apple tissue. Image
analysis data support the visual observation and

provide numerical results for statistical
analysis. Direct measures of empty regions
(APA) (Table 2) ranged from 2.36 to 3.00% for

bruised tissue and 0.56 to 0.82% for unbruised

tissue. Both VRL and VRA results agreed with
the APA measurements and can quantify the
microstructural difference between bruised and
unbruised apple tissues; however, VRA
measurements required more time than the VRL
measurements.

Major interferences for image analysis on
photomicrographs of biological materials are
structural complexity and lack of grey level
discrimination  (Bradbury, 1979; Bolin and
Huxoll, 1987). The semi-automatic method (VRL)

developed in this study consists of visual
observation and computerized data collecting and
processing. Structural complexity and different
grey levels on photomicrographs were handled
manually, but data collection and processing
were handled by microcomputer. This method can
effectively quantify the microstructural
differences between bruised and unbruised apple
tissue.

Apples damaged by a pendulum impactor
developed the bruise volumes ranging from 1.8 to
3.6 cm3.  Structural images obtained from
cryo-fractured samples revealed that some
regions were not occupied by cells. The bruised
tissue exhibited more empty regions than the
unbruised tissue based on a visual observation.

This criterion was
apple tissues.
There was a clear difference

used for image analysis of

in NPA and APA

between bruised and unbruised tissues. NPAs
ranged between 2.00 and 2.55 per mm¢ for
bruised tissues and between 0.45 and 0.91 per
mmZ  for unbruised tissues. APAs  ranged

between 2.36 and 3.00% for bruised tissues and
between 0.56 and 0.82% for unbruised tissues.
Statistical 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 sizes of
and 5.1 cm diameter) were used to measure the
VRL. The 7.6 cm diameter circle had the
smallest coefficient of variation (CV) and is
recommended for the volume ratio measurement.
There were no significant differences among

circles (7.6, 6.4

apples for both VRL and VRA results. This
indicates that the measured VRL and VRA among
apples were consistent. Both VRL and VRA
measured from the unbruised tissue had
significantly lower values than the unbruised
tissue. By using either VRL or VRA
measurements, the microstructural difference

between bruised and unbruised apple tissues can
be quantified and distinguished objectively.
However, the VRL method required less
measurement time and is recommended.
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Discussion with Reviewers

B.G. Swanson: Do you have any evidence to
suggest these data will apply to other apple
cultivars?

Authors: No, we do not believe that degree of
structural damage will be the same from one
apple cultivar to another; however, we believe
that the method developed in this study can be
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applied to another cultivar in order to quantify
microstructural damage.

B.G. Swanson: Why would you want to
differentiate bruised apple tissue by SEM or
Image Analysis when we can see discoloration and
textural differences?

Authors: Color and texture changes are indirect
indicators of bruise damage. How

microscopic observation on bruised apple ti

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 t
the practical applic
technique in evaluati
apple industry. Do yo
in some sort of quality
capacity? Do you see any reason why t
technique could not be applied to other ce
tissues with similar problems?
E. Kovacs: How can you use
practice?
Authors: Since
semi-automatic
and

uthors discuss
in  using

this

met

SEM sample preparation and
image analysis are time-consuming
labor-intensive, the technique developed in

this study may not be directly applied to
quality control purposes. This study was
designed to investigate the bruising mechanism.
Similar 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.

In your

to dam
SE the dq
systematically)
Authors: Based on observation on i
apple tissues, cell amages occurred ran ly.
It was impossible to noti which cells were

more susceptible to mechanical damage.

Kim and Y.-C.
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E. Kovacs: In your
dependent on the variety?
Authors: Bruise susceptibility of apple
on both variety and maturity.

opinion, i

bruising

R.P. Ca You report that inta

occupy 2.4% less volume in the bruis

You attribute this to the impact

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; in ther words,
microstructural damages in s
appeared the same. This was a de

statistically in Table 4

H.R. Bolin: The bruise, as depicted in Fig. 1,
is not a static event, as sho is
dynamic. How would you envision this
into account in your ‘“bruised" "not bruised"
formula?

Authors: We suppose that the structural damage

happens at the time of impact and ruptured cells

release enzymes responsible for browning
reaction. Released enzymes and substrates play
a role for browning reaction. Browning reaction
in apple is completed in 12 hours after impact
as demonstrated in the iterature (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 light 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 cell and tissue fragments, protein
bodies, and starch grains within a matrix of stabi-
lized oil.

*Paper number 12528 of the Journal Series of the
North Carolina Agriculture Research Service, Raleigh,
NC. The use of trade names in this publication does
not imply endorsement by North Carolina Agriculture
Research Service of the products named, nor criti-
cism of similar ones not mentioned.

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

Initial paper received February 3, 1990
Manuscript received June 4, 1990
Direct inquiries to C.T. Young
Telephone number: 919 737 2964

Key Words: Light microscopy, scanning electron mi-
croscopy, microstructure, fixation, peanuts, peanut
butter, protein, starch, oil.
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Peanut butter samples (1 mm3) were carefully
sectioned from the contents of the three jars with
razor blades. These samples were dropped directly
into a Karnovsky's (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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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 stabilized 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's resin using the methodology of Spurr
(1969) for long pot-life resin. Sections, 3 micro-
meters in thickness, were cut using a Reichert ultra-
microtome and glass knives. After mounting sections
on glass slides, 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-
3B unit using liquid COj. 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 viewed with a Philips 505T SEM at a
working distance of 15 mm and an accelerating
voltage of 15 kV.

Results

Scanning Electron Microscopy (SEM)

Observations with SEM revealed differences in
the degree of homogenization among the three com-
mercially 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
Bars = 10 micrometers on each figure. fragments (arrows) protrude from the surface.
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Commercial Brand #1 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 #2 possessed a varia-
ble degree of homogenization in which cellular con-
tents remained coalesced and incompletely dispersed
(Fig. 2). Commercial Brand #3 also possessed a var-
iable degree of homogenization in which comparative-
ly large cell and tissue fragments were observed
(Fig. 3).

Light Microsco (LM)
Observatlons with LM also revealed differences

in the degree of h ization among the

cially available brands of stabilized peanut butter.
Commercial Brand #1 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 oil (Figs. 4a
and 4b). C ial Brand #2 p d a variable
degree of homogenization which ranged from high
(Fig. 5a) to intermediate (Fig. 5b) in which cellular
contents (primarily protein bodies) remained coa-
lesced and incompletely dispersed. Commercial Brand
#3 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 limited 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 SEM 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 #2 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

N. Krog: Is there any correlation between your
structural cbservations and the rheological properties,
surface shine, etc. of the different peanut butter

samples?
1. Heertje: Is the difference in homogenization be-
ween 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 character note of peanut butter during
eating, and is also related to changes in rheological
properties and surface shine.

1. Heertje: Is a fixation time of 1 hour in osmium
tetroxide adequate for fixing the continuous oil
phase? 1 would fear that, under those conditions,
part of the oil 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
tetroxIde is adequate for samples that are approxi-
mately 1 mm3 in size. Since the osmium tetroxide
completely blackens the oil in the samples, any po-
tential oil loss should appear as a stream of black-
ened oil from the sample during the ethanol wash-
ings. Neither the removal of blackened oil nor
sample size changes (i.e. shrinking) were observed
during the ethanol washings.

F.O. 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 of 1 mm3 is determined by
the fixation 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.




Microstructure of Stabilized Peanut Butter

Bars = 10 micrometers on each figure.
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Abstract

Changes in the microstructure of peanut
(Arachis hypogaea L. cv. Florigiant) cotyledon after
roasting at a temperature of 160°C for 16 minutes
were investigated with transmission and scanning
electron microscopy. Thermal modifications were
documented with photomicrographs of the cytoplasmic
network, protein bodies, starch grains and cell-to
cell junctions after oven roasting. These thermal
modifications include disruption of the cytoplasmic
network, distension of proteinbodies, decreased stain
affinity of starch grains, and disintegration of middle
lamellae in some cell-to-cell junctions.
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Introduction

Observation of the changes in the microstruc-
ture of peanut cotyledons after oven roasting enables
investigators to understand thermal modifications
that occur during roasting. Young and Schadel
(1990) first noted thermal modifications of oven
roasted peanut cotyledons microstructure using light
and scanning electron microscopy (SEM). The pur-
pose of the present study was to use transmission
electron microscopy (TEM) in conjunction with SEM
to achieve a greater resolution of the thermal modi-
fications of peanut cotyledon microstructure after
oven roasting.

Materials and Methods

Fixation Methodology

Cotyledons of peanuts (Arachis hypogaea L. cv.
Florigiant) were obtained from the Tidewater Re-
search Station, Suffolk, VA. Raw peanut cotyledons
with intact skins were roasted in a hot air oven at
160°C for 16 minutes. Both raw and roasted peanut
cotyledons were then prepared for TEM and SEM.
Tissue blocks (1 mm3) of outer surface epidermis,
mid-region parenchyma, and inner surface epidermis
were cut from both the raw and roasted peanut
cotyledons and fixed in a Karnovsky's (1965) fixative
as modified by Young and Schadel (1989). Our modi-
fied fixative was prepared by mixing 25 mL of 8%
formaldehyde, 3.6 mL of 70% glutaraldehyde and 28.6
mL of 0.1 M sodium phosphate buffer (hereinafter
referred to as buffer). The pH of the mixture was
adjusted to 7.0. The tissue blocks were fixed under
vacuum for 30 minutes at 23°C and then fixed 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 cold 0.1 M buffer. After
post-fixation, the material was washed for 30 minutes
in 0.1 M buffer (4°C pH 7.0) and dehydrated at room
temperature in a graded series of aqueous ethanol
(10, 25, 50, 75, and 95%) and then finally in absolute
ethanol.
Preparation for TEM

Dehydrated tissue was embedded in Spurr's resin
using the methodology of Spurr (1969) for long pot-
life resin. Ultrathin sections cut using a Reichert
ultramicrotome were stained with 4.0 % uranyl ace-
tate for 1 hour, followed by 0.4% lead citrate for 4
minutes. Sections were examined with a JEOL 1008
TEM,
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Figures 1 and 2.
raw (Fig. 1) and oven roasted (Fig. 2) peanut cotyledons.
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.

Scanning electron micrographs of cross-sections of parenchyma cells in the mid region of

Fig. 1 shows the cytoplasmic network (arrows) sur-

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 critical point dried in a
Tousimis PVT-3B unit using liquid CO9. 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 parenchymal 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
preparation (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
SEM 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 proteinbodies and
starch grains. Therefore the use of TEM, in addition
to SEM, is necessary to achieve a more thorough
understanding of the thermal modifications 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) separate as a result of thermal
modifications which occur primarily within the first

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. After oven roasting
the protein bodies are distended (Fig, 6), In the raw
cotyledon, the 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).

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. Note 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 cytoplasm (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
\
\

i

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

Fig. 9. A cross-section of a parenchyma cell in a raw peanut cotyledon. Note that the cytoplasmic
network is continuous (arrows). Bar = 0.75 micrometers.

Fig. 10. A cross-section of the disrupted cytoplasmic network (arrow) adjacent to a protein body (P) in
an oven roasted peanut cotyledon. Bar = 0.75 micrometers.

surrounding the lipid body membranes (Fig. 9) is References
continuous. After oven roasting, the heat has
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Abstract

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 softening 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 that
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-
71C. 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 boiling water, using white
potatoes with a mean radius of 1.95 cm 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- cm 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

Russet potatoes were selected from a
commercial supplier. Whole potatoes with uniform
size, mean radius (5.8-6.1 cm) 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.
100 pum.

Starch granules in raw potatoes. Bar =

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

Boiling Water Microwave
Center  Heating Center Heating
Stagel temp. time temp. time
°C minutes oG minutes
1 46 5 38 0.5
2 65 10 66 1
3 90 20 80 2
LStages:
I Center of potatoes heated to temperatures

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

Center of potatoes heated to temperatures
which are above starch gelatinization.
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Fig. 2.
heated to 46C.
potato sample heated to 46C. Fig. 4. End region

Center region of boiled potato sample
Fig. 3. Side region of boiled

of boiled potato sample heated to 46C. Fig. 5.
Center region of boiled potato sample heated to
65C. Fig. 6. Side region of boiled potato sample
heated to 65C. Fig. 7. End region of boiled potato
sample heated to 65C. Bar = 100 pm.
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Table 2. Characteristics of Progressive Gelatinization of Boiling Potatoes
Stage Center Region Side Region End Region
1 mostly individual clumped small large clustered granules
small grains granules filled whole cell
5 small to medium large swollen large swollen
5 clumped granules granules granules
3 swollen granules with swollen granules with swollen granules with
‘ reticulated structure reticulated structure reticulated structure
Table 3. Characteristics of Granulation of Microwave and Treated Potatoes
Stage Center Region Side Region End Region
1 small individual granules small clumped granules small clumped granules
5 clustered large granules large swollen starch granules, large swollen starch granules
S filled whole cell individual granule no longer visible
3 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 1. 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-drier 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/cm®) 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 Samples

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 um.
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Table 4: Weight Losses of Treated Potatoes

Temperature Weight (g) Weight (g)
(°C) Before fter
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
this 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 boiling
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 gelatinization
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
peripheral 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, while 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 80C. Fig. 18. Side region of
microwaved potato sample heated to 80C. Fig. 19.
End region of microwaved potato sample heated to
80C. Bar = 100 um.
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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
(Microwave 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. 26-28. 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. 28) 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.
26-28).

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. 28). 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. 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.

Discussion

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.
28). 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 corrosion 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. 8-10). 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 1
corresponded with the heating pattern (Figs. 23 and
28). This implies that softness does not solely rely
upon temperature with microwave heating. Further
investigations are necessary to elucidate the
understanding of the relationship 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 al (1978)
suggested that round and dense granules were
desirable when economy packaging and shipping is
used. In addition, he pointed out that round and
dense granules also lend 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 |I: 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 I: J. Grider
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Abstract

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 important 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, B or B’) 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 (Tamstorf 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 reported 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 apart 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 formulations 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 (oC)
Flour oil Temperature
100g 40g L 30g
L 10g 15-200r 30
SL 10g
100g 60g L 30g
L 10g 15-200r30
SL 10g
Wheat Coconut Water Mixing (°C)
Flour oil Temperature
100g L 10g 40g 15-200r30
L 30g
100g L 10g 60g 15-200r 30
L 30g

Table 1. Standard cake batter formulation with sequential
procedure, 3 min of mixing 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
Olympus Vanox microscope to detect starch birefringence in
the cake batters.

Cake batter samples incubated between two copper
sheets at mixing temperature were rapidly plunged in an
liquid N2 slush. Other freeze-fracture conditions were as
previously described (Marion et al. 1987). Replicas were
viewed on a Jeol 100S electron microscope operating at 80
kV. For each mixing condition at least ten replicas were
observed.

Thermal measurements were carried out on a
temperature  programmable,  differential  heat  flux
microcalorimeter (DSC111, SETARAM). The samples were
placed in 150 pl stainless steel pans. The samples were
cooled from their mixing temperature to 10C, at a rate of
50C/min, and then heated to 1500C at a rate of 10C/min.
Indium was used to check temperature calibration. Data were
collected on a HP 86 microcomputer.

The same coconut oil, stored at 40C, was used during
these experiments and care was taken to reproduce identical
"thermal history" for all coconut oil aliquots.

Results

Differential ning Calorime

Figure 1 shows the DSC thermogram of coconut oil.
A large endothermic peak is observed with a Ty
(temperature of endothermic peak maxima) at 250C. The
onset temperature of endotherm is obviously below 0oC and
represents the melting of the solid B’ form, according to
results of Hannewijk et al. (1958).
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Fig.1 : Representative DSC thermogram of coconut oil.

(Heating rate 10C/min).

The endothermic melting of coconut oil, incorporated
in a liquid state into the dough and mixed at 300C, is not
modified (Fig. 2). Furthermore, at a mixing temperature of
300C, the melting endotherm of coconut oil is not influenced
by water or the amount of fat added to wheat flour. In 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 at 300C the melting coconut
endotherm 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 to 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
first 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 s greatly modified 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, of coconut
oil. This suggests that part 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).
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Freeze fracturing and DSC of oil during dough mixing

Mixing Water Water
Temperature Content Content
60% (60g water/100g wheat flour) 40% (40g water/100g wheat flour)
Physical 1st scan 2nd scan Physical Istscan  2nd scan
state of fat oC oC state of fat oC oC
before mixing before mixing
150C Liquid 13 224 Liquid N.D. 22
20 18.3
27 264
Lig/sol 12 22 Lig/sol N.D.
27
200C Liquid 18 225 Liquid N.D. 22
225 20.7
29 27
Lig/sol 18.5 229 Lig/sol N.D.
23.8
29.6
300C Liquid 232 23 Liquid 23.1 23
Lig/sol 22.7 235 Lig/sol N.D.

Table 2. Temperatures of fat melting peak maxima, in the various processing conditions, achieved with DSC.

SCALE CHANGE

STARCH GELATINIZATION

L L L L 1 L

Al

10 20 30 40 50 60 70 80 90 100
TEMPERATURE (oC)

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 thermograms of cake batters
(60% hydration) containing coconut oil. The fat is
incorporated as liquid in the cake batter. Comparison of (—)
300C, (—) 200C, and (---) 150C mixing temperature.
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Figd4 : Representative DSC thermograms of cake batters
(60% hydration) containing coconut oil. The fat is
incorporated as solid-liquid in the cake batter. Comparison of
(=) 300C, (—-) 200C, and (----) 150C mixing temperature.

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
100C/min.
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Fig.6 : Representative DSC thermograms of cake batters
containing coconut oil. The fat is incorporated as liquid in the
cake batter, with mixing temperature of 200C. Comparison of
) 40% hydration, and (---) 60% hydration.
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Fig.7 : Representative DSC thermograms 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 20°C, we can
even observe the same phenomenon independent of the other
processing conditions. This peak is more or less important,
depending particularly on water content (Fig. 6), and to some
extent on the state of fat (liquid or solid-liquid) incorporated
into cake batters (Fig. 7).

Fr -] tron micros

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 um more or less surrounded by the gluten
protein network. There are a few small spherical particles (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 (Al 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 particles. It is noteworthy that less endogenous lipid
vesicles are still present in the protein 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 ¢).

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 batter 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 batter is mixed on fat
melting. It 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 B or o
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 triglyceride
melting temperature increases from o to B’ and to B (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 batter 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 endothermic peaks
of thermograms 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 crystalline 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 particles, but only fat droplets appear,
surrounded by lipid vesicles. Thus, endogenous lipids and
proteins appears to stabilize this partition. 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 300C; c-d : Cake batter mixed at 15 or
200C.
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Fig.10 : 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; ¢ : Cake batter of
water content 40% and mixed at 15 or 200C; d : Cake batter of 60% water content, mixed at 150C 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 mixed 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 (1942)
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 this may
alter the rheological propertics. To what extent will this
change the finished 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 interfaces during cooking and this
may affect the cake volume. Furthermore, below the melting
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) we have
shown that most of the wheat flour lipids 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 forms of coconut oil,
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.

Authors : Nucleation may explain the slight differences
observed in individual peaks depending on (1) 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 endotherms
is sensitive to the mixing temperature (Figs. 4 and 5). It is
kept even after an overnight resting at 10C (result not shown)
and cannot be explained by nucleation only. Furthermore, it
was impossible to obtain such DSC curves whatever the
cooling rate (up to 10C/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.
bulgaricus and non-ropy strain of Streptococcus
thermophilus was subjected to an increasing shear
rate from 0-833 s”1 using a Haake Rotovisco RV2.
Shear stress noticeably increased to a peak value and
then decreased to 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 casein matrix.
At the shear rate where the highest shear stress was
recorded, the EPS/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 still incorporated with the
casein, where it continued to influence viscosity.
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Introduction

Exopolymer (EPS)-producing cultures have been
recognized for many years as the cause of slimy or
ropy milk (Buchanan and Hammer, 1915; Macy, 1923).
Previous researchers investigated the rheological
characteristics of fermented milks made with these
cultures and found an increase in viscosity 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 yogurt manu-
facture are often solved by increasing the total
solids or adding stabilizers, such as modified starch,
carrageenan, guar gum, pectin, gelatin, and sodium
caseinate (Winterton and Meiklejohn, 1978; Radema
and van Dijk, 1973; Modler et al., 1983; Kessler and
Kammerlehner, 1982). However, some feel that these
additives adversely affect the true yogurt taste,
aroma and mouthfeel (Kroger, 1973; Steinberg, 1979).
This suggests that the use of ropy cultures could ap
peal to those consumers who are looking for a "nat-
ural" yogurt (Steinberg, 1979). Ropy cultures are
also a potential benefit for yogurt manufacturers in
The Netherlands and France, where the addition of
stabilizers 1is prohibited in unfruited yogurt
(Humphreys and Plunkett, 1969).

A product's response to an applied stress is
determined through rheological measurements. Since
yogurt is a non-Newtonian 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
study yogurt cultures and yogurt microstructure
(Schellhaass and Morris, 1985; Bottazzi and Bianchi,
1986). Variations in heat treatment of the medium,
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), but few
have integrated this into explanations for rheological
behavior. Most studies were also conducted on sam-
ples existing in an undisturbed or "static" state and
not subjected to any applied stresses.

The objectives of this study 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
were incubated 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 10°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
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100%). Final dehydration was done in a Ladd critical
point dryer (Ladd Research Industries, Inc., Burling-
ton, VT) using COjy as the transition medium. The
agar layer on top of each stub was gently lifted off
and mounted upside down on a clean SEM 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 500X 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.

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.

Scanning Electron Microscopy

Scanning electron micrographs 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. thermo-
philus. The sample has not been sheared, so the
EPS is 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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little visible difference in the progression.

Several investigators have suggested that the
EPS is not only attached to the cell surface, but
also to the protein matrix (Schellhaass and Morris,
1985; Tamime et al., 1984). In Figure 3A, the casein
is visible as distinct micelles clumped together. 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
reached (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-
structure when exposed to shear rates of 250 s71,
416 s71, and 833 s”1, respectively. The micrograph
of yogurt at 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 to appear
fluffy at the higher shear rates and less defined in
appearance.

Rationalization of Rheological Patterns by Electron
Microscopy

he scanning electron micrographs of yogurt
under stress might provide a feasible explanation for
the unusual rheological behavior exhibited. The ini-
tial rapid increase in shear stress or resistance to
stretching 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-
quently, they break. This results in a decreased
shear stress even though the shear rate continues to
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increase. One could quantify the breaking point by
comparing the SEM micrographs and shear stress
curves to determine the "bond-strength" between the
EPS and rods, From Figure 1, this appears to be
approximately 150 Pa, but could range between 140-
160 Pa depending on the sample observed.

Based on our observations, the EPS is actually
attached to the casein in addition to the bacteria.
The EPS/casein interaction could be weaker in
strength 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 separated 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 stress than nonropy
yogurt even at high shear rates.

Conclusion

The application of SEM to explain rheological
behavior when studying EPS-producing cultures was
used to help understand the mechanism by which the
EPS interacts 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 at an increasing shear
rate to 220 s~1, which is at the peak of the hump in
the shear stress versus shear rate curve. The peak
shear stress could be defined as the "bond-strength"
between the EPS and bacteria and is approximately
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Figure 3. Microstructure (SEM) of ropy yogurt made from reconstituted nonfat milk (11% solids), ropy L.
delbrueckii subsp. bulgaricus and nonropy S. thermophilus. Arrow in Fig. 3A indicates filaments of EPS.
Casein is present as micelles associated with the bacteria and EPS. Yogurt was sheared to the following
shear rates: A) 0 sec™1; B) 139 sec71; C) 222 sec71;

D) 250 sec™1; E) 416 sec”1; and F) 833 sec”1.
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150 Pa. After the EPS is separated from the cell
surface, it continues to interact with the casein and
influence the viscosity of the yogurt.
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Discussion with Reviewers
S.M. Schellhaass: Many investigators have observed

that Incubating at lower than optimum growth tem-
peratures results in increased EPS production. Have
you investigated the impact of slower growth condi-
tions (i.e., lower incubation temperatures) on the
resistance of the EPS to detachment from the cell
surface?

Authors: Rheological measurements and scanning
electron microscopy have been conducted on yogurt
incubated at higher temperatures (45°C) for compari-
son to lower temperature incubation (32°C). The
higher incubation temperature gave shear stress
values that were lower over the entire shear rate
range. The micrographs did not clearly indicate
that less EPS was present; therefore, this would
suggest that lowered resistance to detachment did
exist. However, we have not determined the amount
recovered when EPS is isolated from yogurt incu-
bated at 45°C versus 32°C.

B.E. Brooker: This study is critically dependent on
the ability to image EPS using scanning electron
microscopy. Although the so called filaments of EPS
are found only in EPS producing strains, what evi-
dence do the authors have that this appearance ac-
curately depicts the polysaccharide in life? If there
is no evidence that the polysaccharide is preserved
in a natural or near natural state, does this not
make the observations in the present paper very dif-
ficult to interpret and of doubtful value?

Authors: It is true that we do not know the full
effects of electron microscopy preparation tech-
niques, especially the critical point drying, on the
exopolysaccharide. However, this conventional SEM
method has been used previously on ropy yogurt to
obtain similar results (Schellhaass and Morris, 1985).
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It has been argued that critical point drying pro

motes artifacts because the organic solvents may ex

tract gelatinized starch 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 state, they will be modified simi-
liarly and there is a significant enough change to
warrant the stated observations and conclusions. An
alternative method for sample preparation could uti

lize cryofixation and freeze-fracturing, which would
avoid the use of any chemicals (Schmidt, 1982).

R.W. Martin: It remains very difficult to correlate
rheology of dairy systems to microstructural charac-
teristics. Are any biochemical or microstructural
studies planned to further investigate 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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Abstrac

Differences in structure, water uptake and efflux of
solubles were found between normal and hard-to-cook
beans (Phaseolus vulgaris L.). The staining
characteristics of hard beans were different from those of
the normal in both non-cooked and cooked tissue,
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 fields within the fibrillar pattern. 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 solubilization upon cooking prevents cell
separation, and this results in the hard texture of the
hard-to-cook beans.
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Introduction

The hard-to-cook (HTC) phenomenon in beans

manifests itself in prolongation of cooking time, thus
reducing the beans' nutritional and textural qualities.
This phenomenon, which will be referred to as
hardening, was found to be induced by storage at elevated
temperatures and high relative humidities (Plhak er al.,
1987).
Several suggestions have been given to explain this
phenomenon. Varriano-Marston and Jackson (1981)
suggested that cytoplasmic changes during storage lead
to enhanced cell adhesion, and hence hardening of the
beans. Hincks and Stanley (1986, 1987) suggested that
polymerization of phenols within the cell wall might
lead 1o bean hardening. Based on the work of Wardrop
(1971) and Esau (1977) suggesting that lignin
monomers may be secreted into the region of the middle
lamella, Varriano-Marston and Jackson (1981) assumed
that hardening in beans stored under unfavorable
conditions is caused by lignification of the middle
lamella. However, no differences were found between
normal and hard beans in the degree of lignification,
content of tannins and specific activity of peroxidase
(Plhak et al., 1987). Histological studies (Varriano-
Marston and Jackson, 1981; Jones and Boulter, 1983;
Narasimha et al., 1989) revealed differences 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 structural 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
described and discussed.

Preparation of hard-to-cook beans:

Dry beans (Phaseolus vulgaris L. cv. 'Ivory') from
local production, stored for about 3 months at ambient
temperature and humidity (20-24°C, 50-60% RH) were
used for the experiments. The moisture content of the
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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 the 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 Kjeldahl 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 et al., 1956).
Light and electron microscopy:

Small slices (~1-2 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% OsOy 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
cthanol and embedded in Agar 100 Resin (Agar Aid,
Cambridge). For light microscopy, sections of ~3um
thickness were prepared by LKB Pyramitome, mounted
on a glass slide, and stained with a 10 X diluted solution

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-100CX TEM at 80 kV.

Results 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 casily when subjected to
light finger pressure. The water uptake and efflux of
solutes in beans upon soaking and cooking are shown in
Tables 1 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 Sugars? Pectin® Nx6.25¢ pd

+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% RH®

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

bas galacturonic acid

€No measurable amount of TCA-coagulable protein

dphosphate

CRelative humidity

water, HTC beans took up 20% less water as compared
with normal beans. From Table 1 it is seen that HTC
beans release approximately tenfold more sugars and
nitrogen, and about 45-fold more phosphorus to the
soaking water than normal beans. Increased efflux of
solubles and lower water imbibition upon soaking of
HTC beans were reported by Jones and Boulter (1983). 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=10 pm. Fig. 2 - cooked normal bean.
Primary cell wall is indicated by sharp arrows, and the
secondary one by blunt arrows; bar=10 pm. Fig. 3 -
non-cooked hard bean. Arrows indicate the cell wall;
bar=10 pm. Fig 4 - cooked hard bean. Arrows indicate
the cell wall; bar=10 pm.
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disparity of views prevails concerning the extent of water
uptake of HTC vs normal beans. Thus, Jackson and
Varriano-Marston (1981) reported 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 efflux of solubles
from soaked bean seeds during cooking for 30
min (mg/g dry matter).

Efflux
Storage Water Nx6.25
condition HTC uptake Sug? Pecb Total Proi® Pd
+50  +1 02 0.5 0.1 +0.5
Conwol - 520 75 18 230 39 58
42°Cat  + 260 7 5.0 082
80%RHE

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

bAs galacturonic acid.

CTCA coagulable protein.

dphosphate

€Relative humidity.

fTraces

Efflux of carbohydrates, nitrogen and phosphorus was
now higher in normal beans. Normal beans released
pectin and TCA-coagulable nitrogen (protein) upon
cooking. The increased efflux of solubles from HTC
beans upon soaking indicates damage caused to the
plasmalemma during the storage under adverse
conditions. The reduced water uptake by HTC beans
upon soaking may be ascribed to partial loss of
semipermeability of the plasmalemma as well as to
changes in high molecular weight components like
pectic material or in intracellular storage proteins.
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.

Light microscopy:

Light microscope observations showed that in
cooked normal beans the cells of the cotyledon tissue
tend to separate from each other (compare Figs. 1 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

and Jackson, 1981: Narasimha et al., 1989 Plhak et al.,
1989), but the present results revealed distinct differences
in the staining characteristics between tissue sections of
normal and HTC beans. The most marked differences
appeared in the 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 staining 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 cooking.

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

Electron 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 three
distinct regions: the outer region of the middle lamella,
the middle region of the primary cell wall, and the
innermost region of the secondary cell wall (Fig. 5).
Facing the intercellular spaces the middle lamella is
thicker, while it is thinner in the adhesion zone between
the cells. A higher magnification of the middle lamella
in the adhesion zone is shown in Figure 9. In many
cases the middle lamella is so thin that it cannot be
identified by ultrastructural observation,

The secondary cell wall is thick, adjacent to the
intercellular space (Fig. 5), pits (Fig. 6) and
disconnection zone (Figs. 7). The detailed structure of
the secondary wall with three zones is shown in Figure
8. In cells of non-cooked normai beans the thick region
of the secondary wall has a reticulated pattern, with an
internal layer of dense structure (Figs. 5-8).

Higher magnification revealed that the structural
elements of the reticulum are tubular. This reticulum
seems to be embedded in a sparse microfibrillar matrix

Figures 5-9. Ultrathin sections of cotyledons of normal
bean. The region of the cell wall includes the middle
lamella (ML), primary cell wall (W) and secondary wall
(S) with its outer, middle and inner layers (I, II, III,
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=1 um. 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
fibrillar matrix (FM); bar=10 pum. Fig. 9 - High
magnification of the middle lamella (ML) and the
primary cell walls (W); bar=0.2 um.
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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 pattern of
scattered tubuli with fibrillar connections (Figs. 11-13).
A similar but less organized pattern is observed in the
innermost region 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 cooking (Figs. 15-17), although many weakly
stained locations are seen within its fibrillar pattern. It
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 are 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 are 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. S-
8) was lost, and replaced by an amorphous structure
embedded within 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. 15,18
with Figs. 5,8).

The secondary cell wall of cooked HTC beans (Figs.
21-23) 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).

It 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 evidence
supports the suggestion of Varriano-Marston and
Jackson (1981) that the middle lamella is involved in
reducing the cooking quality of beans. A possible
mechanism by which the middle lamella becomes
insoluble was suggested by Jones and Boulter (1983),
who showed that during storage under conditions leading
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to HTC, phytate is partially hydrolyzed and pectin is de-
esterified. This results in formation of calcium
magnesium pectate, which may insolubilize the middle
lamella.

The present study demonstrates in structural details
the significance of the middle lamella in the HTC
phenomenon. The results of Jones and Boulter (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 et al. (1988), no
significant differences in lignin content were detected
between normal and hard-to-cook beans.

Conclusions

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,
the mechanism by which the middle lamellar
components become insoluble during storage under
unfavorable conditions is still unknown.

The involvement of other cellular components such
as lignin, phenols, starch granules and proteins in the
HTC phenomenon has not yet been elucidated.
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Discussion with reviewers

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

Authors: 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 (1981). The
hardness induced shows properties of HTC which,
according to the literature, were obtained by longer
storage at high humidity but at a lower temperature, 30-
35°C. However, all normal beans softened during 30 min
of cooking.

Jebersax: What structural changes may have
occurred during the initial drying process of the seed
which could influence the observed results?

Authors: The initial drying process was not studied by
us.

M.A. Uebersax: Do other studies exist to address these
changes?

Authors: Other studies dealing with these changes are
mentioned in the manuscript. However, these studies
have not identified ultrastructural details as revealed by
TEM in the present study.

M.A. Uebersax: Can the authors better describe the
textural characteristics of these beans to enable better
interpretation of the results and provide improved
understanding of the extent or condition of hardening
present in these beans.

Authors: The present study did not deal with physical
measurements of texture. From our point of view it was
important to determine whether the beans were soft or
hard. The differences between HTC and normal beans
were so obvious that the simple assay specified in the
cxperimental section distinguished between them
distinctly.
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Reviewer III: Did the authors find any evidence for
membrane disruption? No consistent trend has been
shown in the literature regarding water absorption by
hard and soft beans. The difference 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 1o an even
greater extent than storage at adverse conditions. This is
supported by the increasing losses of soluble solids to
the cooking water reported by the authors and would
indicate that a factor other than membrane
semipermeability may play an important role in the
differences in water uptake between soft and hard beans.
This factor may be related to the increased rigidity of cell
walls and restricted swelling of hard-to-cook beans during
soaking and cooking compared to nondefective samples.
Authors: 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 trend in the literature with respect to the
extent 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 [II: What does the difference in staining ability
mean?

Authors: A mixture of toluidine blue and basic fuchsin
is known to be a multistain adsorbed by various cell
components. The 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 gelatinization and swelling. The
secondary cell wall was stained intensively in HTC
beans, and its ultrastructure was also distinctly different
from that of normal beans. This indicates chemical and
structural changes of these cellular components.

Reviewer III: What is the role of changes in secondary
cell walls on the development and manifestation of the
hard-to-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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Reviewer III: It is difficult to agree with the
identification of the middle lamella being as thin as
claimed. The microscopic procedures used arc well
known to impart artifacts which could explain some of
these results.

Authors: From the ultrastructural photomicrographs it
can be seen that distinct differences exist in the middle
lamellar zone after (rather 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 21-26. Ultrathin sections of the cotyledon of a
cooked hard-to-cook bean. Fig. 21 - The primary (W) and
secondary (CS) cell walls are seen beside dark cytoplasm
(Cy) and starch (S), where the middle lamella (ML) is
seen undegraded in the adhesion zone between adjacent
cells. Weakly stained locations (DM) indicate a partially
dissolved cell wall matrix; bar=1 pm. Figs. 22, 23 -
high magnification of secondary cell wall beside the
primary cell wall (W) and the cytoplasm (Cy); bar=0.1
um. 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 wall matrix (Fig. 24 bar=0.1 pm; Fig. 25
bar=0.5 um; Fig. 26 bar=0.5 pm).
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Abstract

Viscous high-fat foods such as cream, egg yolk, or may-

onnaise are co-extruded with a 3% sodium alginate solution
from a syringe into a S0 mM calcium chloride solution. The
food sample passes through the inner tube of a double
needle assembly while the alginate solution is simultane-
ously extruded through a mantle surrounding the inner
needle. As the sodium alginate solution forms a gel on
contact with calcium ions, the food sample becomes encap-

sulated in the calcium alginate gel formed on the surface of

the food sample. The encapsulation procedure may be car
ried out within a temperature range between (0°C and 25°C.
Samples may be prepared for scanning electron microscopy
or for transmission electron microscopy by selecting either

wide or narrow bore needles, respectively.

Initial paper received April 6, 1990
Manuscript received June 15, 1990

Direct inquiries to M. Kalab

Telephone number: 613 995 3722 ext. 7707

Alginate, Coating, Electron microscopy, En-

Key Words:
capsulation, Gel tubes, High-fat foods.

151

Introducti

I'he original procedure for the encapsulation of suspen-
sions and dispersions of biological origin in agar g
designed by Salyaev [7] has been modified by several au-
thors for use with foods [3-6]. In a recent modification [6],
the sample is aspirated into a glass Pasteur pipette, the
lower end of the pipette is sealed with agar gel, and the
pipette is repeatedly dipped into a warm (40°C) agar sol to
form a sleeve around the Pasteur pipette. The sample is
then transferred into the agar gel tube by pulling the Pas-
teur pipette out. In the Discussion with Reviewers in paper
[6] Dylewski noted that the microstructure of some heat-
sensitive high-fat foods may be affected by repeatedly dip-

ping the food in the pipette into the warm agar sol. In order
to reduce the exposure to heat, Goff (personal communi-
cation) has been using low-temperature gelling agarose for
this purpose. Viscous foods may also be aspirated into agar
gel tubes made around glass or metal rods [5] using the rod
as a piston, and, thus, avoiding the exposure of the foods to
h but this procedure is more difficult to perform than
to

the former procedure [6]. In particular, it is difficult
properly seal both ends of the agar gel tubes following their
contamination with fat.

A different approach is possible by using a sodium algi-
nate solution which forms a gel on contact with calcium
ions. This reaction makes it possible to instantly encapsu-
late viscous food samples at any temperature between 0°C
and room temperature (~25°C) and is the subject of this
technical note.

Materials and Methods

Sodium alginate (BDH Chemicals, Ltd., Poole, England)
was dissolved in distilled water to form 2 1o 4% solutions.
Calcium chloride, 0.1 to 1.0 M solution, was mixed with a
2.5% glutaraldehyde solution (1:9, v/v) and the pH was
adjusted to 6.5 using 0.2N NaOH.

Hi
for examination by scanning electron microscopy (SEM)

-fat food (egg yolk, cream, or mayonnaise) destined
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was placed in a S-mL syringe and a double needle assembly
was attached to it. The double needle assembly consisted of
an inner needle (~1 mm inner diameter) concentrically
positioned inside an outer stainless steel tube (mantel) with
a 0.3-mm gap between both tubes (Fig. 1). Three ribs, each
3 mm long, were soldered on the inner tube, S mm from the
tube end, as spacers in order to maintain concentric posi-
tion of both needles. Another S-mL syringe filled with the
sodium alginate solution was attached to the outer needle
(Figs. 1 and 2). Both the food and the alginate solution
were manually simultaneously extruded
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-containing gel tube was compressed with a
pair of fine tweezers and cut at that location with a scalpel.
The wet cut surface was blotted 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 cement, coated with gold in a Technics Hummer I1
sputter coater, and examined at 20 kV in an ISI DS-130
scanning electron microscope equipped with an external
oscilloscope [2]. Micrographs were taken on 35-mm 100
ASA film.

For transmission electron microscopy (TEM), the foods
were prepared in two ways. Provided that fixation and de-
hydration sufficiently hardened the samples, they were cut
into smaller (<1 mm3) particles for embedding in a Spurr’s
low-viscosity medium (J.B. EM Service, Inc., Pointe Claire-
Dorval, Quebec, Canada). Otherwise, a similar encapsulat-
ing apparatus was used but the diameter of the inner nee-
dle was reduced to <0.5 mm 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, and embedded in the same way as other solid
samples [1].

into the calcium

152

Results and Discussion

Co-extrusion of high-fat food and a sodium alginate so-
lution through concentric needles into a calcium chloride
solution, which contained glutaraldehyde as a fixative, re-
sulted 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 S
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
extruded: rapid extrusion of the alginate solution and slow
extrusion of the viscous food produce a thick gel coating on
a relatively thin food column. 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 3%
sodium 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 solution are shown in Fig.
4. The calcium alginate gel adhered to the samples through
all treatment steps. In comparison with the dipping proce-
dure using agar for encapsulation [6], no difference could
be found between samples encapsulated according to 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 temperature before fixation.
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Fig. 3. Cream (large arrows) encapsulated an calcium algi-
nate gel (small arrows). The long and curled encapsulated
column will be cut into shorter sections for freeze-fracturing.

Fig. 1. Diagram of the apparatus for the encapsulation of vis-
cous food samples in calcium alginate gel tubes by co-extrud-
ing the food samples with a 3% sodium alginate solution into
a 50 mM calcium chloride solution.

Na alginate solution

Food sample

Fig. 2. A photograph of the encapsulation apparatus.
Fig. 4. SEM of 2 freeze-fractured cream samples shows

smooth fracture planes and adherence of the alginate gel (*)
capsules to the samples.
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Discussion with Reviewers

What effect could calcium ions have on the
food under study?

Reviewer 1:

Authors: With milk products, calcium has been recom-
mended as an ingredient in buffered fixatives by several
authors [9, 12, 13] in order to maintain the integrity of the
casein micelles. The concentration of calcium ions pene-
trating the food sample may be reduced by transferring the
encapsulated food column into a glutaraldehyde solution
containing 5 mM CaCl,.

Reviewer 1: 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, 11], 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 glutaraldehyde and the removal of the soluble
components of the milk serum. When the serum 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 1: 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, 11], 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 glutaraldehyde and the removal of the soluble
components of the milk serum. When the serum is replaced
with ethanol during dehydration, the fixed casein micelles
sediment in the capsules irrespective whether they consist
of agar or calcium alginate 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 in the volume,
"Studies of Food Microstructure"”, 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
changed to Food Structure and it is now published
quarterl) . t e 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 authors' 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

SEM Scanning electron microscopy

TEM Transmission electron microscopy
XRD X-ray diffraction

NMR Nuclear magnetic resonance

ESR Electron spin resonance
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um activated factor, cathepsin, electrophoresis, mus-
cle, 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-
mysium, enzymes, fibril, Instron, 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 to predict milling extraction rates of wheats.
Food Microstrue. 8, 191-199. Cultivar, embryo, flour,
grain, image analysis, milling, wheat.

59. Farah Z, Ruegg MW. (1989). The size dis-
tribution of casein micelles in camel milk. Food Mi-
crostruc. 8, 211-216. Amino acid, camel milk, casein,
freeze fracturing, micelles, milk, TEM.

60. Fleming K, Jenness R, Morris HA, Schmidt
R. (1985). Properties of calcium caseinates with dis-
parate performance in imitation cheese. Food Micro-
struc. 1. 313-321. Calcium caseinate, casein, chromat-
ography, electrophoresis, imitation cheese, SEM.

61. Flint FO. (1982). Light microscopy prepar-
ation techniques for starch and lipid containing
snack foods. Food Microstruc. 1, 145-150. Cryosec -
tioning, lipid, potato chip, snack food, staining,
starch, LM.

62. Fulcher RG. (1982). Fluorescence microsco-
py of cereals. Food Microstruc. 1, 167-175. Aleurone
layer, barley, cereal, fluorescence microscopy, lipid,
niacin, phytin, oat, pericarp, phenolic, protein,
fluorochrome, staining, wheat, LM.

63. Gallant DJ, Bouchet B. (1986). Ultrastruc -
ture of maize starch granules. A review. Food Micro-
struc. 5, 141-155. Amylomaize, corn, endosperm, lec -
tin, mailze, starch, waxy maize, zein body, SEM,
TEM.

64. Gallant DJ, Bouchet B, Culioli J. (1984).
Ultrastructural aspects of spun pea and fababean
proteins. Food Microstruc. 3, 175-183. Fababean, fi-
bers, isolate, pea, protein, spun protein, SEM, TEM,

65. Gavaric DD, Caric M, Kalab M. (1989). Ef-
fects of protein concentration in ultrafiltration milk
retentates and the type of protease used for coagula-
tion on the microstructure of resulting gels. Food
Microstruc. 8, 53-66. Casein, coagulation, enzyme,
fat, gel, gelation, Hoppler consistometer, micelle,
milk, protease, protein, rennet, retentate, texture,
ultrafiltration, SEM, TEM.

66. Geissinger HD, Stanley DW. (1981). Prepa-
ration of muscle samples for electron microscopy.
Scanning Electron Microsc. 1981;III: 415-426, 414
(Studies of Food Microstructure, p.61-72, 60, 1981).
Cardiac and skeletal muscle, freeze-fracture, meat,
myofibril, SEM, TEM.

67. Glennie CW, Liebenberg NvdW, van Tonder
HJ. (1984). Morphological development in sorghum
grain. Food Microstruc. 3, 141-148. Aleurone, cell
wall, endosperm, grain, pericarp, sorghum, starch,
SEM, TEM.

68. Goebel NK, Grider J, Davis EA, Gordon J.
(1984). The effects of microwave energy and convec-
tion heating on wheat starch granule transformations.
Food Microstruc. 3, 73-82. Convective heating, gel,
heat transport, microwave heating, starch, wheat,
water transport, LM, SEM.

Goff HD, Liboff M, Jordan WK, Kinsella
JE. (1987). The effects of Polysorbate 80 on the fat
emulsion in ice cream mix: evidence from transmis-
sion electron microscopy studies. Food Microstruc. 6,
193-198. Agarose, casein, emulsifier, fat, ice cream,
micelle, milk, Polysorbate 80, Tween 80, TEM.

70. Gordon A, Barbut S. (1989). The effect of
chloride salts on the texture, microstructure and
stability of meat batters. Food Microstruc. 8, 271-
283. Batter, chloride salt, emulsion, fat, Instron,
meat, pH, protein, salts, texture, SEM, TEM,

71. Green ML, Langley KR, Marshall RJ,
Brooker BE, Willis A, Vincent JFV. (1986). Mechani-
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cal properties of cheese, cheese analogues and pro-
tein gels in relation to composition and micro-

structure. Food Microstruc. 5, 169-180. Casein,
Cheddar cheese, cheese analogue, gel, Instron,
protein, rheology, texture, whey, LM, TEM.

72. Grider J, Davis EA, Gordon J. (1983).

Evaluation of selected properties of chlorinated
wheat flours in a lean cake formulation. Food Micro-
struc. 2, 153-160. Batter, cake, chlorinated flour,
particle size distribution, water transport, SEM.

73. Grote M, Fromme HG. (1984a). Determina-
tion of element concentrations in fresh and processed
vegetables by quantitative X-ray microanalysis. Food
Microstruc. 3, 49-54. Bean, carrot, vegetable, X-ray
microanalysis.

74. Grote M, Fromme HG. (1984b). Electron
microscopic investigations of the cell structure in
fresh and processed vegetables (carrots and green
bean pods). Food Microstruc. 3, 55-64. Bean, carrot,
cell structure, pod, vegetable; SEM, TEM.

75. Gwiazda S, Noguchi A, Saio K. (1987).
Microstructural studies of texturized vegetable pro-
tein products: effects of oil addition and transforma-
tion of raw materials in various sections of a twin
screw extruder. Food Microstruc. 6, 57-61. Barrel,
extrusion, flour, oil, protein, soybean, texturized
vegetable protein, twin screw, LM, TEM.

76. Hachiya I, Koyano T, Sato K. (1989). Ob-
servation of seeding effects on fat bloom of dark
chocolate. Food Microstruc. 8, 257-261. Bloom, choc-
olate, cocoa butter, cryo-SEM, fat, polymorphism,
SEM.

77. Hamilton RMG. (1986). The microstructure
of the hen's egg shell - a short review. Food Micro-
struc. 5, 99-110. Crystal, cuticle, egg shell, fiber,
hen, mammillary knob, palisade/matrix, pore, SEM,

78. Harbers LH. (1985). Ultrastructural utiliza-
tion of plants by herbivores. Food Microstruc. 4,
357-364. Bluestem, corn, digestion, fescue, forage,
grass, herbivore, legume, plant, ruminant, silica,
sorghum, vascular tissue, SEM.
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electron microscope study. Food Microstruc. 8, 217-
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staining, TEM.
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acidulants and temperature on microstructure, firm-
ness, and susceptibility to syneresis of skim milk
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(Studies of Food Microstructure, p.211-221, 1981).
Acidulated milk gels, core-and-lining structure, gel
firmness, rheology, skim milk gels, syneresis, SEM,
TEM.

81. Harwalkar VR, Kalab M. (1986). Relation-
ship between microstructure and susceptibility to
syneresis in yoghurt made from reconstituted nonfat
dry milk. Food Microstruc. 5, 287-294. Casein, centri-
fugation, lactose, milk, nonfat dry milk, protein,
syneresis, yoghurt, SEM, TEM.

82. Harwalkar VR, Kalab M. (1988). The role
of beta-lactoglobulin in the development of the core-
and-lining structure of casein particles in acid-heat-
induced milk gels. Food Microstruc. 7, 173-179. Acid-
heat-induced milk gel, casein, core-and-lining struc-
ture, gel, gelation, lactoglobulin, micelle, milk, TEM.
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milk proteins in confectionery products. Food
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Microstruc. 4, 17-27. Caramel, chocolate, confection,
fat, freeze-fracturing, fudge, milk, protein, skim milk
powder, sugar crystal, SEM, TEM.
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structure of fresh and desiccated coconut. Food
Microstruc. 2, 81-90. Coconut, endosperm, lipid, SEM,
TEM.
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bumin gels. Food Microstruc. 5, 91-98. Gel, Instron,
NMR, protein, ovalbumin, rheology, Weissenberg
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flora, Lactobacilli, SEM, TEM.

96. Hughes JS, Swanson BG. (1989). Soluble and
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(Phaseolus vulgaris) seeds. Food Microstruc. 8, 15-21.
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cell, phloem, seed coat, seed, SEM.

97. Hughes JS, Swanson BG. (1986). Micro-
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structure of lentil seeds (Lens culinaris). Food
Microstruc. 5, 241-246. Aleurone layer, cell wall,
cotyledon, lentil, palisade layer, seed coat, seed,
starch, SEM.
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tion: effect of citrate on the growth of group N
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A. (1984). Ultrastructural studies of raw and proces-
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whey, SEM, TEM.
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water, SEM, TEM.
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crystal, micelle, microencapsulation, milk, phosphate
crystal, SEM, TEM.

108. Kalab M. (1980). Possibilities of an elec-
tron microscopic detection of buttermilk made from
sweet cream in adulterated skim milk. Scanning
Electron Microsc. 1980;111: 645-651 (Studies of Food
Microstructure, p.179-186, 1981), Adulteration, butte-
rmilk, cream, fat, lactose, milk, skim milk, ultracen-
trifugation, SEM, TEM.
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copy of dairy products: an overview. Scanning Elec-
tron Microsc. 1979;I11: 261-272 (Studies of Food Mi-
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TEM.

110. Kalab M, Allan-Wojtas P, Phipps-Todd BE.
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nonfat yoghurt - a review. Food Microstruc. 2, 51-66.
Casein, gelation, micelle, milk, mucogenic bacteria,
protein, whey, yoghurt, SEM, TEM.
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Sample holders for solid and viscous foods compatible
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Microstruc. 7, 115-120. Cold stage SEM, cream,
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spray-dried retentates obtained by the ultrafiltration
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crystal, differential scanning calorimetry, DSC, lac-
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ultrafiltration, SEM.
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gation, TEM.
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structure, curd, Paneer, SEM, TEM.
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Latin American white cheese, protein, Queso Blanco,
SEM, TEM.
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(1981). Electron microscopy and sensory evaluation of
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1981;I11: 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). Textural
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rework. Food Microstruc. 6, 181-192. Citrate, crystal,
emulsifying salt, fat, melf, process cheese food, re-
work, texture, viscosity, LM, SEM,
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specific gravity and fat dispersion in blue cheeses.
Food Microstruc. 7, 153-160. Blue cheese, fat, milk,
porosity, specific gravity, LM.
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sis of morphological changes in wiener batters during
chopping and cooking. Food Microstruc. 2, 27-42.
Batter, fat, image analysis, meat, staining, wiener,
LM.
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(1989). Ultrastructural effects of postharvest treat-
ments on the vacuolar inclusions in pear (Pyrus com-
munis L. cv. Hardenpont) peel. Food Microstruc. 8,
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).
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room ultrastructure. I. The gills of Agaricus bisporus
(LGE.) Imbach and Pleurotus ostreaﬁf—(mqm
Kummer. Food Microstruc. 4, 349-355. Hymenium, ir-
radiation, mushroom, Pleurotus ostreatus, ripening,
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
of milk products. Food Microstruc. 5, 265-275. Butter,
cream, fat, fatty acid, lipolysis, milk.

126. Koolmees PA, Korteknie F, Smulders FIM.
(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.

130. Lampila LE, Brown WD. (1986). Changes in
the microstructure of skipjack tuna during frozen
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-
served at either ambient temperature or by isother-
mal freeze-fixation. Food Microstruc. 4, 11-16. Fish,
freeze fixation, muscle, rockfish, seafood, Z-disc,
SEM, TEM.

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

133. Larsson K. (1982). Some effects of lipids
on the structure of foods. Food Microstruc. 1, 55-62.
Baking, bread, crystal, fat, lipid, polymorphism,
staling, starch, triglyceride, LM.

134, Lawrence RA, Jelen P. (1982). Freeze in-
duced fibre formation in protein extracts from resi-
dues of mechanically separated poultry. Food Micro-
struc. 1, 91-97. Alkaline extraction, chicken, macro-
photography, mechanical deboning, poultry protein,
SEM.

135. Lee CM. (1985). Microstructure of meat
emulsions in relation to fat stabilization. Food
Microstruc. 4, 63-72. Comminution, emulsion, fat,
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frankfurter, meat, protein, staining, LM, SEM, TEM.

136. Lee C-H, Rha CK. (1979). Application of
scanning electron microscopy for the development of
materials for food. Scanning Electron Microsc. 1979;
II1: 465-471 (Studies of Food Microstructure, p.17-23,
1981). Soybean isolate and protein, imitation cheese,
spray drying, freeze drying, SEM.

137. Lewis DF. (1986). Features of food micros-
copy. Food Microstruc. 5, 1-18. Artefact, batter,
blood plasma, cake, crystal, fat, fruit, glass, lard,
Leatherhead, meat, potato, protein, soy, sugar, syrup,
toffee, vegetable, X-ray microanalysis, SEM, TEM,

138. Lewis DF. (1981). The use of microscopy
to explain the behaviour of foodstuffs - a review of
work carried out at the Leatherhead Food Research
Association. Scanning Electron Microsc. 1981;111: 391
404 (Studies of Food Microstructure, p.25-38, 1981).
Chocolate, cocoa butter, fat, gelatin, gel, Leather-
head Food R. A., meat, pectin, replica, starch, tissue,
SEM, TEM.

139. Lewis DF, Groves KHM, Holgate JH. (1986).

Action of polyphosphates in meat products. Food
Microstruc. 5, 53-62. Beef, cytoskeleton, freeze-
etching, ham, heart, loin, meat, myofibril, pork,

protein, polyphosphate, sarcomere, LM, TEM.

140. Liboff M, Goff HD, Haque Z, Jordan WK,
Kinsella JE. (1988). Changes in the ultrastructure of
emulsions as a result of electron microscopy prepara-
tion procedures. Food Microstruc. 7, 67-74. Agar,
agarose, bovine serum albumin, casein, emulsion, fat,
gel, ice cream, membrane, peanut oil, protein, LM,
SEM, TEM.

141, Lin LP. (1985). Microstructure of spray-
dried and freeze-dried microalgal powders. Food Mi-
crostruc. 4, 341-348. Agar, algal, Chlorella cell,
freeze fracturing, microalgal powder, SEM, TEM.

142. Li-Shing-Tat B, Jelen P. (1987). The micro-
structure and rehydration properties of the Phoenix
oyster mushroom (Pleurotus sajor-caju) dried by
three alternative processes. Food Microstruc. 6, 135~
142, Gill, hyphae, mushroom, texture, SEM.

143. Locker RH. (1984). The role of gap fila-
ments in muscle and in meat. Food Microstruc. 3, 17—
32. A-filament, connectin, core, electrophoresis, gap
filament, meat, muscle, nebulin, N-line, sarcomere,
staining, titin, Z-line, TEM.

144. Lopez AS, Dimick PS, Walsh RM. (1987).
Scanning electron microscopy studies of the cellular
changes in raw, fermented and dried cocoa beans.
Food Microstruc. 6, 9-16. Cell, cocoa, cotyledon,
cytoplasm, 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,
235-244. Aleurone layer, barley, endosperm, enzyme,
fluorescence microscopy, glucan, glucanase, grain,
staining, LM.

146. MacGregor AW, Nicholls PB, Dushnicky L.
(1983). Endosperm degradation in barley kernels that
synthesize alpha-amylase in the absence of embryos
and exogenous gibberellic acid. Food Microstruc. 2,
13-22. Aleurone layer, alpha-amylase, barley, cereal,
embryo, endosperm, enzyme, germination, gibberellic
acid, seed, SEM,

147. Manning DM, Dimick PS. (1985). Crystal
morphology of cocoa butter. Food Microstruc. 4, 249~
265. Bloom, centrifugation, cocoa butter, crystal,
differential scanning calorimetry, DSC, fat, melting
point, LM, SEM.
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148. MartinRW, Jr. (1989). Electron microscopic
localization of cholesterol in bovine milk fat globu-
les. Food Microstruc. 8, 3-9. Cholesterol, fat, filipin,
freeze fracturing, milk, milk fat globule, TEM.

149. Martino MN, Zaritzky NE. (1986). Fixing
conditions in the freeze substitution technique for
light microscopy observation of frozen beef tissue.
Food Microstruc. 5, 19-24. Beef, freeze substitution,
ice crystal, muscle, staining, LM,

150. Masson G. (1989). Advanced techniques for
preparation and characterization of small unilamellar
vesicles. Food Microstruc. 8, 11-14. Freeze fractur-
ing, laser light scattering, lipid, liposome, micro-
fluidization, TEM.

151. McDonough CM, Rooney LW. (1989). Struc-
tural characteristics of Pennisetum Americanum
(Pearl millet) using scanning electron and fluores-
cence microscopy. Food Microstruc. 8, 137-149. Cere-
al, endosperm, fluorescence microscopy, millet, pearl
millet, pericarp, seed coat, seed, staining, starch,
LM, SEM.

152. McDonough CM, Rooney LW, Earp CF.
(1986) . Structural characteristics of Eleusine corocana
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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.



	Food Microstructure
	Recommended Citation

	ScanGate document

