
Feature 

Microscopy and imaging techniques are the most appropriate 
techniques for ~:aluating food structure because they are the 
only analytical methods that produce results in the form d 
images rather than numbers. However, images may now also 
be converted into numerical data to allow for statistical evalu- 
ation. Advances in microscopy and imaging techniques are 
made, for the most part, outside the field of food science, 
drawing from the fields of materials science, biolo~ and 
medicine. Such techniques cannot, in most cases, be directly 
applied to stud,/ food structure. They must be adapted 
because the processing conditions that rum biological raw 
materials into food cause structural and textural changes 
which, in rum, change the innate properties and behaviour of 
the foods. This necessitates the development of appropriate 
methods and also the specialization of researchers. Future 
developments in this field can be divided into the use of new 
equipment developed for use in other fields, and the appli- 
cation of techniques modif'~-~cl to solve specific food science 
problems, such as the development of new foods with par- 
ticular properties and texture or the detection of defects in 
foods. 

Microscopy (optical or light, electron and atomic 
microscopy) and other imaging techniques (e.g. mag- 
netic resonance imaging) generate data in the form of an 
image. They are an extension of the visual examination 
of foods that has been practised by consumers and food 
processors alike. Microscopy u~clmiques vary in method 
of image production, resolution and type of signal 
detected, and give a particular type of structural infor- 
marion that is unique to the technique useO. 

Studies suggest that foods having similar structures 
can be loosely ~x)uped together as foods lhat have similar 
textures. Most foods are of biolosical origin, but are 
processed to varying degrees, sometimes to such an 
extent that their biological origin is not readily apparent, 
for example Fain versus bread, muscle versus salami or 
milk versus cheese. Visual changes due to lm3cessing 
(e.g. milling of  grain, gelatinizafion of starch, comminu- 
tion of meat, heat denaturation of proteins, gelation of 
milk and ptoteolysis of proteins) are the results of 
changes at the microscopic and molecular levels. 
lmgOng techniques can be used to help evaluate such 
changes in terms of morphology and composition. 

Optical mictosc~y was initially used in food science 
to detect the ¢,ontamination or adulteration of foods, 
either accident~d or deliberate. This was followed by 
interest in the microstrucr.,.,~ of food itself, and how it 
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related to other properties of a 9mticulm food. Wsth 
the commercialization of food production, it has become 
necessary to understand the processes lead/aS to the 
development of various sWactlaes (e.g. foams, e n d -  
sions, dispersions, extmdates and fibres), to produce 
such s ~  in newly designed foods and to avoid 
defects in the foods being mmmfacum~ 

The suucmml analysis of foods has advanced ntpi~y 
during the past 20 years. Aguilera and ~ l e y  2 have 
reviewed this progress and &uamsed the techaiqms, 
findings and interpretations. Etx"aon m i c t o g o ~  tech- 
niques used in food science lu~e also beea reviewS.  
Althongh opti~ and ek~on micro,u~ have been 
used in food analysis for mazty year~ few uaivendty 
food science depaztments include food stngtuge studies 
in their cun~ula. Special teclmiques (e.g. confecal lm~- 
scanning microscopy' and atomic foge m i c m g e ~ )  
and proceduws such as elematal aaalym 0C-ray 
microanalysis e and electron eaergy loss SlgCttong~ 7) 
are used to study specific problems by relatively few 
food scientists on a routine basis. Othar i ~ n  S 
techniques, including magnetic t'ef~iance imngi~ ,  
acoustic microscopy 9 and ultra~mft X-ray m ~  m 
are, at present, used in food science eith~ infrequently 
or not at all, although they an: potentially very useful 
and their importance is expect~i to increase. 

The visualization of tree food structure is extremely 
difficult; each step of the weperafiea of a specimen for 
microscopy alters the food sample to some e, xl~L In. 
advertent or deliberate removal of water, lipid of other 
s u b s ~  during ~ . . t i o n  alte~ the sample, and 
changes the relationships that exist between its com- 
ponents. Such alterations mug, therefore be taken into 
consideration when drawing conclusiom and generaliz- 
a~ons from the analy~cal resorts. The best approach is 
to subject each food sample to sevezat imaging tech- 
niques for compafi~ and con~mi~on of results. The 
power of imaging techniques is in their use as part of an 
integrated system, where changes observed at various 
levels of resolution are systen~ti~lly evaluated. 

~,Ucrosco~ 
Lisht microscopy 

Bright-field, polarizing and fluorescence microscopy 
techniques are used most frequently. Although 
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manufacturers regularly produce 'new and improved' 
microscopes, objectives and various bits of peripheral 
equipment, the basis of image fornmtion in these tech- 
niques remeins unchanged. In conventional bright-field 
microscopy, illumination is transmitted sequentially 
through a condenser, the specimen and the objective, 
producing a real image that is upside down and 
reversed, and magnified within the microscope tube. 
The real image is then magnified again by the ocular 
lens, which produces either a virtual image that appears 
to be ~25cm from the eye, or a real image on photo- 
graphic film (or video) placed above the microscope 
tube I1. If the specimen is not highly culoored, contrast 
must be int~duced to make it visible. This is commonly 
achieved by the use. of dyes or stains of known speci- 
ficity for different components of the specimen. The 
blue s t a ~ g  of starch with iodine is a long-e~tablished 
but nevertheless very useful reaction for the food micros- 
copist. Fast Green or Acid Fuchsin are among the 
many stains that are useful for the localization of pro- 
teins. Toluidine Blue O (TBO) is a metachromatic dye 
that is especially useful in the examination of foods: 
pectin-containing plant cell walls (e.g. in fiuit and veg- 
etable tissues) stain pink to purple with TBO, whereas 
cell walls containing lignin (e.g. in vascular tissues) 
stain dark 5!ue. In meat products stained with TBO, 
muscle tissue i~ pale pink, fibroblasts are bluish and 
elasfin fibres are mrquoisd ~. Lipid-soluble dyes such as 
Oil Red O are used for staining fats. Another method for 
introducing contrast is to alter the path of the fight hit- 
ting the specimen, for example as in polarizing 
microscopy. 

A standard bright-field microscope can be easily con- 
vetted for polarizing microscopy by the insertion of two 
polarizers in the light path: one between the light source 
and the specimen, and the other between the objective 
and the viewer. Plane-polarized light, which is produced 
by the first polarizer, has rays that vibrate only in one 
plane, perpendicular to the direction of travel. A com- 
mon and inexpensive method of producing this effect 
is to use Polaroid TM film. If the second polarizer, rite 
analyzer, is rotated such that the ~nsmitted vibr~on is 
at right angles to the vibration of the incident light 
(crossed pulars), amorphous reglous within the speci- 
men will appear dark, whereas crystalline or ordered 
regions will appe~ very bright against a dark back- 
ground. The bright areas are the result of their com- 
ponents having two principal refractive indices: such 
substances are said to be btrefringent t3. A wide variety 
of food components are birefringent, including starch, 
fats, plant ceil walls, muscle fibres as well as many 
flavour and scasoning ~gredients. 

L'I fluorescence microscopy, light of a specific wave- 
length is absorbed by specific molecules that are present 
in the specimen, and the energy is re-emitted as light of 
a longer wavelength and lower intensity (fluorescence). 
The most v e r ~ l e  fluorescence microscopes use iucideot 
ligh~ or epi-illumination, rather than u-ansmitted ligh~ 
For opi-illumin~on, the objective performs as both the 

lens and the objective lens simultaneously, 

eliminating the difficulty of aligning the two lenses. 
A chromatic beam splitter, or dichroic mirror, which 
is positioned between the fight source and the ob- 
jective, reflects light that is shorter than a particular 
wavelength, and transmits light of longer wavelengths. 
Thus, the shorter-wavelength-exciting illumination is 
reflected down onto the specimen, whereas the longer- 
wavelength fluorescence emitted from the specimen is 
transmitted to the eyepiece. In addition, extraneous 
shorter-wavelength light reflected back from the speci- 
men or the optics is also reflected by the dichroic mir- 
ror, preventing it from reachin~ the eyepiece, so that the 
image seen is formed only by the emitted fluorescence '4. 

Many food components of plant and animal origin 
exhibit inherent fluorescence (autofluorescence). In 
plants, these include pigments (e.g. chlorophyll and 
carotenoids), and both high and low molecular mass 
phenolic compounds (e.g. lignin and ferufic acid). In ani- 
mal tissues, the main sources of autofiuorescance are 
bone and cartilage, collagen, elastin and some fats. 
Other ingredients such as vitamins and flavourings or 
seasonings are also fluorescent. In addition to autofluor- 
escence, there is an evox-increasing selection of fluor- 
escent probes to choose from, designed to impart flu- 
orescence to the component of interest. Some, like 
Calcofluor, a fluorescent brightener used to localize 
13(1--*3),(l-o4)-D-glucan in cereal grains, fluoresce both 
in solution and bound to the glucan. Others, like Nile 
Blue, which has a component that is soluble in lipids, 
require a specific enviromnent to be fluorescent, like the 
nonpolar milieu inside a fat droplet. Still greater speci- 
ficity is imparted by the use of antibodies and lectins 
labelled with fluorescent compounds: with these tools, 
specific proteins and saccharides rather than entire classes 
of compounds (e.g. proteins) can bo labelled (Fig. 1). 

Advances in instrumentation have been made in fight 
microscopy, most notably in the development of cou- 
focal laser-scanuing microscopy (CLSM). Although the 
confocal microscope was invented in 1957, it was not 
until the 1980s that innovations and combinations in 
technology made the commercial production of instru- 
ments, and hence the more widespread use of the tech- 
nology, possible. The main difference between a con- 
focal and a conventional microscope is in the placement 
of a pinhole at the focal plane of the image, which has 
the effect of removing out-of-focns fight, thus producing 
a clearer image, as well as allowing optical sectioning of 
the specimen, that is focusing at predetermined levels 
beneath the surface. Unlike conventional light mi- 
croscopy, where the entire specimen or feld of view is 
illnmin.qted uniformly, in confocal microscopy the speci- 
men is illuminated and imaged one point at a time, 
through the pinhole (hence the appellation 'scanning' 
microscopy}. 

To date, the area of food analysis in which CLSM has 
proved most advantageous is the examination of high- 
fat foods, which are difficult to prepare for conventional 
microscopy without loss or migration of the fat. Using 
CLSM, larger samples of food can be sectioned op- 
tically, allowing the imaging of delicate relationships 
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within the sample, which ere often distorted or 
destroyed by physical sectioning or smearing tech- 
niques. For example, CLSM has been used to character- 
ize high.fat spreads such as butter and margarine, and 
lower-fat (40%) spreads such as 'Halvarine', using Nile 
Red to stain the lipids, and fluorescein isothiocyanate to 
stain the proteins 4.as. Bulk specimens were used, so that 
the size and position of the fat globules within the 
spreads were undisturbed by specimen preparation. The 
same researchers also used CLSM to observe the de- 
velopment of the structure of wheat dough during proof- 
ins, and the localization of additives in the wheat gluten 
protein. Several different components can be identified 
and localized at once with CLSM by using specific 
fluorescent labels, depending upon the number of laser 
lines available on the instrument. As with conventional 
fluorescence microscopy, the use of antibodies and 
lecrins greatly increases the number of very specific pro- 
rein and saccharide components that can be studied. 

Another advancement in light microscopy is the 
coupling of microscopy with various types of spec- 
troscopy, so that specific chemical groups can be local- 
ized and mapped in situ. Wifile much of the instrumen- 
tation is not particularly new, it is only with the addition 
of computers to control the process and analyze the data 
that wider applications have become possible. Spectral 
characteristics provide information about the chemical 
nature of an unstained specimen down to the level of a 
single cell or microstrucmral feature. For example, 
using UV absorpiion, R was possible to differentiate 
between samples of insoluble fibre manufactured for 
use in bakery products '6. Fourier transform infrared 
micmspectroseopy has been used to study bacterial 
infection in potato tuhers% and also to characterize the 
chemical nature of components within cereals, oilseeds, 
spices and flavour compounds ts. By scanning across a 
specimen at a single wavelength, the distribution of a 
particular component within that specimen can be 
mapped. For example, because of interest in the use of 
mixed-linkage ~-glucan from oat as a dietary adjunct 
to help control sermn cholesterol levels, fluorescence 
trdcrospeclrometry is being used to study the distri- 
bution of the polysaccharide in oat kernels, as a way of 
identifying suitable varieties for processing purposes |9 
(Fig. 2). 

Electron microscopy 
Compared with light microscopy (LM), the resolution 

is considerably improved with electron microscopy 
(EM) 2°. Image formation in EM is similar to that in LM, 
but the illumination source is electrons focused with 
magnetic lenses rather than photons focused with glass 
lenses. As electrons are absorbed by air, EM is carried 
out in vacuo; thus, the sample must not release any 
volatile substances when placed in the microscope. This 
can be achieved by drying or freezing the sample before 
examination, or replicating it with platinum and carbon 
and examining the resnltant platinum-car~n replica. 
There are two principal EM modes, which complement 
each other, namely scanning electron microscopy 

i 

Fluorescence micrograph showing binding ot the fluomscein-labeUed lectin Ulex 
eoropeaus agg!utinin I (UEA I) in a sec~n of the oilseed canola. UEA I (yellow) 
has an affinity for et-I.-fucosyl groups, ~hich axe found in the f~cox~oglucan of 
the cell wails in the seed. The sectioo was coun~e~stalned with Fast Green, 
causing the protein bodies to fluoresce 1red. Scale bar = 10 wn. 
(S. Shea Miller, unpublished.) 

(SEM) and transmission e l e~on  mi~oscopy ('gEM). 
The methods differ mainly in rise method of image for- 
marion. The interpretation of the resulting images dc- 
pende to a great extent on the experience of the food 
scientist or microscopist. 

Scanning electron microscopy 
SEM is used to examine smfaces 2'. The sample is 

either dry (conventional SEM) or frozen below -80°C 
(cryo-SEM). A 5-20 rim-thick metal (gold) coating pro- 
vides electric conductivity. The sample is scanned by 
a focused electron beam, mid secondary or beck- 
scattered electrons are processed to form its enlarged 
image. The absence of water in dried samples exposes 
their solid structures for examination. SEM images have 
a great depth of focus and are relatively easy to under- 
stand (Fig. 3a). Modem field-emission scanning electron 
microscopes offer a high resolution (Fig. 3b). 

Hydrated food samples deslined for cryo-SEM are 
first rapidly cryo-fixed to retain water and convert it into 
vitreous ice 22. Only structures in the fracture plane are 
visualized in the presence of water. Optional 'freeze 
etching' (sublimation of a thin layer of the ice) exposes 
solid structural elements under the surface for examin- 
ation. Cryo-SEM is very usefiti for observing high-fat 
samples and other food samples that are difficult to 
stabilize using conventional preparation methods 23. Like 
other techniques, cryo-SEM is not free of  artifacts. The 
formation of ice crystals, which can displace structural 
elements and destroy the initial structure, poses one of 
the greatest risks - one that may be reduced by proper 
processing (i.e. by using a small sample, a high freezing 
rate and a low temperature). 
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Mapping of ~glucan distribution in a cross section of oat using scannin 
microspectrofluommetry of Calcofluor bound to ~glucan in the endosperm cell 

walls (excitation 365 nm; emission >418 nm). (a), Cultivar with low [3~81ucan 
(Cascade, 3.27%); (b), cultivar with high [~81ucan content (Belmont, 5.54%). 

Relative fluorescence intensity, which increases from red (lowest) through 
yellow, green and blue to fuchsia (highest), varies with [~glucan concentration. 

(S. Shea Miller, unpublished.) 

Transmission electron microscopy 
TEM visualizes the internal structure of food samples. 

Thin (15-90nm) sections of samples embedded in epoxy 
resin or platinum-carbon replicas of the sample are 
placed in the path of the electron beam, and the enlarged 
image is observed on a fluorescent screen or photographed 
on film. The electrons are transmitted through the sample 
with varying degrees of energy loss. Differences in the 
electron density of structures stained in the resin sections 
with heavy-metal salts (e.g. of uranium or lead) or differ- 
ences in the thickness of the metal replica due to differ- 
ences in the angles at which the metal is deposited on the 
fractured sample result in the formation of the image 2°. 
Images of replicas resemble those images obtained by 
cryo-SEM; replicas may be stored for future studies. 

Negative staining and metal shadowing are other 
TEM techniques suitable for visualizing suspensions 
and emulsions 3. 

Specimen preparation 
The choice of the preparation techniques used is dic- 

tated both by the sample type and the information 

required from the sample. Chemical fixation methods 
used in biology are geared towards the stabilization of 
hydrated cell-besed systems. These methods must be 
modified for use with food samples because the cells 
and their organelles present in the raw materials become 
disrupted during food processing such that the resulting 
food product becomes a new complex system in which 
the compartmentalization of the components is no 
longer cell-based. The conditions necessary to stabilize 
most foods differ from those used to stabilize the mw 
materials. A glutaraldehyde solution is used as a pri- 
mary fixative to crnsslink proteins, whereas an osmium- 
tetroxide (0s04) solution is used as a heavy-metal 
oxidative fixative to stabilize unsaturated lipids. Protein- 
based foods (e.g. meat and milk products) are relatively 
easy to fix, but high-fat foods pose problems: saturated 
fats cannot be chemically fixed. Unsaturated fats react 
with OsO 4 but then release OsO 3 and turn into diols 24. 
However, the presence of imidazole stabilizes Os04- 
fixed fats 25. 

Foods with high polysaccharide contents, particularly 
of gelatinized starch (e.g. puddings, pasta and bakery 
products), are also difficult to fix chemically. Cryo- 
fixation 26 is a better option. The de-oiling of fats such 
as butter, margarine, fat spreads and shortenings is used 
to visualize the crystalline fat network by SEM 27, 
whereas cryo.fixation followed by replication produces 
superior TEM images 25 (Fig. 4). 

The removal of water, which routinely follows sample 
fixation, and the optional removal of fat deplete the food 
sample of important constituents as well as of any sub- 
stances dissolved in them. Such removal procedures are 
often necessary to allow the visualization of matrices of 
either solid protein or fat crystals, and must be taken 
into account in the interpretation of the resulting 
images. 

Using EM, it is possible to see that foods made from 
similar raw materials may have different structures 
depending on the other ingredients present and the manu- 
facturing procedures used. For example, although 
yoghurt, full-fat cheese and low-fat cheese are all made 
from milk, yoghurt has an open (porous) protein matrix 
composed of interconnected chains and clusters, full-fat 
cheese has a compact protein matrix with fat globules 
and whey droplets interspersed in it, and low-fat cheese 
has the most compact matrix of all three products with 
very few fat globules. These differences in structure 
determine the manner in which the samples should be 
prepared for EM: fixation, dehydration and impreg- 
nation with a resin take more time with compact than 
with open samples of similar dimensions. Neglect of 
such considerations may lead to several artifacts, which 
may invalidate the results and conclusions. 

Combination o f  methods 
A combination of various EM techniques provides a 

more accurate view of food structure than any one tech- 
nique. For example, void spaces revealed by cryo-SEM 
in yoghurt or cheese indicate air pockets. Subsequent 
freeze etching reveals the location of the aqueous phase 
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(a), Couventiona! scanning electron microscopy (5EM) of miler-dried milk powder, showing the convoluted (fractal) particle stmraces. 
Scale bar = 200 itm. (M. gal~ib, unpublLshed.) (b), High-resolution SEM of casei~l micelles in milk. Scale bar = 0.25 tun. (Comlesy of 
W.R. McManos and D.J. McMahon, Western Center for Protein Research and Techttology, Utah State Unive~', Logan, UT, USA.) 
(c), An example of the use of electron energy loss specb'ometry (EELS) in food science: computer-enhanced transmission elecbxm micrograph 
showing calcium distribution in a casein micelle in milk. The coiour changes from yellow to dark blue as the c.~lcium concentration increases. 
Scale bar = 0.25 pro. (Courtesy of W.R. McManus and D.J. McMahon, Western Center for Protein Research and Technology, Utah State 
University, Logan, UT, USA.) (d), Casein miceUes in condensed skim milk as imaged by atomic force microscopy (AIM). A drop of condensed 
milk was placed on a glass cover slip and stored [or 15 min at room temperature. A gold-coated silicon n ~  fill) was used to image the 
casein micelles with a Digital Nanoscope Ill AFM. The sample was scanned in air under atmospheric conditions at a scan rate of f ~  lines 
per second in a constant-force mode at 3 nN. The image was obtained by scanning the casein micelles from aJxwe and represents the surface 
above the coverslip. Scale: 1 division = 0.2 I~m on the x, y and z axes. (Image courtesy of S. Chastain and N. Desui, NSC Technologies, 
Mount Prospect, IL, USA.) 

(as ice), which gradually vanishes as sublimation pro- 
gresses. Chemical fixation of proteins using glutaralde- 
hyde alone makes it possible to extract lipids and focus 
on the void spaces remaining in the protein matrix, 
whereas post-fixation of parallel samples with imida- 
zole-buffered OsO 4 preserves the fipid droplets for 
examination. A network shown by TEM to contain a 
high proportion of single particles in a thin section may 
subsequently be shown by SEM to consist of interCon- 
nected chains or fibres. Thus, a conclusion based on 
counting the single particles would be erroneous as 
these represent cross sections of the chains or fibres. 

Exceptions to all of  the rules mentioned in this article 
exist with specific procedures; for example, hydrated 
samples may be examined in an "environmental' SEM 

• at a very low accelerating voltage 29 of several hundred 
to a few thousand volts without a metal coating, or 

sections as thick as 1 mm may be examined by TEM in 
special microscopes. 

Localization techniques 
Conventional microscopy (LM, TEM and SEM) has 

been u~d  in food structure sludies to obtain a quali- 
tative description of the structure of samples. Localiz- 
ation techniques can be used in conjunction with th¢ 
conventional microscopies, to d~ctcrmine tim dism'bution 
of structural elements, macromolecules and elements of 
interest in the samples. Such techniques form the basis 
of what is generally called analytical microscopy, and 
fall into two broad categories: tlmse in which the local- 
ization probes are applied duri'ng specimen preparation 
(such as immanolocalization), and those that depend on 
the detection of other signals resulting from electron 
beam interaction with the sample, using additional, 
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Fi~4 
'Freeze fTactufing' of process cheese followed by replication with platinum 

and carbon shows a homoseneous distribution of fat globules (F) in the 
protein (P) matrix. The crystalline character of the fat globules is clearly visible. 

The process cheese contained 60% fat in the dry matter. Scale bar = 1 p.m. 
(Cou~esy of W. Buchheln~ and Marcel Dekker, Inc.) 

specialized equipment attached to the microscopes (e.g. 
elemental analysis). 

Immunolocal izat ion of  specific proteins and 
polysaccharides by LM and EM 

Many of the stains available for both LM and EM 
identify classes of compounds such as proteins and 
carbohydrates. The specific identification of many indi- 
vidual proteins, glycoproteins and polyseccharides is 
possible by using appropriately labelled antibodies and 
lectins. In LM. this is most effectively achieved with 
fluorescent labels such as lluorescein or rhodamine; the 
labelled probes can be used with either conventional 
fluorescence microscopy or CSLM. For EM, colloidal 
gold ~° has now surpassed ferritin or diaminobenzidine 
as an electron-dense marker for inununolabelling. Gold 
particles can be manufactured in very precise size 
ranges, making it possible to label two or more different 
components within the same section s' . 

For immunolocalization, primary mono- or polyclonal 
antibodies bind to specific antigenic sites on the smnple. 
Colloidal-gold probes coated with a secondary antibody, 
or with staphylococcal protein A, then interact with the 
bound primary antibodies to label the component of  
interest. Individual primary antibodies can be labelled 
directly, but it is more economical to have a "universal' 
secondary label that can be applied to a variety of  pri- 
mary antibodies. The locallzatio~l of whey proteins 
(15-1actoglobulin) in a meat product may be used as 
an example of immunolabelling (Fig. 5). Antibodies 
are most commonly raised against la'otein anti- 
gens, although polysaccharides of  sufficient size (e.g. 
fl-glucans ~s and arabinoxylans34), and oligosaccharides 
or other small molecules conjugated to a sizeable pro- 
rein will also elicit an antigenic response. Anti-polysac- 
charide antibodies are used primarily in biological 

(a) 

Primary antibody 
(Rabbit anti-~-Iactoglobulin) 

Secondary gold-labelled antibody 
(Goat antl-rabbit IgG) 

I Gold granules 

Whey proteins 

Muscle 
proteins 

F~.S 
(a), Primary, specific antibodies against ~-Iadoglobulin obtained 

from rabbit are applied to a thin section of the meat product 
(which contains whey proteins) embedded in a resin, where they bind 
to any exposed ~ladoglobulin molecules. Secondary, non-speciflc, 

gold-lahell~ goat anti-rabbit antibodies are then applied to mark 
the [3-iadoglobulin sites with go~ z. (b), Schematic diagram 

of a micrograph with the distribution of gold granules (which 
indicate the plesence of 13-1adoglobulin) and muscle as well as 

non-muscle proteins. (M. Kal~b, unpublished.) 
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applications as yet, but their use in foods will undoubt- 
edly increase. 

Immunochemical techniques are being used more fre- 
quently in food analysis 3s, and therefore an increasing 
number and variety of antibodies are being produced. 
Immunogold labels may also be used for SEM samples. 
They have also been used as cell-surface markers in 
atomic force microscopy (AFM) ~, although not yet in a 
food context. 

Lectins, which are proteins or glycoproteins of mostly 
plant origin, may be used in a similar fashion to anti- 
bodies. Lectins can be produced with either fluorescent 
or colloidal-gold labels; alternatively, the binding of 
lectins tO samples may be detected using labelled anti- 
lectin antibodies. Polysaccharides may be localized by 
the use of polysaccharide-degrading enzymes bound to 
colloidal gold (e.g. xylans in cell walls 37 may be visual- 
ized by xylanase--gold complexes). Alternatively, anti- 
bodies to the enzymes can be used to visualize the 
enzymes bound to their substrate in the sample. The pref- 
erential binding sites of cellobiohyclrolase and endo- 
gluconase on a cellulose microfibril were demonstrated 
using this technique, the two enzymes being labelled 
with different sizes of gold particles 3s. 

Elemental analysis 
Electron beam interaction with a sample produces 

electrons that have many different characteristics. As 
mentioned earfier, EM images are formed by the detec- 
tion of certain types of electrons that have reacted with 
the sample. In addition, the signals produced can be ana- 
lyzed using special detectors, to provide the atomic 
composition of the samples, which may be mapped or 
quantified. This can be accomplished in a number of dif- 
ferent ways, depending on the type of detector selected. 

X-ray microanalysis is based on the emission of 
X-rays from areas bombarded by electrons in the micro- 
scope. The X-ray emission, as discrete energy levels, is 
characteristic of  the element that generates it, and is 
detected as a unique series of  peaks. The emission 
specman can be used to identify the element, making it 
possible to carry out qualitative as weU as quantitative 
microanalysis of selected areas for their elemental com- 
position or to map the distribution of particular elements 
for the entire area under study 6. Elements of low atomic 
number such as boron, nitrogen or fluorine are more 
difficult to detect than heavier elements, but may be 
detected using specialized techniques such ~ electron 
energy loss spectrometry (EELS). 

Types of X-ray detectors: energy-dispersive and 
wavelength-dispersive systems 

The energy-dispersive (EDX) detection system, which 
has the ability to display the entire elemental spectrum 
at once with high sensitivity, is the system that is most 
used in both biology and food science. The EDX system 
has been used in food analysis in many instances: for 
example, to explain the crystallization of calcium phos- 
phate on Camembert cheese as a result of changes in pH 
induced locally by decaying Penicillium camemberti 

hyphae 39, to distinguish lactose ,cryslals ~ ] ~ i e s  
containing mineral constitoen~ in slnay-dried permeate 
obtained by the ultrafiltration of milk 4e, or to study 
the distribution of titanium in wheat and spinach plants 
treated with soluble titanium ~mbstanees to increase 
yiekP'. Although the wavelenbnh-dispersive 0VDX) 
system has some advantages over the EDX system 
(including the ability to discriminate closely spaced X- 
ray energy peaks), it is not widely u~ed in either food 
science or biology. Impmvemc~as in instmmentalion 
have made it possible to combine both the EDX and 
WDX systems in one microscope accessmT, and m 
extend detection in the fight-element range to carbon ~. 

Electron energy loss speclromelr~, and elec~on 
spectroscopic imaging 

The energy loss realized by the passage of inelasti- 
tally scattered, Wansmitted electrons through a sample 
may be separated on the basis of their energy levels, using 
an electromagnetic spectromete~ -2°. Like tile EDX and 
WDX systems. EELS displays the spectnnn of electron 
energies, which is characteristic of  the elements re- 
sponsible for the loss of energy in the beam electrons. 
The resolution of EELS is c~nparable to that of  the 
EDX system and offers a more efficient detection level, 
especially with elements of low atomic number (Fig. 3c). 

In another arrangement, in which the spectrometer 
is placed between the objeetive and the intermediate 
lenses, the spectrometer functions as an energy filter, 
eliminating electrons of particular energies. Only those 
electrons that pass through the filter are used to form the 
image. Superior imaging is obl~dned even with thicker 
samples. Electron spectroscopic imaging (ESI), as this 
type of detection is known, has also been used for map- 
ping various elements, including carbon, oxygen and 
nitrogen, in unstained sections only 30 nm thick ?. 

Evaluation and quantification of 
Digital image analysis 

The image produced by any microscopy technique 
is the starting point for digital image analysis, which is 
used to quantify various features of  the image. Images 
may be obtained in digital forum directly in the micro- 
scope; alternatively, negative film or prints of  images 
can easily be digitized ('scan~ed') to prepare them for 
mathematical analysis. The quantification of images can 
indicate structural changes due to processing on any 
resolution scale, from macrostructure to microstrnctare. 
Such structural changes in a f c ~  may help to predict its 
texture, which is an important quality consideration for 
the consumer. 

Sight is used to evaluate raw materials as well as fin- 
ished food products for quality. The judgement is based 
on a view of their macrostructurc as seen by a naked eye 
and also on structural details as visualized by mi- 
croscopy. Our brain, which r ~ i v e s  visual input from 
our eyes, enables us to draw conclusions quickly, even 
in complicated situations'L 

In scientific studies, it is important to describe images 
in quantitative terms. Computerized image analysis 
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t l~ pmpose4L Russ et al." characterized feamre- 
specific and global memmememz as simple appli- 
cation. ~ meuurements are panmeten 
related to object dimensions (such as area, length, 
width, perimeter, volume, surface area and grey level) 
and shapes (such as form factor, aspect ratio, fractal 
dimension, number of holes, convexity and solidity). 
Global ~ concern the overall image and 
include amt fraction, length and curvature of lines, and 
v~ioes kinds of gradients and orientalion paramO.ers. 
For example, in an e v a l ~  of  blisters that develop in 
cheese on pizza, the diameters, areas and grey levels 
would be feature-specific data whereas their numbers 
(counts), their disUibmion (distances to their nearest 
neighbours) aml the cheese area covered by all of the 
bliste~ combined would be global measurement data. 
This information is important to adjust cheesenmklng to 
maximize comumer acceptan~ of the product, and for 
obtaln|n£ ~ to detemlil~ correlations and to 
predict product behaviour. Such information could be 
programmed into quality-control robots for. ~,~j-~five 
acceptmce or rejeclion of  products coming off a pro- 
duclion line. 

Fractal analysis 
Fractal analysis is receiving a great deal of  attention 

in economic, tedmical and scientific disciplines 45 
b¢c, ause it can ¢ ~  mmplex curves, shapes and 
objects. In classic (Euclidean) geometry, a point, a line, 
an area and a volume have 0, 1, 2 and 3 dimensions, 
respectively. Smooth lines (curves) can be used to draw 
the images of many foods only appmxinmely. In re- 
ality, the ~ of  most foods, pe~/celarly when 
viewed with a microscope, aze jagged ot convoluted. If 
a line is extremely jasged so that it almost fills an area, 
its 'fractal' dimension is close to two, that is the di- 
mension number of that ares. The length obtained by 
measuring couvoluted curves (called 'fractal curves') 
increases as the length of the meuuring ruler (caliper) is 
decreased. If the perimeter of a section through an 
°bject is a fractal curve, then the °bject is a 'fractal'" It has 
a detailed stmctme irrespective of how great the magni- 
ficafioa is at which it is examined. The 'fractal dimen- 
sire' of m object is a measme of i~ degree of inegulafity. 

As a form of image mmlysis, fi-~,"tal analysis allows 
the estimation of  the desree of  irregularity of sW~-u~, 
and also Ihe examination of how ~ develops and 
its inegularity changes during food peoce~ing, for 
exampk agglomeration and crystallization. Fractal 
amlym miOt  also heip to endentand the porosity and 
meglmeu of foods. ]Vlicmgtal~, particularly those 
obtained by CSLM or AFM, may be evaluated for fra¢- 
tal dimemiom once they are digitized and various algor- 
ithms have beeu applied. 

Practal analysis is already used in other disciplines, 
and its use in food science ~ is also rapidly expanding. 
Particles of instant sWay-dried milk powder, freeze- 
dried coffee or fruit juices, cereal flours anfl. exmxlatcs 
me exampl~ of fractal objects, although they do not 
~ y  meet the requirement that the macr~tructure 

would repeat itself infinitely on the micro- and sub- 
micro-scales. Foods produced by extmsion~ spray drying, 
miler dxying, freeze drying, milling, microparficulation 
and other processes have complex shapes and surfaces 
as shown by SEM (Fig. 3a). Various examples, includ- 
ing simulated 'eye' patterns in cheeses or fractal ge- 
ometry of broccoli, have been presented in a review on 
fractals in foods by Peleg '7. The author hypothesizes 
on relationships between the degree of raggedness of 
agglomerated coffee particle, s and their tendency to dis- 
aggregate, to erode or to dissolve. The degree of rug- 
gedness may be ev~duated by measuring the fractal 
• mensions of the particle silhouettes. There are several 
published examples of fractal analysis in food science, 
for example the development of milk gels composed of 
casein micelles a or the measurement of the fractal 
dimensions of popcorn ~. 

.~dthough used rarely in food structure studies, fractal 
analysis methods have great potential and will undoubt- 

"edly be used frequenOy in food research to evaluate 
relatioeships between fractal dimensions and functional 
properees of  foods. 

Other imaging methods have been developed which, 
unlike LM and EM, require little or no specimen prep- 
arafion. These include the scanning probe microscopy 
(SPM) technique AFM, and also magnetic resonance 
imaging (MRI) and acoustic microscopy. 

Atomic force microscopy 
AFM is a form cf  SPM, developed in the materials 

sciences in the early 1980s. This imaging technique has 
many applications o, and has been used in various f ields,  
including food slxuctu~, to study surface roughness in 
alr, liquid or/n vacuo. The resolution spans I.,M and EM 
ranges. 

In AFM (as in SPM), a sha~ tip, located at the free 
end of a lO0-200mm.long camilevez, lxebes the sample 
~ .  Forces between the ill) and sample surface 
cause the cantilever to bend or deflect; in AFM, the 
main force comrlbuting to the cantilever action is the 
van der Waals force. As the tip is scanned over the 
sample, or vice versa, the deflection of  the cantilever is 
measmed by a detector. A map of surface topography is 
then computer 8enerated from the detected cantilever 
deflections. 

AFM can be carried out in three modes: contact, non- 
contact and tapping mode, each having specific uses and 
advantages. Constant-force contact AFM for soft samples 
has been used by N. Desai (pers. commun, and in Ref. 
5o) to visuaUze varioes dalry products (Fig. 3d). 

Because of the many advantages of using AFM and 
other types of SPM, these techniques will probably be 
increasingly used to image fresh food samples. 

Magnetic resonance imagin 8 
MRI was initially developed as a non-destructive ana- 

lyrical method for use in medical research and diagnosis, 
and has recently been introduced into food science. 
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An excel lent  review of MRI methods for food sys- 
tems s:, a book s and a short review sz in this journal 
have been pubfisbed recently. MRI is suitable for 
real-time dynamic studies of  food sUtgture to follow 
processes such as frying, foam drainage or fat crystal- 
lization. MRI, which is based on nuclear magnet"  
resonance spectroscopy (NMR), may be used to detect 
concentrations of :H, 3:p, ,5 N and ~ a  nuclei, and 
is particularly suited to study the distribution of 
water and lipids in agricultural products including 
foods. Two-dimensional (2-D) images show the distri- 
bution of hydrogen nuclei and, thus, water or lipids, 
in a plane running through the food being examined, 
for example an onion s:, as shown in Fig. 6. A series 
of  2-D images may be stacked up to produce an image 
of the 3-D structure. Rosenberg et  al .  s3 showed that 
MRI could be used to save Swiss cheese manufacturers 
the expenses they incur by ripening faulty cheese 
loaves: an early detection of the defects would allow 
another use (e.g. processing) to be found for the loaves 
and the space to be made free in the ripening room. 
Other uses for MRI have also been discussed by 
McCarthy s. 

C o n d m i o m  and  fu tu re  t rends 
Developments in the imaging of food structure are 

expected to parallel those in biology, medicine and ma- 
terials science. Trends in biology are geared towards an 
increased range of applications, with the ultimate goal 
of improving the resolution and contrast of  images, ex- 
tending the range of specimen types that can be imaged, 
and reducing the possibility of  false conclusions being 
drawn from the images by improving image analysis 
techniques. 

In the study of foods, conventional EM can be used 
to disclose their ultrastructure in a pictorial form. 
The structure of some foods (such as milk, meat and 
cereal products and legumes) has been studied in great 
detail, but there are many other foods whose structures 
have not yet been examined. The trend will be to fir 
this gap. Structure is being studied in relation to the 
origin of the raw materials (e.g. bakery products 
made from various grains, cheeses made from goat's, 
sheep's or cow's milk, and the structure of roast pork 
from animals fed various dietsS4). The effects of pro- 
cessing such as milling, comminuting, heating and 
extruding will continue to be studied. Modem electron 
microscopes have the ability to  record images on 
photographic material as well as magnetic media, and 
many laboratories are switching to a 'paperless' format 
with the addition of image archiving and the electronic 
transmission of images. It is no longer sufficient to 
characterize a food using so-called representative 
micrographs (which are usually the best micrographs 
obtained) and comparing them with other micrographs 
by qualitative visual evaluation. The trend is towards 
objectivization of microscopy and conversion of images 
into numerical data. Images in digital form will prob- 
ably be routinely subjected to image analysis and fractal 
analysis. 

RE.6 
Magnetic ~ e  imaging (MRI) of ibn onion, showins its dries and aw.as of 
internal bruises. (Courtesy of M.I. McCal f~: ,  Unive~r~ity of C.alifomia, Davis, 

CA, USA, and Elsevier.) 

It is anticipated that structural studies will play a more 
impor tant  role in elucidating ~he relationships between 
sensory attributes of foods, inclnding texture, and food 
structure, which will have an increasing impact on 
designing new foods. Stmctmul studies will probably 
also become an important coucouent of biotechnology 
studies, being used tO obscure structural changes in 
foods that have been produced by genetic manipulation. 
Fmally, it is anticipated that image analysis will become 
important to "the fc~xl industry, in quality control, and as 
a robot - part of the production line. 
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Forthcoming articles 
• Potential food applications of high-pressure effects on ice-water transitions 

• Advances in the understanding of egg white protein functionality 

• Fundamental aspects of controlled release in foods 

• Visions in the mist - protein imaging by electron microscopy 

• Methods for the rapid detection and identification of yeasts in foods 

• The use and control of chemical reactions to enhance the functionality of 
macromolecules in heat-processed foods 

• Spices as natural food ant(oxidants 

• Advances in the applications of ultrasound in food analysis and processing 
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