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Review

Advances in planar chromatography for the separation of
food lipids

Nils Urban Olsson
Karlshamns LipidTeknik AB, P.O. Box 152 00, S-104 65 Stockholm (Sweden)

ABSTRACT

A survey of the advances in planar chromatography for the separation offood lipids is presented. Techniques of planar chromatogra
phy [densitometry, preparative thin-layer chromatography (TLC) and TLC with flame ionization detection, etc.] together with applica
tions from the areas of dairy, marine and plant lipids are discussed. Additives such as lecithins (emulsifying agents) are also considered.
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I. lNTRODUCTlON

Chromatography performed in open systems,
such as on thin-layer chromatograms or on Chro
marods, represents a dynamic and versatile alterna
tive route to column liquid chromatography for
analyses for food lipids. The advances in this
technique over about the last 5 years in the separa
tion of food lipids -is discussed in this review.

Planar chromatography [1] on a silica matrix has
traditionally been the method of choice for the
separation oflipophilic substances. Since its appear-

11
12
13
13
13
14
14
15
16
18
18
18

ance in the late 1950s it has been the most practical
method capable of distinguishing between lipid
classes [phosphatidylcholine (PC), phosphatidyl
ethanolamine (PE), phosphatidylinositol (PI), etc.].
Lipid analysis prior to planar chromatography was
an imprecise and tedious task, performed by meth
ods such as iodine value determination (measure of
unsaturation) and elemental analysis for nitrogen,
phosphorus or sulphur.

During the past decade it has been gratifying to
see that planar chromatography, i.e., thin-layer
chromatography (TLC), has maintained its position

0021-9673/92/$15.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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I. INTRODUCTION

The Iatroscan is an instrument that combines the
resolution efficacy of thin-layer chromatography
(TLC) with the possibility of quantification by
flame ionization detection (FID). This instrument is
becoming increasingly popular in the field of food
science, where it is being used extensively for lipid
analysis. When the instrument was first marketed,
more than two decades ago, there were controver
sies regarding the acceptability of the results ob
tained [1,2]. The major drawback of the instrument
was a lack of quantitative accuracy and reproduc
ibility. Relative standard deviations (R.S.D.s) as
high as 30% and 83% [3,4] have been observed,
especially for low sample loads. Since then, a num
ber of papers have been devoted solely to the means
of understanding the full working of the instrument
and to increase its applicability in quantitative anal
ysis [5-9]. This resulted in a better understanding of
the working of the instrument, improved instru
ment design, especially the detector (making it more
sensitive and reproducible), newer and more uni
form Chromarods (the TLC component), better
techniques for sample application, etc. Several re
views [5,7-9], an exclusive book [6] and a symposi
um volume on Iatroscan [10] have further helped in
building the image of this instrument.

However, in spite of these several reviews and a
better understanding of the instrument, it is not un
usual still to find statements such as "the applica
tion of this method in lipid metabolism research
tends to be limited" [11]. Whereas in a review in
1990, quantification of samples spotted on Chro
marods without being subjected to solvent devel
opment (discussed later) was considered as irrele
vant [7], in a more recent study such a technique
was used for the determination of total lipids [12].
In two papers published in the same issue of a jour
nal in 1991 there are contradictory statements re
garding a particular aspect of the instrument (dis
cussed later).
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What is plaguing this instrument and why, even
after two decades following its introduction, has it
not found greater favour with analytical researchers
and not yet been more widely adopted in quality
control laboratories? With this background, it is
not surprising that the TLC-FID system receives
scant mention in Chemical Abstracts and Analytical
Abstracts. This is because the users of this instru
ment generally tend to fall into two categories:
those who routinely use it for quantification pur
poses and find it satisfactory, and others who have
certain doubts regarding the acceptability of the re
sults obtained. In an effort to make this instrument
appear acceptable, most papers and reviews tend to
overlook its drawbacks.

One of the disadvantages with this instrument is
that it has several operating and user variables, only
a few of which have been fixed by the manufactur
ers. A change in even one of the variables affects the
results, which, in part, accounts for the conflicting
observations from different laboratories. This ne
cessitates a thorough standardization of the instru
ment and the procedural work, and, most of all, an
understanding of the working of the instrument.

In this review some emphasis will be placed on
understanding the instrument. The various aspects
of which one needs to be aware when using the in
strument will be treated in an uncomplicated and
simple manner. The literature comparing TLC
FID with standard instrumental techniques will be
covered and some applications of TLC-FTD to
foods, with special reference to the oil and fat indus
try, will be discussed.

2. INSTRUMENTATION

The Chromarod Iatroscan system consists of two
independent units, the Chromarods which constitu
te the TLC component and the Iatroscan, the FID
scanner unit. An early review by Ackman [5]and an
excellent book on the TLC-FTD Iatroscan system
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[6] give a thorough illustration of the instrument.
Therefore, only a brief discussion of the instrument
will be given here.

The Chromarod is a quartz rod with a diameter
of 0.9 mm and a length of 152 mm. A 148-mm
length of the rod is coated with a thin layer (75 /lm)
of a mixture of soft glass powder and the adsorbent,
either silica gel (Chromarods S, SIl and SIll) or
alumina (Chromarod A). These differ in the nature
of the absorbent or its particle size [7]. The recently
introduced Chromarod SIll is the only format now
available [13].

The Iatroscan FID scanner consists basically of a
hydrogen flame jet and an ion collector. The sample
is burnt, the ions are collected by the collector elec
trode and the signal is amplified in a similar way as
in the gas chromatography (GC)-FID.

The newer models of the instrument, the Mark
IV and Mark 5, have an improved detector [7,8].
The ion collector is in close proximity to the Chro
marods, making it a more efficient ion collector.
The modified detector in the newer model was il
lustrated schematically in an recent review [7]. The
Mark 5 is an improvement on the Mark IV in terms
of operational features, doubled amplification to
improve the detection limits, a built-in air pump
unit and a decreased instrument mass [14].

The validity or accuracy of the TLC-FID meth
od is a question of using the most suitable response
factor (correction factor) for the sample. Hence it
will be useful to consider the various factors that
could affect the response of the flame ionization de
tector of the Iatroscan system.

3. FACTORS THAT AFFECT THE FID RESPONSE OF

THE SAMPLE IN THE IATROSCAN SYSTEM

3.1. Chromarods

Chromarods are the heart of the TLC-FID Ia
troscan system. The Chromarods come in a set of
ten that can be mounted on a frame. The FID re
sponses are shown to vary between the different sets
of Chromarods and also from rod to rod within a
set. Its has been suggested that one should match
and select ten Chromarods having similar charac
teristics from a larger batch, in order to avoid rod to
rod variation [7]. The grouped set of ten rods
should then be treated in a similar fashion. AI-
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though this practice is desirable, it is expensive [a set
often Chromarods SIII cost ca. US $215 (RSS, CA,
USA)] to buy large numbers of Chromarods and
moreover the procedure is time consuming. In such
instances it is more advisable to consider each rod
as a single isolated analytical unit and construct a
calibration graph for each rod [7]. This may appear
to be tedious but is a definite advantage as results
can then be expressed with more confidence without
any problem of rod to rod variation. The newly in
troduced SIll rods, being machine made, are more
uniform. Sebedio and Juaneda [15] contend that the
rod to rod variation among the SIll rods is low and
hence it is not necessary to treat each SIll rod as a
entity. However, it is essential to test a newly
opened set of rods before assuming any such uni
formity.

3.2. Nature of the sample

The response of a substance in TLC-FID is
strongly affected by its composition. Hydrocarbons
have the highest ionization abilities, whereas com
pounds containing heteroatoms such as oxygen,
phosphorus or halogens give a lower response.
Sterols are reported to give a high response, prob
ably owing to the planarity of the molecule [7]. Even
within the same lipid class the response varies de
pending on the molecular complexity of the sub
stance. Excellent examples are natural samples such
as fish oil triacylglycerols (TAGs), which give a
much lower response than an equivalent mass of
pure standard triolein. The multiplicity of the fish
oil TAGs results in partial subfractionation on the
efficient Chromarods. This results in shoulders or
broadened peaks which give a lower response. Fra
ser and Taggart [16] observed a 1.7 times higher
response for triolein compared with an equivalent
amount of fish oil (Marinol) triacylglycerols.

The various suggestions in the literature concern
ing this discrepancy include the following: (a) if the
peak is too broad, it will be advantageous to use a
slightly more polar solvent; the subfractionation ef
fects are not as marked in a polar solvent, hence a
narrower peak could be obtained (Fig. 1) [13]; (b)
double development in the same or a different sol
vent system can sometimes improve the FID re
sponse by producing a narrower band on the Chro
marod [3]; (c) the use of reference standards more
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TABLE I

CHEMICAL COMPOSITION OF MOST COMMONLY USED STATIONARY PHASES FOR CAPILLARY GC OF FOODS

Chemical composition Brand names Polarity" Applications

100% Cyanopropylsilicone CP-Sil-88 (Silar-IOc) VP Soybean oil [61]

100% Cyanoethylsilicone oil SP-2340,OV-275 VP Milk fat [51], hydrogenated vegetable oils [62]

Methylsilicone polymer, 25% OV-225, DB-225, SP-2300 P Meat fat [67]
Cyanopropyl-25%
phenyl-50% methyl

Methylsilicone polymer, SE-54 NP Kernel oil [84]
1% vinyl-5% phenyl

Methylsilicone SPB-l NP Fish oils [79]
SPB-5 NP Seed oils [58]

68% Biscyanopropyl- SP-2330 VP Butter oil, vegetable oils [62]
32% dimethylsiloxane

SP-2560 P Hydrogenated vegetable oils [62]

Polyethylene glycol DB-WAX, Supelcowax-IO, P Yeasts [48],butterfat [66], marine oils [73], [68],
Omegawax, Carbowax 20M blackcurrant seed oil [83], soybean oil [65]fu-

ran fatty acids [75], cottonseed oils [55]
95% Dimethyl- DB-5, SPB-5, CP-SIL 8CB NP Cottonseed oil [55]

5% diphenylpolysiloxane

100% Dimethylpolysiloxane DB-I, Rt-I, SPB-I, SP-2100, NP Yeasts [48]
OV-I, OV-IOI, CP-SIL 5CB

86% Dimethyl- DB-1701 P Yeasts [48]
14% cyanopropylphenylpolysiloxane

Acidified PEG Nukol, FFAP P Dairy products [51,53]

a VP = Very polar; P = polar; NP = non-polar.

The major drawback with non-polar phases is the
co-elution of some unsaturated FAMEs. For in
stance, linoleic acid (l8:20)6t partially overlaps
with 18:1 and 18:3 fatty acids (Fig. 1). C zo and Czz
fatty acids present similar overlapping problems
[41]. Because many C1 8 and Czo fatty acids have
important nutritional roles, polar or intermediate
stationary phases are more often the choice in the
analysis of food products.

Stationary phases of intermediate polarity, such
as polyethylene glycol. (PEG, Carbowax 20M) are
widely used in the GC of FAMEs. Carbowax 20M
is especially suitable for the separation of PUFA

a For the nomenclature used for fatty acids, consider the exam
ple I8:2w6. In this notation, 18 refers to the total number of
carbon atoms, 2 is the number of ethylenic bonds, and w6
corresponds to the number of carbons from the center of the
ethylenic bond furthest removed from the carboxyl group up
to and including the terminal methyl group.

and it is being tested in an official method of the
Association of Official Analytical Chemists for the
analysis of lipids of marine origin [41]. In polar col
umns, each group offatty acids, e.g., 18:0, 18:10)11,
18:10)9, 18:10)7, 18:20)6, 18:30)6, 18:30)3 and
18:40)3, will elute in this order (Fig. 2) [44]. This
sequence would expand with increasing column po
larity so that the more unsaturated FAMEs will
elute after the next highest even-carbon saturated
acid (in this example 18:40)3 will elute after 20:0). In
contrast to methylsilicone phases, PEG phases have
lower temperature stability. A maximum of 250°C
is the recommended temperature for isothermal GC
on recently developed high-molecular mass PEG
phases.

None of the polar or non-polar columns can
completely separate all fatty acids normally present
in a complex mixture. Therefore, a laboratory can
benefit from the operation of two columns with dif
ferent polarities.
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quires high accuracy, correction factors should be
applied to compensate for the fact that the carboxyl
carbon is not ionized during combustion [80]. In
addition, the degree of unsaturation of a FAME
mixture also requires the use of small correction
factors. The magnitudes of these factors are greater
for very short-chain or highly unsaturated fatty
acids [79].

There are a few reports on quantitative aspects of
the capillary GC of fatty acids. Not unexpectedly,
the results of inter-laboratory studies have shown
very poor reproducibility for the analysis of fatty
acid mixtures containing a wide variety of mole
cules [80]. Inter-laboratory studies rely on the avail
ability of reference samples and standards.
Standardized FAME mixtures are available from
the National Institute of Health and several com
mercial suppliers, but unfortunately they do not
cover all areas of application.

A linear FID response is generally assumed for
long-chain fatty acids. Therefore, absolute concen
trations are determined by adding odd-chain sat
urated fatty acids as internal standards (e.g., 17:0,
19:0and 23:0). Recently, 24:1w9 (nervonic acid) has
been used as internal standard for the quantitative
analysis of fish oils [81]. The addition of a single
internal standard assumes no discrimination of the
different fatty acids during the processes of isola
tion, derivatization and actual chromatography.

A more refined approach was recently developed,
consisting in the use of a series of odd-chain fatty
acid standards. The determination of a naturally
occurring even-carbon fatty acid was compared
with the two adjacent. odd-carbon fatty acids
("bracketing" method) [82]. It has been demon
strated that this bracketing method is superior to
the use of a single fatty acid as an internal standard
[82].

6. CONCLUSIONS

GC is the method of choice for the determination
of fatty acids. Food products contain a wide variety
of lipids and their fatty acids differ in chain length
and degree of unsaturation and in the presence of
special functional groups and positional and geo
metric isomers.

Procedures for the derivatization of fatty acids
need to be optimized to achieve good quantitative
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results. In general, most transesterification meth
ods, whether acid- or base-catalyzed, or direct
methods would meet the purpose depending on the
nature of the sample to be esterified. New reagents
and procedures, especially where no removal of the
reagent is recommended, should be assessed for
their long-term effect on the GC column.

Contemporary capillary GC offers excellent sep
arations of most naturally occurring fatty acids.
These capillary columns, especially those of medi
um polarity (e.g., Carbowax 20M), and the non
polar methylsilicone, successfully separate FAMEs
ranging from Cz to C Z4 and with 0-6 ethylenic
bonds. Special applications, such as the separation
of complex cis-trans fatty acid mixtures (character
istic of partially hydrogenated oils), cyclopropene
or epoxy fatty acids (common in some seed lipids),
require particular chromatographic conditions.
These include the use of very long capillary columns
(e.g., 100 m) and/or more polar stationary phases
composed of cyanoethyl- or cyanopropylsiloxanes.
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high-molecul ar-mass (H M W)] plu s min or subuni t
cla sses, joined through disulfide bonds into proteins
with relat ive molecul ar masses (Mr) ran ging int o
the million s.

It is no w po ssible to better isolate a nd character 
ize gluten, a nd to relat e its co mpos ition to quality
a nd genotype. This is possible because of improved
elect ro phoretic and chrom atograph ic meth od s.
Each new meth od showed gluten to be mo re com 
plex tha n had been indicated by ea rlier tech niques,
and ind ica ted the need for sti ll better met ho ds. As
data becam e more co mp lex and easier to acquire, it
also became apparent th at visua l dat a eva lua tion is
not sufficient. Computer-assisted sta tis tica l proce
dures a re needed to fully reveal information in the
results.

We will here rev iew advances in electro phoresis
a nd ch romat ography for gluten fractionatio n, and
show how these are being used . Other reviews [3
II] sum marize earlier progress, and our knowledge
of wheat protein composition, st ructure and func
tion a lity; a recent Proceed ings vol ume also provides
a useful ove rview of these topics [12]. We will also
review a n impo rta nt related top ic: meth od s to eval
uate electro pho res is and chromatography data . Vi
sua l eva lua tion is sometimes adeq uate, bu t mu ch
info rma tion is not read ily appa rent. Co mp uter-as 
sisted sta tis tica l meth od s of dat a interpreta tion
promise to enha nce the va lue of chromatography
and electrophoresis for analysis of wheat and its
proteins.

2. ELECT ROPHORET IC METHODS

Electrophoresis was the first procedure to reveal
the composition of gluten. Electrophoretic mobil ity
depends on net ch arge, resulting from ioniza ble
amino ac ids, and on polypeptide size. Gluten pr o
teins have few basic o r acid ic residues , giving them
low cha rge/mass ra tios, but electro pho resis ca n sep
arate them in several mo des: (a) both size a nd
cha rge influe nce mobility; (b) cha rge differences can
be suppressed by a deterge nt such as sodium dode
cyl sulfate (SDS) so separations dep end only on
size, as in SDS polyacrylamide gel electrophoresis
(PAGE); a nd (c) size does no t influence mobility, as
in isoelectric foc using (I EF), since proteins migrate
in a pH grad ient to positions where th ey are electri
ca lly neu tr al. These a pplica tio ns will be reviewed in
th is sectio n.

2.J. M oving-boundary electrophoresis

Early attempts to a na lyze gluten by elect ro phore
sis were by moving-boundary electro pho res is in an
open tube. With gluten, thi s method was originally
limited by glute n's so lubility . Jones et al. [13] de
scri bed bu ffers permitt ing separations of gluten.
On e buffer , pH 3.1 alum inum lact at e (a nd va ria
tio ns involving other lactate sa lts), became a highl y
successful solvent for gliad in elect ro pho resis . Usi ng
it, gluten was shown to co ntain at least five gliadins
and one glutenin [13]. Gluten co mposition va ried
qua litatively and quanti ta tively amo ng a nd within
wheat species. This method thus gave th e first real
evide nce th at gliadin and glutenin were themselves
heterogeneous.

2.2. Sta rch gel electrophoresis

Lacta te buffer was la ter combined wit h zone elec
trophoresis in starch gels [14-1 7], whic h stabilize
electrophoretic separations. Starch gel electro pho
resis (SGE) remai ns va lua ble for fra ctiona ting glia
d ins, showi ng them to be more hetero geneous th an
origina lly kn own . Today, 20-30 bands may resolve
by SGE. Woychik et al. [17] first proposed th at glia
d ins be subclassi fied as w, y, f3 and IX, based on in
creasing mobility. SGE also readily d istingui she s
gliadi ns fro m albumi ns, whic h have greater mobil
ities, an d from glutenin, whic h is polymer ic a nd to o
large to enter the gel or give distinct bands.

SGE of wheats revealed major di fferences in glia
d in compositions [18,19], permi tting va rietal ide nt i
ficat ion . Standard methods have been pr oposed
[20], and va rieta l ide nti ficat ion by gliadin SGE is
still used tod ay [21,22]. Albumins and globulins al
so sepa ra te well by SGE, differentiating genotypes
and classes [18]. SGE uses simple eq uipme nt and a
non -toxic support. N ever th eless, resol ution is vari
able, a nd it is difficu lt to reprod ucibly prepare
starch gels , which are not very stable.

2.3. Polyacry lamide gel electrophoresis

Polyacrylamide has genera lly repl aced sta rch as
the medium for gel elect rophoresis of wheat pro
teins. Sepa ration s are an alogous, but resolution of
PAGE is generally better. Pol yacrylamide gels can
be prepared reprod ucibly and a re sta ble, a nd th in
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In the latter expression the parameters reflect the
degree to which the response is due to different
peaks regardless of which other peaks are in the
model. The two forms of the linear model are equiv
alent in that they yield identical predictions and
sums of squared residuals, but parameters in the
second form may be more stable when the chro
matogram is normalized. If the stepwise search is
used the change in parametrization should be done
after variable selection, because Xocannot be select
ed independently of other variables in the model.
Simpson et al. [184] used this parametrization to
improve interpretation of regression parameters in
an example involving attribution of pollution in riv
ers to different uses of the surrounding land, a scien
tifically distinct but statisticaJly related problem.

The predictions in multiple linear regression are
usually better determined than the individual pa
rameter estimates. The main concern in the case of
prediction is to avoid extrapolating outside the
range of regression variables used to develop the
model. Non-linearity and other problems with the
model can easily crop up outside the range of exper
imentation where little information is available on
the nature of the response [167].

4.6. Partial least squares

PLS is a relatively new method often used in che
mometric applications when there are many pos
sible variables and a method for predicting or cali
brating is desired [185, I86]. The method has fea
tures in common with PCA and regression analysis
and is meant to handle problems with multiple pre
dictors and responses, as weJl as simpler problems
with one response and many predictors. The latter
case is easiest to understand.

Suppose we wish to relate the response Y to re
gression variables XI, X2, ... , Xp, For instance, Y
might be a quality measurement and the X's might
be peak areas or heights. Alternatively, foJlowing
Mosleth and Uhlen [187], the X-variables might
simply be absorbances or densities over a grid of p
retention times. Often p is larger than the sample
size n, so some kind of variable selection or combi
nation is needed to fit a regression model.

PLS regression first selects a unit vector u such
that the projections of the vectors of X-variables on
u have maximal covariance with the Y-values [188].

The projections of the X-vectors on u are called X
scores, and they are used as regression variables in
place of the raw X da ta. One can itera te the process
by using residuals from the regression of Y-values
on the scores and residuals from projections of the
X-vectors on u to select further basis vectors and
scores orthogonal to those previously selected. It is
usually suggested to use a cross-validation method
[189] to determine the number of basis vectors
« Il) to select.

Mosleth and Uhlen [187] reported on the use of
PLS regression to predict Zeleny sedimentation
from the electrophoresis pattern. A novel feature of
this study was the direct use of the discretized densi
tometry trace in the calibration, made possible by
the way in which PLS handles high dimensional da
ta. They eliminated the need for peak demarcation
except for identification of three reference peaks for
alignment purposes.

PLS has proven most useful in contexts where
empirical prediction equations are desired, and
there is little interest in isolating the effects of differ-:
ent variables in the regression. A typical example is
determination of the concentration of an analyte
based on a spectrum with relatively broad peaks
[190]. The usual confidence intervals from linear re
gression theory do not apply to PLS regression, be
cause the constructed regression variables (the X
scores) depend also on Y. The situation is similar to
that in stepwise regression, where significance levels
of z-tests and the coefficient of determination are
inflated due to selection of variables in the regres
sion. In certain cases cross-validation or other re
sampling methods such as the bootstrap [191] pro
vide a means for computing significance levels and
variance estimates. Martens and Naes [180] provid
ed an overview of PLS and other multivariate cali
bration methods and many further references.

Although there have been many reports of suc
cess using PLS, it is important to be aware oflimita
tions of the method. There is a tendency to treat X
and Y-scores as surrogate data, plotting them on
scatter plots, reporting coefficients of determination
or percentages of explained variation from the re
gression, and so on. However, X- and Y-scores have
very different properties from the usual data in re
gression due to their dependence on both X and Y.
In particular, the slope of the PLS regression is al
ways positive, and scatter plots and coefficients of
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Fig . 3. Urea-PAGE analysis of bovine case ins a nd whey prot eins on 8 to 25% gradient Phas tGe ls a nd Coomass ie Blue R250 sta ining.
Samples contained 2-mercaptoet hanol; buffer d id not. La ncs: I = whole casein : 2 = x-casci n: 3 = part/oK-casei n; 4 = 40%
dcphosphorylatcd whole casein: 5 = skim milk ; 6 = ex-LA ; 7 = fJ-LG ; 8 = bovine serum alb umin . From ref, 114.

3.1.1. Caseins and whey proteins
After compar ing polyacry lamide-aga rose gels in

urea-PAG E with ana lytica l anion-exchange chro
matography, Co llin et al. [11 5] concluded that
electrophoresis provides the grea test amo unt of
information for qu an titating bovine milk caseins,
despite the 6% variability in the upt ake of Coomas
sie Blue R250 by each case in. PAG E with out urea
gave better results for identifying genetic variants of
fJ-LG [1 16]. Deshmukh et al. [1 17] also observed
differences in absorption of aniline blue black
(Am ido black) among the case ins after PAG E and
concluded that cellu lose ace ta te electrophoresis was
better for qua nt ificatio n of milk proteins.

3.1.2. Cheese
Fo x [11 8] has reviewed man y applica tions of

electropho resis to the ana lysis of cheese. G rappin et
al. [11 9] reviewed stud ies using PAGE to ana lyze
case in breakd own arising from the action of plas
min, sta rte r culture proteinases and renn et. Detailed
diagram s showing rela tive mobilities of the major
pept ide prod uct s are an excellent informat ion
source . In studying flavor development in Cheddar
cheeses mad e with pro teinase-negati ve or proteinase
positive starter cultures, urea-PAGE analysis show
ed that there was no co rrelation betwee n flavor and
casei n breakdown [1 20]. Mod el stu dies of IXst- and
fJ-case in cleavages by chymosi n [121,122] have been
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Fig. 4. SDS-PAGE compari son of laboratory-prepared whole caseins (lane I) and whey (lane 3) with processed dai ry products (non-fat
dry milk, lane 2. and whey protein concentra te. lane 4). Gels were 18 x 14 em and 3 mm thick and stained with Coomassie Blue R250.
Lf = Lactofcrrin; BA = bovine serum albumin; IgG. heavy chain immunoglobulin G; fI-Lg = fI-lactoglobulin; (X-La = «-lactalbumin;
ClS2. CIs" fl. x, , . and )/ 2 = various caseins. From ref. 204.

for determining whey protein and casein contents of
milk products.

Although proteins sepa ra te in SDS-PAG E ac
cording to ma ss, a some what anomalous beha vior
has been ob served in the retardation of O:sl-casein
relati ve to the slightly larger fJ-casein. Creamer and
Richardson [132] found that although both O:s l- and
fJ-caseins bound 1.3 g of SDS per gram of protein,
O:sl-casein had an unexpectedly large hydrodynamic

size. SDS-PAGE of pure O:sl-casein treated with
plasmin indicated the formation of three lower-mo
lecular-mass bands ranging from 20 500 to 10 300
[133]. Similarly, sites of pla smin attack on O:s2-casein
were studied by Visser et al. [I34] in the isolated
protein.

The proteose-peptone fraction has been extensive
ly investigated with SDS- PAGE [12,102 ,135 ,136].
Nearly all of this heterogenous mixture in bovine
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vitamins suggests that their positive characteristics
in resolving complex analytical problems are being
confirmed; there has been a continuous improve
ment in these techniques with respect to the optimi
zation of both stationary phases and of hardware,
including the introduction of new detectors.

In this review we present a critical assessment of
chromatographic methods developed for the deter
mination of vitamins in foods, paying particular at
tention to sample handling and detection problems.
Even if not applied to food matrices, but to multi
vitamin tablets or other pharmaceutical products
and standards, some new techniques such as
MECC, SFC and isotachophoresis, are included in
view of their potential application to foods.

For each vitamin, surveyed methods are tabulat
ed in order to assist the evaluation for method selec
tion.

2. SIMULTANEOUS DETERMINATIONS

The great improvement in the simultaneous de
termination of different vitamins is due to the appli
cation of chromatographic methods; however, the
principal problem to be taken into account should
be the standardization of the conditions of extrac
tion, paying attention to the chemical/physical
characteristics of the food and the stability of the
vitamins to be determined. When simultaneous de
terminations can be carried out, the analysis time is
decreased and there is a less extensive use of materi
als and equipment.

2.1. Fat-soluble vitamins

HPLC has been the most often applied technique
over the last 5 years, even though SFC has been
developed and improved.

2.1.1. High-performance liquid chromatography
Ball [1] surveyed simultaneous HPLC methods

up to 1984. However, there have been futher devel
opments with the application of microcolumn (nar
row-bore) HPLC with multi-channel UV-VIS de
tection (Tables 1 and 2) for the determination of
vitamin A, E and D and fJ-carotene in milk, animal
feeds and vegetable oils [2,3], and of microcolumn
HPLC with UV detection of vitamin A, D, E and K
in margarine and butter [4]. NPC with UV and FL
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detectors in series was used by Kneifel et al. [5] to
determine vitamin A and D in butter and infant
formula. To eliminate the need for time-consuming
and laborious solvent extraction procedures,
Brown-Thomas et al. [6] proposed a multi-dimen
sional HPLC method using a 10-,um gel column, to
eliminate the bulk of the lipid material, which was
in-line with a semi-preparative aminocyano column
for NPC. This HPLC system was arranged with a
switching valve to direct the solvent flow towards
one or another column. In addition, to make the
determination of dl-a-tocopheryl acetate possible, a
final off-line RP-HPLC step was included.

Singh and Bradbury [7] developed an HPLC
method for the simultaneous determination of a
carotene, fJ-carotene, retinol and vitamin D z in
South Pacific root crops. Hot saponification was
followed by hexane extraction, then for vitamin D z
a clean-up procedure on an open silica gel column
was applied. After testing five mobile phases, meth
anol-ACN-CHCI3 (40:40:20) showed the best reso
lution in RP-HPLC, achieving the separation in the
order retinol, vitamin D z, a-carotene and fJ-caro
tene within 7-8 min. UV detection was performed
with a dual-wavelength detector. Average recover
ies were 87%, 91%, 93% and 94% for vitamin D z,

fJ-carotene, retinol and a-carotene, respectively.
The replacement of liquid-liquid partitioning

with liquid-solid extraction of retinol and a-toco
pherol from fatty samples of feedstuffs was studied
by Bourgeois and Ciba [8]. By replacing methanol
with methanol-ethanol-x-butanol in the saponify
ing solution, the two vitamins were de-esterified and
extracted together from the same sample by using a
disposable Kieselguhr cartridge. This procedure is
faster than conventional liquid repartition methods,
but it gives the same quantitative recovery (100.3%
retinol and 98.5% a-tocopherol).

Kim and Kim [9] evaluated alkaline and enzy
matic hydrolyses and both liquid-liquid and liquid~

solid extraction for the HPLC determination of vi
tamin A, D, E and K in foods. No difference was
found between alkaline and enzymatic hydrolysis
for vitamin A, D and E, but enzymatic hydrolysis
gave better results for vitamin K. Diethyl ether,
pentane and hexane gave the best recovery for
liquid-liquid extraction and a silica cartridge was
used for liquid-solid extraction. The HPLC analy
sis was performed on a CiS column with methanol-
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TABLE 2

ANALYTICAL CONDITIONS FOR SIMULTANEOUS HPLC DETERMINATION OF FAT-SOLUBLE VITAMINS

For sample preparation see Table I.

Stationary phase Mobile phase Detection Analyte Food Ref.

On-line with GPC: Linear gradient: UV, 292 nm Vit. D 2 , Fortified 6
semi-preparative omin, 30% methyl tert.- retinyl acetate coconut
(A) NH 2-CN phase butyl ether-CH2Cl2 oils

(30:70) in hexane;
15 min, 100% methyltert.-
butyl ether-Cl-l.Cl ,
(30:70); flow, 2 ml/min

Off-line: Methanol-propanol-water UV, 284 nm dl-a-Tocopheryl
(B) Polymeric RP-C , 8 (A) 60:10:30 acetate

(B) 89.5:10:0.5
Gradient: 0 min, 50% A;

18 min, 95% B;
flow, I.5 ml/min

5 /lm C, 8 ACN-methanol-CHCI3 UV, 325 nm Retinol South Pacific 7
RCSS Guard-Pak C I 8 (40:40:20) 280 nm Vit. D 2 root crop

452 nm a-Carotene
Dual wavelength j3-Carotene

(I) 5/lm Spheri-5-RPI8 ACN-CH2CI2-methanol
guard column (70:20:10),
Aquapore ODS 7 /lm 1.8 ml/min Programmable (a) Carotenoids Vegetables 12

UV-VIS: (b) Retinol,

(2) 5 /lm Spheri-5-0DS ACN-methanol. (a) 450 nm Retinyl acetate
Flow gradient: 0 min, (b) 313 nm (c) a-TOC,
1.8 ml/rnin, 5 min, 3.5 (c) 280 nm a-TOC acetate
rnl/min
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water (95:5) as eluent and detection at the highest
absorption wavelength of the vitamins with a vari
able-wavelength UV detector.

Staroverov et al. [10] did not presaponify vegeta
ble oils fortified with vitamin A, E and K 3 ; they
separated the three vitamins on microcolumns filled
with Silasorb using 6% diethyI ether in hexane as
eluent and detection at 320 nm for vitamin A and
K 3 and 220 nm for vitamin E.

Micali et al. [11] reported a procedure for the de
termination of a-, 13-, y- and <5-tocopherols, a-, 13
and y-tocotrienols, I3-carotene, all-trans-retinol and
retinyl palmitate in the unsaponifiable fraction of
butter and margarine involving HPLC on an HS
Silica column with hexane-isopropanol (99.8:0.2) as
eluent and programmable FLD ()'ex,290-360 nm
,1,em. 330-480 nm). Olmedilla et al. [12] developed

two NARP methods for the rapid separation of ten
carotenoids, three retinoids, a-tocopherol and a-to
copheryl acetate in vegetable samples using a single
sample preparation and RP-HPLC separation on a
C I 8 column with two-channel UV detection. Two
eluent systems were tried and discussed for their ef
ficiency to separate standards of the carotenoid, ret
inoid and tocopherol classes. ACN-methanol
(85:15) as eluent at two flow-rates gave the best res
olution among carotenes and retinyl palmitate in
tomato extracts. The DL was found to be 1 ng for
f3-carotene, 0.3 ng for retinol and 15 ng for a-to
copherol.

The retention behaviour of fat-soluble vitamins
on silica gel was investigated by Hara et al. [12] with
binary solvents each containing ethyl acetate, THF
or 2-propanol in hexane. A linear relationship be-
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Fig. I. Chromatograms showing the separation of water-soluble
vitamins on a 3-llm end-capped spherical Cs Pecosphere-3CR
column (83 mm x 4.6 mm J.D.), using different organic mod
ifiers + water containing 5 mM sodium hexansulphonate and
I% acetic acid. Peaks: I = ascorbic acid; 2 = niacin; 3 = niacin
amide; 4 = pyridoxine; 5 = folic acid; 6 = thiamine; 7 = ri
boflavin [24).

count. Most of the simultaneous methods have
been developed for those vitamins which can be ex
tracted in a single procedure from food, without
suffering losses; for example, to determine thiamine,
riboflavin and niacin together, the extraction is car
ried out mainly with acidic and enzymatic treat
ments, sometimes followed by clean-up on C l S dis
posable columns [21-23]. On the other hand, Rizzo
lo et al. [20] extracted six water-soluble vitamins
(biotin, niacin, riboflavin, thiamine, pyridoxine and
folic acid) from raw almonds using an extraction
procedure involving heat sonication of defatted ma
terials and removal of interfering compounds by
strong cation-exchange column clean-up.

Further, some published methods are not truly
simultaneous, because the separation is not per
formed in a single chromatographic run, even
though it is on the same column. For example, to
determine riboflavin and thiamin in dietetic foods,
Hasselmann et al. [22] performed two successive
runs of the same extract on the same C l S column
with an FL detector set at the proper wavelength
(riboflavin Aex. 422 nm, Aem. 522 nm and thiamine as
thiochrome at }'ex. 366 nm and Aem. 435 nm).

To avoid successive runs on the same column,
two or more detectors can be connected in series.
To determine niacin and pyridoxine in fortified
food products [26], the two vitamins were separated
after acid extraction on an ODS phase and detected
with UV and FLD instruments in series. To deter
mine thiamine, riboflavin and niacin in heat
processed meats, Dawson et al. [23] set up an RP
method in which an aliquot of the sample was di
rectly separated on a C l O column, and riboflavin
and niacin were detected using FLD and UV in
struments in series. After derivatization of thiamine
to thiochrome, the sample was separated under the
same conditions and thiochrome was detected by
FLD.

IP-RPC has been widely used, with different mo
bile phases and counter ions. However, to deter
mine ascorbic acid and orotic acid in milks Genna
ro and Abrigo [18] developed an RP ion-interaction
HPLC method, using octylamine orthophosphate
as the interaction reagent, without addition of an
organic modifier or buffer to the mobile phase.

The RP separation on a C l S column of nicotin
amide, pyridoxine, thiamine, riboflavin, folic acid
and cyanocobalamin in oral liquid tonics, as affect-
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matrices, such as drinks [16-18], even though more
complex food matrices have been studied [19-23].
Dong et al. [24] systematically evaluated the factors
controlling the separation in the IP-RPC mode of
seven water-soluble vitamins (ascorbic acid, niacin,
niacinamide, pyridoxine, folic acid, thiamine and ri
boflavin (Fig. 1) while Dai et at. [25] optimized the
operating parameters in the RP mode using a poly
nomial fitting least-squares method, studying the
relationship between retention time and peak width
and methanol concentration in the mobile phase,
which is the main factor affecting the RP separation
of water-soluble vitamins.

One of the critical stages of the simultaneous
methods is the extraction and the chemical/physical
characteristics of the food and as the stability of the
vitamins to be assayed have to be taken into ac-
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TABLE 4

CONDITIONS FOR HPLC DETERMINATION OF RETINOIDS

Sample preparation Stationary phase Mobile phase Detection Food Ref.

Milk: saponify with 15% Open column: Water-methanol 325 nm Milk, infant 45
KOH in methanol (70°C, 30 min). 20 x 1.5 em LD., (10:90), 100 ml in LP formula,
Extract with diethyl ether, 50-/lm C , 8 , margarine,
dissolve in LP. N 2 (10 p.s.i.) egg,
Margarine: dissolve in hexane, HPLC, RP C , 8 ACN-CH2C12-CH3OH 325 nm chicken and
filter to dryness, saponify (70:20:10) lamb liver
with 80% KOH in methanol
70OC, 30 min), then as above.
Egg, liver: dry sample
over Na2S04 , saponify with 70%
KOH, then as above

Alcoholic saponification C, 8 Water-methanol (96:4); 294nm Fish 46
(hydro quinone as antioxidant) flow, 1.5 nil/min

Automatic continuous Supelco LC-8 87% aqueous CH 30H 325 nm Milk, infant 47
Technicon sampling, on-line containing 0.1% formula
KOH saponification, clean-up CH 3COOH

Saponify with 10% ethanolic Silica Apex Heptane-2-propanol DAD Milk, infant 48
KOH with pyrogallol at room formula
temperature for 18 h in
centrifuge tube

Saponify with hot water- /lPorasil Hexane-CHCl3 (60:40) Fluorescence, Premixes 49
alcoholic KOH (30 min) with 350/470 nm
ascorbic acid as antioxidant, (ex.rem.)
extract with LP

In a centrifuge tube saponify Nova-Pak C , 8 Methanol-water (95:5); 325 nm Milk, dairy 51
with KOH (ascorbic acid and flow, 0.8 rnl/min 313 nm products
pyrogallol as antioxidant,
80°C, 20 min), add LP, shake,
evaporate supernatant to
dryness, dissolve in methanol

Saponify with aq. ethanol /lBondapak CH 2Cl 2 containing 280 nm Eggs 50
and ascorbic acid (boil with C , 8 0.001% trimethy1amine-
water, 30 min) extract with ACN-methanol
hexane, evaporate to dryness, (300:700:0.5);
dissolve in ethanol flow, 0.3 ml/min

Extract with hexane, Radial silica 2-Propanol-hexane Multi-wavelength Vegetable 52
clean up on PTFE (0.45 J.lm) (0.07:99.93); UV, fluores- oils, ghee,

flow, 2 ml/rnin cence 325/465 butter, mar-
nm (ex./em.) garine

Milk: dilute with ethanol, Novapak RPC ACN-CH2Cl2 325 nm, Milk, milk 53
extract with LP. (80:20) fluorescence products,
Powder: extract with DMSo- 325/470 nm shark and
DMF-CHCI3 (2:2:1). Porasil Hexane-2-propano1 (ex./em.) cod Iiver oils
Oils: dilute with ACN- NPC (99.93:0.07)
CH 2C1 2 (1:1)

Extract from model system NPC Hexane-Z-propanol 325 nm Model system 56
with CH 3OH-C2HsOH- LiChrosorb (99.93:0.07);
acetone (6:3:10) and 200 Si 60, 4YC flow, 1.5 ml/rnin
ppm BHT, evaporate to
dryness, dissolve in methanol RP Methanol-water (90:10);

Spherisorb ODS flow, 1.5 rnl/min
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temperature, pressure, nature and concentration of
the polar modifier were investigated. These studies
have led to a fivefold reduction in the analysis time
together with an improvement in the resolution of
these compounds.

An interesting study by O'Neil et al. [103] com
pared methods for the determination of cis-trans
isomers of {i-carotene. Although both Vydac Ci 8

and Ca(OH)z were effective in resolving diastereo
isomers of {i-carotene, they found that the lime
method had fewer interferences and higher selec
tivity when used to analyse real vegetable samples.
The only possible way to separate a complex mix
ture of esters and carotenes is the use of an NP and
an RP in series: on NP, cryptoxanthin esters are
well separated from the diesters. NP provides quan
titative data on the different classes of carotenoids
and RP determines the individual elements.

The choice of the correct method for quantitative
analyses was discussed by Philip and Chen [104];
owing to the limited availability of pure carotenoids
as standards, the use of external standards is rare,
whereas the use of an 1.S. is affected by the shifts in
absorption maxima in different solvents during gra
dient elution. They claimed that Sudan I is suitable
as an 1.S. for both NP and RP carotenoid analysis.

There are other techniques besides NP and RP
chromatography, but they are less frequently used.
Minguez-Mosquera et at. [71] presented a method
using IP-RP chromatography to study olive fruit
lactic fermentation; pigment concentrations were
evaluated from an extension of Beer's law. This
procedure was compared with the external standard
method; an analysis of variance showed no signif
icant differences between the two methods.

Stalcup et al. [105] proposed a cyclodextrin bond
ed phase used in the NP mode to separate and iden
tify a complex standard mixture. An improvement
in the identification and characterization of various
carotenoids could be the use of MSO in LC analy
sis. This topic was reviewed by Taylor et at. [106].

3.2. Vitamin D

HPLC is the most commonly used chromato
graphic method for the determination of vitamin 0
vitamers [ergocalciferol (0 2) and cholecalciferol
(0 3) ], which have very similar biological activity in
man. Usually, total vitamin 0 evaluation is re-
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quired, even if the knowledge of the content of each
vitamer in fortified food is important.

Although in the past other techniques, such as
open-column chromatography, TLC and GC, were
applied [114], over the last 5 years these techniques
have not been improved. In contrast, HPLC tech
niques have been extensively studied over the last
decade [1] and two methods, which were tested by
collaborative trials by de Vries and co-workers
[115,116], were accepted as official by the AOAC
[117,118].

3.2.1. Sample preparation
Usually, sample preparation is carried out in two

steps: saponification and clean-up (Table 7). The
most commonly applied mode is saponification
with refluxing alcoholic KOH and it was included in
AOAC methods, with some precautions to reduce
thermal isomerization [119-122] and to prevent ox
idation by adding some antioxidants [117,118,123
126]. Agarwal [127] used an overnight cold sapon
ification, while Hung [126] did not saponify the
samples before extraction.

The clean-up stage is the critical point of the
methods and it appears rather complex. This is still
a matter of major development, as a well prepu
rified extract is needed for analytical HPLC. To
avoid these clean-up procedures, Agarwal [127]
converted both vitamers present in the unsaponi
fiable matter from fortified milks into isotachisterol
by reaction with SbCh; the derivative was mea
sured at 301 nm without interference from the other
substances present.

The clean-up procedure varies according to the
type of food matrix. For example, for fortified milk
and milk powders [117], semi-preparative HPLC on
a CN-bonded phase prior to the analytical HPLC is
suggested, whereas for feedstuffs [118] a two-step
clean-up is necessary, involving open-column chro
matography on alumina to separate vitamin 0 from
vitamin E and carotenoids, followed by purification
of the vitamin 0 fraction by semi-preparative
HPLC on an RP-18 column, prior to the analytical
HPLC.

Clean-up by open-column chromatography on
alumina was also used by Villalobos et al. [122] for
corn flakes and sardines and by Romanov and Osi
pova [121] on plant materials. Bekhof and Van den
Bedem [119], using a two-dimensional HPLC sys-
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TABLE 21

CONDITIONS FOR HPLC DETERMINATION OF ASCORBIC ACID

Sample preparation Stationary phase Mobile phase Detection Food Ref.

Degas by filtration through paper, dilute HPICE-ASI Acetonitrile-IO mM PAD, +0.70V Beer 278
I:20 with pH 9 buffer prior to injection H2S04 (4:96); flow,

0.8 ml/min

Add 62.5 mM MPA, blend, centrifuge, Aminex 4.5 mM H 2S04 ; flow, DAD, 245 nm Potatoes, 252
filter through paper HPX-87H, pore 0.5 ml/min strawberry

size 9 Jlm

Extract in 0.5% oxalic acid, add perchloric PRP-I 16% ACN in 50 mM Fluorescence, Dairy 273
acid, centrifuge, two-step derivatization H3P04 and 5 mM 375/475 products
with 4-ethoxy- and 4-methoxy- propanesulphonate, (ex./em.)
phenylenediamine, purify through CIS adjust pH to 9 with
and Aminex 50W-X2 (Na +) columns 0.15 M H3P04 ; flow,

I ml/min

Filter through Nucleopore Syrfil, 25 mm, LiChrospher Octylammonium- UV, 254 nm Milks 262
0.45-Jlm filter and dilute 1:5 RP-8, 5 Jlm salicylate, 5 mM;

flow, 1.0 ml/min

Homogenize in MPA, ultracentrifuge and LiChrospher Octylammonium- UV, 254 nm Fruit juices 253
filter through Nucleophore Syrfil, 25 mm, RP-18,5 Jlm salicylate, 5 mM;
0.45-Jlm filter flow, 1.0 ml/rnin

Blend in 2.5% MPA-mobile phase (1:2), Rainin NH 2 , 8 ACN-Q.05 M KH2P04 UV, 254 nm Apple, 254
filter through paper, clean-up through Jlm (75:25); flow, potatoes
Sep-Pak CIS and 0.45-Jlm nylon 66 2 nil/min
membrane. To detect total AA: reduce
DHAA with DTT

Homogenize, add 0.1 M citric acid Three Ultrasphere Buffer (pH 5)---{).1 M Fluorescence, Luncheon 261
containing 5 mM EDT A together with ODS CIS in NaH2P04-5 mM 350/430 nm meats
hexane, centrifuge, filter through series, 4°C EDTA-5 mM (ex./em.) after
0.45-Jlm membrane. tetrabutylammonium postcolumn

phosphate derivatization

Homogenize in 5% MPA, centrifuge, filter JlBondapak NH 2 5 mM KH 2P04 (pH UV, 254 nm Vegetables 256
through paper, dilute, clean-up through 4.6)-ACN (30:70);
Sep-Pak CIS and filter through 0.45-Jlm flow, I ml/min
membrane

Mix with ethanol and MPA, centrifuge. Cosmosil 5 CIS' MPA (2 gil); flow, I UV, 243 nm Citrus juices 266
For total AA: add 0.3 M Na 3P04 and 40°C ml/rnin
NaSH (20 min, 35°C), dilute with MPA,
filter through 0.45-Jlm membrane. For
AA: dilute with MPA and filter through
0.45-Jlm membrane
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Homogenize in 0.2 M phosphate buffer
(pH 2), extract with 3% MPA, filter
through 0.45 Jlm nylon filter

Add 12.5% TCA solution to precipitate
proteins, centrifuge, filter. For total AA
add homocysteine to reduce DHAA to
AA, adjust pH to 7.0 (15 min, room
temp.)

PLRP-S, 5 Jlm
100 A

Nucleosil 7 CIS

1.8% H4folic acid and DAD, 244 nm
0.3% MPA
in water; flow, 0.5
ml/min

2 mM Bu4NOH in UV, 254 nm
water (pH 2.92); flow,
1.5 ml/min

Fruit,
vegetables,
juices

Milk
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264
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separation of gentamicin analogues obtained from
a milk sample. The selectivity of the polarimetric
system is a distinct advantage when working with
complicated food matrices. Each milk sample was
acidified with trifluoroacetic acid (TFA), centri
fuged for 10-15 min, and the supernatant liquid was
then injected directly into the HPLC column with
out further preparation. Thus, including the chro
matographic run, less than 25 min per sample are
required for analysis. Comparison of Figs. 5 and 6
clearly shows the source of the gentamicin sample
used to spike the milk.

Polarimetric detection, in combination with
HPLC separation, has demonstrated significant ad
vantages for the analysis of optically active anti
biotic compounds found in food materials. The ap
proach is fairly universal for most pharmacological
ly important antibiotics and sensitive detection can
be achieved without the need to derivatize the anti
biotic. Non-derivatized materials are easier to re
solve chromatographically. The polarimetric detec
tion system can provide information on the innate
optical activity of eluting antibiotics and this in
formation cannot be obtained by any other means.
Specific rotations can be used to identify closely re
lated structural analogues even when present in a
complicated food matrix.

3.4. Mass spectrometry

MS is another detection mode that can theoret
ically provide detection for all antibiotic substanc
es. Two limitations preclude widespread utilization
of this detection mode for screening applications;
the cost and complexity of the instrumentation,
particularly LC-MS, and the difficulty in obtaining
diagnostic molecular ions which can be used for
both identification and quantitation. A variety of
different ionization modes have therefore been used
to provide reproducible ion formation. In general,
the mass spectral information is usually used for
qualitative purposes, while a separate UV detector
is then used in-line in order to provide enhanced
quantitative information.

Sulfonamides have been determined in salmon
flesh using ion-spray tandem MS (MS-MS) [33].
The MS-MS technique, using collision-induced dis
sociation, provided unique structural information
which was used to distinguish between isomeric and
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isobaric sulfonamides. The MSinformation was
very useful for identification purposes, however,
UV PDA detection was used to provide a limit of
detection at the 25-ng/g level.

Thermospray (TSP) MS was used to study gen
tamicin analogues separated by reversed-phase ion
pair HPLC using TFA as the ion-pair reagent [34].
Fragmentation patterns were used to identify the
four main components. Several previous studies uti
lized alkylsulfonates as ion-pair reagents for gen
tamicin separation. However, it was found that
these salts were not compatible with the TSP source
and TFA was therefore used. Detection limits for
the HPLC-TSP-MS technique were approximately
an order of magnitude higher than those reported
using fluorescent derivatization.

Particle beam HPLC-MS has been evaluated as a
potential method for the analysis of antibiotic com
pounds found in food materials [35]. The sensitivity
of the particle beam interface was found to be relat
ed to the heat capacity of the solvent system with
the highest sensitivity observed for solvents with the
lowest heat capacities (i.e. methanol> acetonitrile
> water). This would limit to some extent the range
of mobile phase compositions available for use with
this detection system. A LOD at the ng/g level was
demonstrated under single-ion monitoring condi
tions. The particle beam system was also compared
to the TSP source. For the same antibacterial com
pounds, the TSP source provided less structural in
formation than the particle beam, however, the
LOD for the particle beam was approximately a
factor of 10 higher.

For antibiotic materials that are either inherently
volatile enough for GC or derivatizable to enhance
their volatility, GC-MS can provide all of the qual
itative advantages of LC-MS, with much better
LODs. For example, GC-MS analysis of egg sam
ples for chloramphenicol residues [36] using nega
tive-ion chemical ionization provided an LOD
which was as good as that reported for the electron
capture detector [37] in a similar matrix.

3.5. Miscellaneous detection techniques

Several new detection modes have been reported
for specific antibiotic materials. These include elec
.trocatalytic oxidation [38], tris-2,2'-bipyridyl ruthe

. nium(III)-based chemiluminescence [39] and chem-
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As a sample matrix, honey does not present as
many challenges as, for example, milk or eggs. Diaz
et al. [53] have developed a procedure for the analy
sis of tetracyclines and sulfathiazole which involves
simple dissolution of the honey sample in a mixture
of acetonitrile-water (10:90) prior to analysis. The

4.4. Honey

of sodium azide to enhance the water solubility of
the antibiotic. The aqueous sample is then placed in
a continuous-flow system where it is dialysed on
line through a cellulose acetate membrane. The
small antibiotic molecules pass through the mem
brane and are then concentrated on a short column
packed with polymeric XAD-4. The concentrating
column is backflushed into the analytical column
where the sulfonamides are separated by RP-HPLC
(Cs). Fig. 8 shows the separation of a variety of
different sulfonamide analogues using this automat
ed sample preparation, concentration and separa
tion system. The authors found that derivatization
of the antibiotic materials wth p-dimethylamino
benzaldehyde (post-column) enhanced their UV de
tection at 450 nm by a factor of approximately 2
over their inherent absorptivity at 280 nm. In Fig. 8,
the level of the various sulfonamides injected was 50
ng/g and, as is evident from the data, this method
provides excellent separation and detection at this
level and below.

With respect specifically to egg samples, this
method provides significant advantages over others
in that problems with emulsification are minimal.
Fig. 9 shows the separation of two different sulfon
amides separated from eggs using this automated
method. The excellent signal-to-noise ratio ob
tained for sulfaguanidine suggests that this method
should be able to detect several of the sulfonamides
at the low ngjg level, or below. In general, one of
the main advantages of this method lies in its poten
tial for wide applicability. The realm of sulfon
amides investigated with this method spanned the
range from polar to relatively non-polar, and from
weakly acidic to basic. This range of chemical func
tionalities and characteristics also encompasses
many other antibiotic materials of physiological
concern and the method should therefore be exten
dable to the analysis of these antibiotic materials in
similar matrices.

0.005 AUFS

0.05 AuFS

0.005 AUFS

o60mino

EGG B

r0.005 AUFS

0.05 AUFS

C
MILK

60min

cedure involving dialysis isolation and on-column
concentration has been developed by Aerts et al.
[52] for the analysis of sulfonamides in egg samples.
Egg samples are homogenized with a small amount

MEAT
A

Fig. 8. Continuous-flow LC analysis of blank and spiked meat
(A, 100 lig/kg), egg (B, 50 /lg/kg) and milk (C, 25 /lg/l) samples.
Conditions: enrichment column, 60 mm x 4.6 mm I D., XAD-4;
eluent, 0.05 M sodium acetate (pH 4.6)-acetonitrile (82.5:17.5);
analytical column, LiChrosorb RP-8; derivatization with di
methylaminobenzaldehyde (DMAB); detection at 450 nm, 0.005
a.u.f.s. Peaks: I = SA (sulphanilamide); 2 = STH (sulphathia
zole); 3 = SD (sulphadiazine); 4 = SM (sulphamerazine); 5 =
SMZ (sulphamethazine); 6 = SDX (sulphadoxine); 7 = DDS
(dapsone) + STX (sulphatroxazole) + SMX (sulphamethoxa
zole); 8 = SDM (sulphadimethoxine); 9 = SQX (suJphaquinox
aline). From ref. 52.
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year. Acceptable methods need to be low in oper
ator and instrument time, instrument cost, and sol
vent and reagent cost. The method should also min
imize waste generation.

2.2 Chemical characteristics of the heterocyclic
amine compounds

The heterocyclic amines found in foods have sta
ble multi-ring aromatic structures and all have an
exocyclic amino group. Structures of those com
monly detected in foods are shown in Fig. 1. From
their structures, liquid chromatography and gas
chromatography (with derivatization) appear to be
suitable chromatographic analysis methods. All of
the heterocyclic amines have characteristic UV
spectra and high extinction coefficients, some of the
compounds fluoresce and all can be electrochem
ically oxidized making UV absorbance, fluores
cence or electrochemical detection suitable meth
ods.

For gas chromatography (GC), detection by elec
tron-capture or nitrogen-phosphorous thermionic
detectors is possible. The aromatic structures of
these heterocyclic amines give little fragmentation
and therefore show large base peaks, making mass
spectrometry (MS) a good detection method fol
lowing either GC or high-performance liquid chro
matographic (HPLC) separations.

MelOx

2.3. Scope of the analytical problems

The are several factors that make the analysis of
heterocyclic amines from foods a difficult problem.
Heterocyclic amines are present in foods at low ng/g
levels [8]. The low levels require that chromato
graphic efficiency and both detector sensitivity and
selectivity be optimized.

Several of the heterocyclic amines are formed un
der the same reaction conditions, so the number of
compounds of interest requires that the extraction,
chromatographic separation and detection be gen
eral enough to detect several of the heterocyclic
amines per chromatographic experiment.

The complexity and diversity of food sample
types needing to be analyzed requires a rugged
method not affected by the sample matrix. The ex
traction methods used are an integral part of the
chromatographic analysis because the extractions
are suited to the requirements of the chromatogra
phy and detection. The sample extraction and prep
aration methods will be discussed in detail for each
chromatographic technique presented in this paper.

3. CHROMATOGRAPHIC ANALYSIS METHODS

3.1. HPLC with detection by bacterial mutagenesis

In the late 1970s the detection of bacterial muta
gens in cooked meats led to efforts to isolate the

<~ i-rNH2

N
H

Ao.C

Fig. 1. Structures of five heterocyclic amines commonly found in cooked food. PhIP = 2-Amino-l-methyl-6-phenylimidazo[4,5
b]pyridine; MeIQx = 2-amino-3,8-dimethylimidazo[4,5:f]quinoxaline; AaC = 2-amino-9H-pyrido[2,3-b]indole; DiMeIQx = 2-ami
no-3,4,8-trimethylimidazo[4,5:fJquinoxaline; IQ = 2-amino-3-methylimidazo[4,5:fJquinoline.
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