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Thin-layer chromatography 
Ultraviolet 
Visible 
Vamllyl mandehc acid 

1 INTRODUCTION 

The analysis of mterme&ates and partlclpants in metabolic pathways should 
provide a clue to the site of a metabohc dsturbance Endogenous substances 
(ES) and/or exogenous substances (ExS) must be determined. Most of the 
ES are present at low concentrations m the presence of large amounts of con- 
taminants Laboratorles are required to supply the chmclan with rapid and 
valuable information from reliable laboratory tests In the study of a disease 
or a blochemlcal pathway, the assay time is not critrcal, but unambiguous lden- 
tlficatlon and quantitation of analytes are needed. Even with the widespread 
use of immunoassays, chromatographlc and electrophoretic techniques are m- 
volved when separation is required and/or when antibodies cannot be devel- 
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oped or are not specific enough It should be pomted out that chromatographic 
techniques approach the sensitivity of radioimmunoassay (RIA). 

In this paper we shall focus on planar chromatography (PLC ), which means 
chromatography in a thm, planar, stationary field with a length to thickness 
ratio often exceeding 1000 1 Imtially, paper chromatography (PC) was the 
only planar chromatographic method, but it has been superseded by conven- 
tional thm-layer chromatography (TLC ). Nowadays the number of reports on 
PC 1s sharply declinmg and this technique is often considered obsolete. TLC 
was extensively used m the period 1970-1980 As a skilful techmcian was needed 
to handle properly the large number of experimental variables, analysts looked 
for a fully mstrumentalized technique, and high-performance hquid chroma- 
tography (HPLC) gradually replaced TLC 

Excellent books appeared on column chromatography [l-3] and the current 
value and potential of PLC was ignored [4] However, m 1976, Zlatkis and 
Kaiser [5] edited a book on high-performance thm-layer chromatography 
(HPTLC) and soon after Guiochon and co-workers [6-91 began to pubhsh 
extensive work on the performances of TLC In the early 198Os, forced-flow 
techmques, particularly over-pressured layer chromatography (OPLC ), were 
pioneered by Tyihak et al. [lo] and are now readily available [ 11,121 In recent 
years, major advances m TLC mstrumentation have been achieved [ 131. 

TLC evolved towards more sophisticated and more mstrumentahzed tech- 
niques and planar chromatography was mtroduced m this Journal m 1987 to 
take account of those sign&cant improvements 

The purpose of this review is to outlme recent progress m the field, to em- 
phasize the fact that most chromatographic techmques are complementary 
rather than competitive and to survey apphcations m biomedicme. We selected 
papers from a retrospective hterature search through a direct lurk to Chemical 
Abstracts Service In the first part of this survey we could not quote all relevant 
papers which would be far beyond the scope of this review (as we discarded 
electrophoretic techniques), and m the Apphcations sections we apologize for 
missmg references Some valuable books and reviews have appeared that are 
referenced m different parts of this paper. 

2 EXPERIMENTAL TECHNIQUES 

2 1 Statconary phases 

Many types of precoated plates are commercially available. TLC plates are 
usually 0.25 mm thick and made with particles ca 12 pm in diameter. HPTLC 
plates have a smaller particle size (7 pm ), a smoother surface and the layer is 
often thinner (0 20 mm). Advantages and drawbacks of both TLC and HPTLC 
plates have been thoroughly studied [ 14,151. HPTLC layers necessitate ap- 
propriate dimensionmg of sample volumes, high-quahty apphcation and very 



precise posltlonmg Owing to the possible lack of precise mstrumentatlon, TLC 
plates are still twice as often reported m the literature as HPTLC plates 

The followmg stationary phases are currently available: (a) polar morgamc 
sorbents (slhca gel and, to a much lesser extent, alumina and some oxldes), 
(b) polar organic sorbents (cellulose, polyamide 1, (c ) bonded slhcas of either 
polar or non-polar types (C,, C8, C&, phenyl, cyano, ammo, dlol); (d) ion 
exchangers, and (e) complex-forming stationary phases or choral phases for 
enantiomeric separations 

Most of these phases are identical m their synthesis to those available m 
HPLC Some are specifically devoted to PLC The presence of a bmder and of 
a fluorescent mdlcator may cause some shght disturbances m RF values 

2 1 1 Inorganic polar sot-bents 
Slhca gel IS the most widely used. Reports on blochemlcal and chmcal ap- 

phcatlons with alumina are scarce and metal oxide layers are hardly ever used 
m this field The slhca surface 1s capable of trapping water molecules from the 
laboratory atmosphere or from developing solvents, with consequential dlffer- 
ences m the observed and published RF values Procedures similar to current 
practice m HPLC (mixtures of dry and wet solvents to ensure identical surface 
actlvlty) are only possible with OPLC Great care and standardlzatlon of ex- 
perlmental condltlons are necessary and authentic samples must be co-chro- 
matographed with the analytes to be separated m order to ensure reproducible 
chromatographlc data 

In the classical adsorption mechamsm, the retention of organic functlonal 
groups 1s as follows hydrocarbons < aromatic hydrocarbons -=z halogen derlva- 
tlves <ethers < esters < aldehydes < ketones < alcohols < ammes < carboxyhc 
acids In general, the adsorption technique 1s used for the separation of non- 
polar or moderately polar materials As many blologlcally important solutes 
are highly polar molecules, they are strongly retamed and solvents or mixtures 
of solvents of high elutmg strength are needed In some instances a high water 
content 1s advocated (see Section 3) This works reasonably well but a partl- 
tlon mechanism 1s involved, with consequential disturbances m the above re- 
tention order More troublesome 1s the substantial demlxmg which may occur 
the components of the eluent which are sorbed strongly by the sorbent sites 
can cause secondary fronts (F,, FP), and these fronts divide the sorbent layer 
into zones of different elutmg strength The more complex the mixture of sol- 
vents, the more difficult it 1s to reproduce the retention and It 1s our opmlon 
that a better insight mto other systems, such as alkyl-bonded phases, should 
be investigated 

In the Chromarod technique, the chromatographlc support 1s a porous, sm- 
tered layer of finely dlvlded glass which contams fine particles of an morgamc 
adsorbent within its pores The method for producmg the Chromarod consists 
m mixing the fme particles, kneading the mixture with a small amount of slur- 
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ryrng agent, applying the slurry to the surface of a thin rod of refractory and 
chemically stable material and baking at 900°C to bond the particles to each 
other, to the adsorbent particles and to the rod The particles form a firm, 
coherent layer (0 75 mm thick). Using this procedure, the observed RF values 
are higher than those on conventional sihca gel TLC plates 

Owing to the Lewis acid properties of alumma, some mterestmg separations 
(e.g , steroids [ 161) have been performed, but the use of such supports is rap- 
idly dechnmg. It should be pomted out that new interest in the use of alumma 
sorbents m HPLC is evident 

2 1 2 Polar organrc sorbents 
Chromatography on polyamide is a process of simultaneous electron donor- 

electron acceptor mteractlons With non-polar developmg solvents polyamide 
acts as a normal phase (NP ) and with aqueous or polar eluents it behaves as 
a reversed phase (RP ) 

Cellulose for TLC is available in two forms native fibrous and mlcrocrys- 
talhne In cellulose, most glucose units constitute crystallme areas bound into 
fibres by amorphous P-glucoside linkages It is assumed that the amorphous 
region may hold water, forming with cellulose a liquid gel that exhibits differ- 
ent solvatlon properties to those of water (slmrlarly to liquid m mlcelles). A 
partition mechanism is responsible for the solute retention, which depends on 
molecular shape and size and the posrtlon of hydrophilic groups m the sample 

The particle sizes of polyamide and cellulose are large, with the consequence 
of poor mass transfer Recently published separations on these sorbents are 
not very numerous 

2 2 3 Alkyl-bonded srl~as 
These phases, which are similar to RP-HPLC packmgs, were mtroduced 

into HPTLC some years ago RP-2, RP-8 and RP-18 plates are readily avail- 
able The extent to which these layers can be wetted with aqueous solvent 
mixtures is limited [ 171, and to overcome these restrictions RP layers which 
have a reproducible, lower degree of modification and hence a lower degree of 
hydrophobrclty have been rntroduced These plates are called RPW (W mdi- 
cates wettable by water) and permit the use of very high water contents (or 
even pure water) m the mobile phase RP-HPTLC plates have a considerably 
narrower particle size distribution and a smaller mean particle diameter than 
the corresponding RP-TLC plates RP-HPTLC plates have a denser and more 
homogeneous packing and a smoother surface structure, thus exhibiting better 
detection capabihtles. 

With the same developing solvent, RF values on wettable RP-HPTLC plates 
are higher than those on RP-HPTLC or RP-TLC plates. Phenyl-bonded sill- 
cas behave very similarly to C,- or C&-bonded silicas In spite of the very wide 
capabilities of such alkyl-bonded packmgs, their use m planar chromatography 



1s only slightly increasing and apphcatlons m blomedlcme are still not very 
numerous The latest review on the use of bonded phases appeared m 1986 

[I81 

2 1 4 Polar bonded s~l~carj 
Polar bonded phases currently available are of the ammo, cyano and dlol 

type, according to the nature of the relevant functional group 
As m NH, packing materials for HPLC, the ammo group takes the form of 

a short-chain alkylammo function The chromatographlc propertles of the 
ammo plate are largely governed by the polar basic nature of the alkylammo 
group, which may enter mto weak hydrophobic mteractlons However, the 
ammo plate IS wetted with pure water without addltlon of organic solvents 
Steroid separations can be performed with pure orgamc solvents [19] The 
hfetnne of NH2 columns m carbohydrate analysis IS said to be short This 
problem does not occur with the plates 

In the cyano phase, the cyano functlonahty 1s chemically bonded to the sur- 
face of the slhca gel m the form of a y-cyanopropyl group As far as polarity 1s 
concerned, the cyano phase IS very close to RP-2, as was demonstrated m the 
separation of some cortlcosterolds [ 201 Solvent systems exhibiting very dlf- 
ferent polarltles can be successfully used The cyano phase may exhlblt acldlc 
or basic properties with different eluents [ 211 With highly polar mobile phases, 
the addition of hthmm chloride reduces talhng The cyano plates can be used 
m either the NP or RP mode, which 1s highly valuable m two-dlmenslonal 
chromatography and overcomes the problems associated with a two-phase plate 
with a strip of one phase 

The chromatographlc behavlour of the dlol sorbent 1s Influenced by the spacer 
group, which 1s different from the propyl group utlhzed with cyano and ammo 
phases SI ( CH2)? OCH2CH (OH)CH, OH This phase behaves m a slmllar way 
to slhca gel However, the RF values on the dlol plates are higher than those 
observed on bare slhca gel The dlol surface has a lower tendency to adsorb 
water from the surrounding atmosphere, which leads to much better reprodu- 
clblhty of the retention data [ 221 

Examples of the potential of polar bonded phases are illustrated m Fig 1 for 
(a) the separation of some urldme derivatives on an NH2 plate and (b) the 
two-dlmenslonal separation of some sex hormones on a cyano plate with an 
NP system m the first direction and an RP system m the second 

2 1 5 Ion exchangers, ton pamng 
Separations through ion exchange are not widely used m PLC Polyethyl- 

enelmme and dlethylammoethyl (DEAE )-cellulose amon exchangers are the 
most commonly used A Dowex 50-X8 strongly acldlc cation-exchange TLC 
plate 1s available m the Na+ or Ll+ form under trade name Flxlon (Chroma- 
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tromx, Palo Alto, CA, U S A ) and has been used in ammo acid analysis and 
separations of nucleoslde derlvatlves [ 23 ] Unfortunately, a run requires l-2 
h m water or organic media 

Owing to the basic properties of the ammo group m aqueous media, the ammo- 
bonded phase 1s a weakly basic amon exchanger Polyvalent aruons (e g , 
nucleotldes or sulphomc acids) are separated according to their charge, the 
more negative the charge, the more the solute 1s retained [ 191 

Ion-pair extraction has long been exploited for the extraction of drugs from 
body fluids Into organic phases The ion-pairing technique 1s widely used in 
HPLC but its apphcatlon m PLC 1s less popular The technique 1s easy to use 
when care 1s taken to impregnate the plate evenly by dipping or by numerous 
predevelopments Otherwise, the Ion-palrmg reagent 1s chromatographed and 
not evenly dlstrlbuted m the layer Examples of apphcablhty Include the sep- 
aration of urinary porphyrins [ 241 

2 1 6 Complex-formzng statzonary phases 
These phases are not commercially available and must be prepared by the 

chromatographer They are used to carry out Isomer separations It was shown 
long ago by Morris et al [ 251 that esters of czs and trans fatty acids can be 
separated on slhca gel plates Impregnated with silver nitrate Argentatlon 
chromatography has proved its usefulness m the separation of saturated from 
unsaturated compounds Morris [ 261 also demonstrated the separation of the 
threo and erythro forms of saturated dlhydroxy esters In the form of their bo- 
rate complexes on silica gel impregnated with aqueous boric acid solutions 

2 1 7 Endntlomerlc separations 
Owmg to the different blologlcal actlvltles of enantlomers, a direct and m 

expensive method for the analytical control of enantlomerlc purity 1s lmpor- 
tant and TLC studies on the topic are now rapldly increasing 

The properties of cellulose were recogmzed as early as 1948 when ammo 
acids were resolved by PC [27] In 1980 Blaschke [28] reviewed chromato- 
graphic resolution on cellulose, starch and cellulose acetate Yuasa et al [29] 
reported the TLC separation of 

from ref 309 with permlswon (b) Two-dImensIona 
separation of some sex hormones Plate, HPTLC CN F1,,, solvent 1 (adsorptlon), hght petroleum 
(b p 40-GO”C)-acetone (65 35), solvent 2 (reversed-phase system) m the orthogonal dlrectlon, 
acetone-water (40 60), development length, 8 cm m both dlrectlons Solutes 1 = progesterone, 
2 = 5_dehydroandrosterone, 3 = pregnenolone, 4 = 4-androsten-3,17-dlone, 5 = oestrone, 6 = 
androsterone, 7 = testosterone, 8 = oestradlol, 9 = oestrlol Detection solutes 1,4 and 7, UV 254 
nm, solutes 2,3,5, 6, 8 and 9, spraymg with MnCl,-H,SO,, heating for 5 mm at lOO”C, UV 366 
nm Reproduced from ref 20 with permIssIon 
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plate It seems that cellulose derlvatlves have a greater resolving capability 
The morphology of the cellulose trlacetate particles changes drastically during 
prolonged acetylatlon Monocrystalhne trlacetylcellulose plates are stable in 
aqueous solvents and are resistant to &lute acids and alkalis. Excellent sepa- 
rations on this support have been reported [30] Tncmnamate, trlsphenyl car- 
bamate and trlbenzyl ether derivatives have been developed by Ichlda et al 
[ 311 and exhibit high enantloselectlvlty m HPLC but apparently have not yet 
been applied m TLC. 

Cyclodextrms are cyclic ohgoglucose molecules that resemble a truncated 
cone with both ends open. The hydrophobic cyhndrlcal cavity can include an 
organic host molecule and the glucose units gve a choral environment. Bonding 
of cyclodextrms to silica was studied by Alak and Armstrong [ 321, who sepa- 
rated dansyl derlvatlves of ammo acids on a 20 cm x 5 cm j?-cyclodextrm-bonded 
TLC plate Several geometric and structural Isomers have also been separated 
with these plates A dlscusslon of the mechanism of separation, structural pa- 
rameters, solvent effects and binder effects was presented by Ward and Arm- 
strong [ 33 ] 

Llgand exchange was introduced into LC by Davankov et al. 1341 and ex- 
tended by Gubltz et al [ 351 to slhca-based stationary phases. TLC apphcatlon 
of this concept was developed by Gunther et al [ 361 and Gunther [ 371: an RP 
plate 1s dipped into a 0 25% copper(I1) acetate solution and dried, then lm- 

Fig 2 Photograph of a thm-layer chromatogram of protemogenlc ammo acids on Chlralplate 
Spots 1 = phenylalanme, 2 = vahne, 3 = lsoleucme, 4 = probe, 5 = methlonme, 6 = glutamme, 
7 = tyrosme, 8 = tryptophan Eluent methanol-water-acetomtrlle (50 50 30) Mlgratlon dls- 
tance, 10 cm Reproduced from ref 37 with permIssIon 
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mersed m a 0 8% methanohc solution of (2S,4R,2'RS) -N- (2’ -hydroxydode- 
cyl) -6-hydroxyprohne, which 1s the choral selector 

Differences m the retention of two optical antipodes are caused by dlsslmllar 
stablhtles of the dlastereolsomerlc copper complexes built up from the selector 
and the enantlomers to be separated [38,39] These plates are available as 
Choral Plates (Macherey & Nagel, Duren, F R G ) and CHIR (Merck, Darm- 
stadt, F.R.G.), and dipping 1s no longer required In this mode, underlvatlzed 
ammo acids are resolved (Fig 2), the L-enantlomer exhlbltmg a higher RF 
value than the D-enantiomer With dlpeptldes the enantlomer with the C-ter- 
mmal L-configuration always has a lower RF value than that with the C-ter- 
minal D-configuration 

Choral plates can be used with forced-flow planar techmques with some care 
such as a prerun to achieve better wettablhty of the plate with the mobile phase 
[ 401 The solvent used for the prerun has to be selected so that the compounds 
to be separated do not migrate and It should be a component of the mobile 
phase As new phases are appearing m HPLC It may be expected that new 
types of choral layers ~111 also appear m TLC, such as choral crown ether-bonded 
packing or metal-mo&fied cyclodextrms Choral separations of acids and ammes 
using ion-pair chromatography m an orgamc phase of low polarity have been 
successfully utlhzed m HPLC and may provide high stereoselectlvlty [ 411 

2 2 Sample preparation 

Interfermg substances can affect the rehablhty and sensltlvlty of a PLC sys- 
tem Solid-phase extraction with selective elutlon has reduced this problem 
and much time 1s thus saved Sample volumes from 10 to 500 ~1 can be treated 
on conventional organo-bonded slhca packed m a small cartridge (Sep-Pak 
type) Llqmd-hquld extraction on high-surface-area porous diatoms 1s also 
performed In some instances repeated solvent extractlons or even more com- 
plex procedures are required More mformatlon 1s given m the Apphcatlons 
sections (e.g , phosphohplds, Section 3 2 ) Use of preconcentratlon zone plates 
greatly faclhtates the sample clean-up and pretreatment can be carried out m 
the preadsorbent zone In the same way prechromatographlc derlvatlzatlon 
can be carried out m situ, thus allowing a better separation of the solutes of 
interest with the consequence of retammg the mterfermg solutes on the pread- 
sorbent zone or m the lower part of the plate A review on types of m situ 
prechromatographlc derlvatlzatlon reactlons appeared recently [ 42 ] 

2 3 Sample appllcatlon 

A wide range of autospotters capable of applying solutes as spots or streaks 
are now readily avallable These devices are fully microprocessor-controlled 





device 1s critical [49] OPLC 1s used as a model for HPLC separations espe- 
cially with ion-pan systems [50] and gradlent elutlons are possible 

One of the mam advantages of PLC 1s the capability of checkmg the sepa- 
ration and quickly changing solvents In sequence TLC (e g , Mob11 RF cham- 
ber from Scllab, Therwll, Switzerland), the supply of solvent to the plate layer 
1s fully variable m space and time and two-dimensional chromatography m 
opposite directions can be carried out [51] Soczewmskl [52] developed an 
equlllbrlum sandwich TLC chamber for contmuous development and gradient 
elutlon A new concept 1s the automated multiple development (AMD) tech- 
nique [53], which 1s a fully automated instrument and represents a very lm- 
proved version of programmed multiple development [ 541 Unlike HPLC, the 
gradient starts with the more polar solvent and the polarity 1s then decreased 
The shortest developing distance 1s employed with the most polar elutmg sol- 
vent and the longest distance with the most non-polar solvent Evaporation of 
the solvent from the layer 1s carried out by vacuum, no heat 1s apphed which 
could provoke the formation of artifacts Apparently no report on the use of 
AMD for the class fractlonatlon of complex substances, as found m blomedlcal 
analysis, has been published 

2 5 De&&on and ldentlflcatlon of separated substances 

In classical TLC, detection 1s a static off-line procedure Coloured or flu- 
orescent spots are easily detected visually under white or UV hght Some sol- 
utes exhibit native fluorescence characterlstlcs on UV lrradlatlon (e g , por- 
phyrins) and are detected at very low levels In most instances mlcroreactlons 
are used to enhance the detection by transformation of the functlonal groups 
Reactions are carried out by either spraymg the reagent onto the plate or dip- 
ping the layer m the reagent solution In both instances subsequent heating 1s 
necessary The non-urnformlty of the spray may dramatically affect the lme- 
arlty of the response On the other hand, dipping can damage the layer or some 
amount of an analyte may be dissolved m the solution Post-chromatographlc 
derlvatlzatlons for TLC have been extensively reviewed [ 55,561 Measurement 
of the m situ fluorescence of separated spots has many advantages over m situ 
UV absorbance measurement With the careful selection of excltatlon and 
emlsslon wavelengths, the sensltlvlty 1s often increased by a factor of lOO- 
1000 Fluorescence slgnal enhancement of 10~200 fold was observed when the 
plate was dipped m a solution of a viscous liquid such as paraffin [ 571 Baeyens 
and Lm Lmg [ 581 recently produced a useful table of derlvatlzmg reagents for 
the fluorescence labellmg of functional groups Very promising 1s fluorescence 
lme narrowing spectrometry, which requires coolmg of the TLC plate to lo- 
50 K prior to analysis [ 591 A very impressive detection of polycychc aromatic 
hydrocarbon-nucleoslde adducts was recently reported [ 601 

Combmatlons of chromatographlc techmques and enzyme reactions give 
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more specific analyses of the compounds m a body fluid For example, steroids 
m urme can be detected using 3/I-hydroxysterold oxldase [ 611 (see also Sec- 
tlons32and33) 

Detectlon of compounds eluted on a Chromarod can be performed either by 
flame lomzatlon detectlon (FID ) [ 62 ] or by direct msertlon into a thermolomc 
detector [ 631 These detectlon techniques are mainly used with lipids [ 641 

In recent years, slgruflcant advances have been made m the couplmg of PLC 
with mass spectrometry (MS ) and infrared (IR) spectrometry 

Transfer of the solute from a plate to a mass spectrometer 1s a tlme-consum- 
mg procedure Some devices, such as the Eluchrom (Camag, Muttenz, Swlt- 
zerland), permit the recovery of the separated samples Glycosphmgohplds are 
extracted from the layer with methanol, permethylated, purified on a Sep-Pak 
cartridge, dissolved In 3-mercapto-1,2-propanedlol and analysed by fast atom 
bombardment (FAB) MS [ 651 R amaley et al [66] reported a method for 
obtammg a chromatogram and mass spectra simultaneously The method In- 
volves heating part of the TLC plate with an incandescent filament or pulse 
laser while movmg the TLC plate m order to desorb sequentially the separated 
components, which are mtroduced into a mass spectrometer together with the 
reagent gas for chemical lomzatlon The method has been used with lipids The 
current trend 1s towards FAB-TLC without an extraction procedure a TLC 
plate can be placed mto the cavity of a helium-neon laser which serves as a 
probe An argon pump laser overlaps with the probe beam at the chromatogram 
spot [ 6’71 Another soft lomzatlon techmque 1s secondary ion mass spectrom- 
etry (SIMS), which can yield a strong signal with peptlde molecules, developed 
by Busch [68] A modular Instrument for direct TLC-SIMS 1s now on the 
market 

IR spectroscopy involves the transfer of the TLC eluate to an IR-transpar- 
ent substrate [69] prior to measurement of its Fourier transform diffuse re- 
flectance IR spectrum (Analect, Irvme, CA, U S A ) Diffuse reflectance Four- 
ler transform spectroscopy (DRIFTS) permits both quantitative and 
quahtatlve characterlzatlon of a TLC spot with one measurement A general 
paper on TLC-DRIFTS appeared m 1988 [ ‘701 

2 6 Quantztatzon 

Scanning densltometry IS still the most efficient procedure for obtan-nng 
reliable quantltatlve data Some dlfflcultles arise, as the densltometrlc quan- 
tltatlon of spots depends on the mass of material m the spot but also on the 
area which the spot occupies Modern densltometrlc scanners are hnked to 
personal computers and are equipped for automated peak location, multlple- 
wavelength scannmg and spectral comparison of fractions and are capable of 
measurement In any mode (reflectance, absorption, transmission, fluores- 
cence) A laser has a higher spectral mtenslty than a lamp source and can be 
confined to zones of 5-10 pm The sensltlvlty 1s dependent on the nature of 
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the layer (polyamide or slhca) and plcomoles of solutes are detected [71] 
However, a soft laser IS required m order to avoid laser-induced chemical re- 
actions With ultravlolet-visible (UV-VIS) or fluorescence analysis the de- 
tection limits are 0 l-l ng, which compare well with current practice m HPLC 
For radlolabelled compounds, new computer-assisted systems based on radla- 
tlon imagery, linear analysers and the beta camera offer better resolution and 
more accurate quantltatlve data 

Vldeodensltometry 1s now emergmg The video-based image analyser utl- 
hzes a TV camera coupled to a suitable imaging device to produce an electronic 
video Image, which 1s then suitably processed Camera tubes are also called 
vacuum image sensors and were introduced by Glanelh et al [72], Pongor 
[ 731, Prosek et al [ 741, Gonnord [ 751 and Belchamber et al [ 761 Solid-state 
sensors are usually photodlodes and exist m linear form or as matrix devices 
A matrix sensor with 2048 x 2048 chodes has recently been Introduced and sohd- 
state sensors are considered to be the future [ 771 From a comparison between 
video and classical densltometry, the advantage 1s still m favour of the latter 
mode [ 781 OPLC 1s suitable for both on-hne and off-line detection In the off- 
line mode, classical TLC scanning densltometry can be utlhzed In the on-line 
mode, the elultes are measured m the drained eluent by connecting a flow cell 
detector to the eluent outlet [ 121 m a slmllar manner to that m HPLC 
procedures 

2 7 Trends 

Selectlon of the ‘best’ solvent composltlon for the mobile phase 1s a maJor 
task Optlmlzatlon procedures which are now popular m HPLC are entermg 
the domain of TLC 

The Prlsma model of Nylredy et al [ 791 1s derived from statlstlcal mixture 
design and consists of an unhmlted number of triangular solvent diagrams 
stacked to form a prism Inslde the triangle It 1s possible to define several dd- 
ferent combmatlons of solvents and the vertical axis corresponds to mcreasmg 
solvent strength The three best solvents resultmg from preliminary experl- 
ments are chosen to determine the corners of the prism The solvent strength 
of the mixture 1s then adlusted by dllutlon with n-hexane In the next step at 
optimum solvent strength the selectlvlty 1s optlmlzed by choosmg three pomts 
near the corners of the triangle This model has received much attention m 
both TLC and OPLC [BO] In PLC the more readily accessible measure of the 
quality of a separation IS the distance between the different spots De Splege- 
leer et al [ 811 pointed out that a resolution-based crlterlon would be lmpos- 
sable to handle owmg to the lack of mformatlon on spot widths The ideal 
separation would have q components equally spaced The Ideal value for the 
jth ordered RF value would be (J - 1) / (4 - 1) If the RE values are ordered m 
ascending order, Bayne and Ma [82] defined the response function as 
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i l 
l/2 

D= 5 [(R,),-Cr-l)/(s-Ul' 
JZl 

which must be mmlmlzed A further refinement 1s to add a term that measures 
spread represented by the standardized fourth central moment of the RF val- 
ues In the proposed procedure, the optlmlzatlon of the separation response 
was based on a Scheffe polynomial estimated from 25 experimental runs, which 
1s far too many 

In two-dlmenslonal PLC, Gonnord et al [83] have defined two functions, 
the aim being to maximize the sum of the squares of all the possible distances 
between any pair of spots (the D, function) and to mmlmlze the sum of the 
inverse of the squares of the distances between pairs of spots after ehmmatlon 
of the unresolved pans (the DB function) 

1=1 J=L+l 

where x and y are the distances travelled by solutes z and] m one development 
(x) and orthogonal development (y) 

Nurok and co-workers [ 84,851 proposed a planar response function which 
1s derived from the above DA and DB functions and developed an optlmlzatlon 
scheme for the separation of standard steroids with either contmuous or two- 
dlmenslonal development 

In spite of the capacities of two-dlmenslonal PLC, the couplmg of different 
chromatographlc techniques may solve some very difficult separations Com- 
bmatlon of HPLC and TLC gives access to those features that are umque to 
each technique Brmkman [86] has pointed out that a thm layer can be used 
as a storage plate to apply detection principles that are not readily suitable m 
HPLC (see fluorescence hne narrowing) French and Shelly [87] described a 
nebuhzer interface for combmmg micro-HPLC with HPTLC and Hofstraat et 
al [ 881 recently pubhshed some quantltatlve determmatlons with a coupled 
HPLC-TLC system 

2 8 Planar or column chromatography 

PLC IS often crltlcally compared with gas chromatography (GC) and HPLC 
This 1s a matter of endless dispute, but some facts are obvious 

With the exception of capillary zone electrophoresls, no separation tech- 
mque can compete with capillary GC m terms of the number of theoretlcal 
plates, N, as 100 000 plates are routine laboratory practice Most avallable 
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HPLC columns can provide 1000 plates/cm (15 000 plates with a X-cm col- 
umn) and only 3000-4000 are attainable on the whole plate under the optimum 
TLC condltlons [7] OPLC fills the gap but IS still less efflclent than HPLC 
It should be pointed out that fully off-line OPLC exhlblts the lowest HETP 
values and fully on-line OPLC the highest values 

A peak capacity of 100 requires an HPLC column of 40 000 theoretical plates, 
which 1s more than classical columns can produce but 1s very easily achieved 
m two-dlmenslonal PLC With respect to blomedlcal analysis, a two-dlmen- 
slonal PLC development 1s easier to handle than a column-switching technique 

In terms of speed of analysis, a single 10 x 10 cm TLC plate permits the 
simultaneous analysis of fifteen samples, whereas runs have to be performed 
requentlally m GC or HPLC PLC 1s only very cheap when quahtatlve results 
are needed When reliable quantltatlke data are reqmred, PLC 1s as expensive 
as column chromatography GC and HPLC are fully automated, whereas PLC 
still requires manual transfer of the plates In OPLC the edges of the layer 
must be pretreated Since m conventional TLC the planar chromatographlc 
bed 1s used only once, there 1s no need for any precautions and solvents con- 
taming a strong base (e g , ammoma ) can readily be used, whereas they would 
quickly destroy an HPLC column 

Comparison of mmlmum detectable concentrations 1s difficult According 
to Brmkman [86], the ppb level 1s attainable with GC or HPLC whereas the 
ppm level 1s standard m PLC (with some remarkable exceptions) The advan- 
tage will be on the side of HPLC as It 1s easier to detect solutes m transparent 
cells than on non-transparent layers Table 1 lists some of the mam features 
of HPLC and PLC and IS far from exhaustive In the authors’ opmlon, com- 
plementary rather than competltlve chromatography provides the best answer 
to analytical requirements 

3 APPLICATIONS TO ENDOGENOUS SUBSTANCES 

3 1 LLpcds 

TLC 1s eminently suitable for 1:pld quantltatlve analysis, the most general 
technique for obtaining a quahtatlve profile of a total hpld extract 1s TLC 
Lipid measurement IS of the greatest interest m blood serum, faeces, tissues 
and ammotlc fluld The mvestlgatlon of serum lipids, mainly cholesterol ester 
subfractions, has chmcal importance m the diagnosis of hepatlc diseases and 
llpld metabolism disorders Hyperhpaemla has an outstandmg place among 
the risk factors of cardiovascular diseases Dermatologists are interested m 
sebum analysis as some unique features have been evidenced (waxes, squalene, 
long-chain alcohols) The Vermx caseosa of the human newborn contain dlol 
lipids which are not found m the adult The amounts of extractable lipids may 
be abundant or very small In studies of cells m culture, the concentration of 
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TABLE 1 

SOME FEATURES OF PLC AND HPLC 

PLC HPLC 

Advantages 
Large number of samples analysed 

simultaneously 
Two-dlmenslonal capacity 
Preservation of the total chromatogram 
Short time of analysis 
Multiple detectlon capablhttles 
No solvent requirement for detectability of 

Very high efficlencles 
On-lme data acqmred m a few seconds 
Full automation 
Easy gradient elutlon 
High-technology LC-MS currently available 
Sophlstlcated data acqulsltlon and handling 

solutes 
Sample pretreatment on the plate 

Drawbacks 
Presence of a gas phase (except m OPLC) One sample analysed per run 
Off-line detection (except m OPLC) Column lifetIme 
Limited column length Last elutmg peaks difficult to check 
Limited mJectlon volume Solvents compatible with detectors 
Combmatlon with spectrometry more dlfflcult 

than with HPLC 

most hplds 1s of the order of femtomoles (lo-l5 mol) per cell The chromato- 
graphy of lipids and particularly the planar chromatography of lipids is very 
well documented, as many efforts have been made and successful achievements 
have been obtained in the field of edible oils and fats A general review on lipid 
analysis appeared m this Journal [ 891, and a book on the chromatography of 
lipids m biomedical research appeared in 1987 [ 901 

Polar lipids (phosphohplds and sphlngohpids) and non-polar or slightly po- 
lar lipids (glycerides and sterols esters) are the two main classes, but many 
subdivisions exist and class fractionation is one of the maJor tasks of the analyst 

3 1 1 Class fractronahon 
The extraction procedure of Folch et al [91] with chloroform-methanol is 

generally advocated, with some slight modifications Extraction of lipids from 
total plasma or cerebrosplnal fluid is performed according to the procedure of 
Nelson [92] or Mitchell et al [93] In biomedicine, one class of compounds 
generally requires attention (e g , cholesterol and cholesterol derivatives m 
blood serum lipids, phosphohpids in ammotic fluids) For this purpose, pre- 
parative class fractionation is often carried out by PLC prior to GC or HPLC 
analysis of individual classes 

PLC is unique as successive developments can be performed with different 
solvents to enhance the resolution between the different classes A single run 



may be sufficient, but a smgle solvent does not generally resolve lipid classes 
Triglycerides can be separated with benzene or chloroform, but different classes 
of glycerides are only separated with binary or ternary mixtures (Table 2) 
Chromatography of faecal lipids on Chromarods 1s carried out with benzene- 
chloroform-formic acid (35 15 1) and gives separation m the order choles- 
teryl esters, triglycerides, free fatty acids, cholesterol, dlglycerides, monogly- 
cendes, phosphohpids [94] 

Two types of procedures are recommended m the literature: startmg with a 
strong elutmg solvent with the use of a less polar solvent m a second or a third 
run, or the reverse 

In the first mode, the procedure of Murawskl et al [ 951, checked m a recent 
book [ 961, consists of a l-cm run with chloroform-methanol-water (75 25 4) 
followed, after drying, by migration with chlorcform to the middle of the plate 
and then hexane-chloroform (30 10) to the upper edge of the plate Shght 
modifications have been proposed, such as changes m solvent proportions 
(65 25 4) [ 971 or the addition of acetrc acid [ 981, acetic acid-formic acid [ 991 
or ethyl acetate-acetic acid [ 1001 Different development distances (e g ,4 5 
cm) can also be apphed 

For the second development, hexane-acetone (100 1) [ 951, hexane-diethyl 
ether-acetic acid (35 15 1) [ 981 or hexane-dusopropyl ether-acetic acid 
(65 35 2) [ 1001 have also been advocated With the last system, separation 
of lipids into fourteen fractions (five phosphohpid fractions and rune neutral 
lipid fractions) is achieved without the need for a third development In a rapid 
analysis of cellular hplds a suspension of cells grown m sodium [ 14C]acetate 
solution is apphed directly to silica gel plates and development is performed 
first with chloroform-methanol-water-acetic acid (25 15 2 4) and then with 

TABLE 2 

RF VALUES OF MAIN CLASSES OF LIPIDS ON SILICA GEL 

Moblle phases I = benzene, II = chloroform, III = tnchloroethylene-acetomtrlle (85 15, v/v), 
IV= heptane-dlethyl ether-acetic acid (70 27 10, v/v/v) 

Solute 

I II III IV 

Fatty acids 0 00-o 04 0 05-O 07 0 25-o 29 0 32-O 35 
Fatty acid esters 0 34-O 36 0 60-O 62 0 70-O 71 0 50-O 54 
MonoglycerIdes 0 01-O 03 0 02-O 06 0 14-O 16 0 09-O 10 
Dlglycerldes 0 02 007-0015 0 52-O 61 0 22-O 25 
Trlglycerldes 0 18-O 22 0 57-O 60 0 77-o 80 0 40-O 50 
Sterol esters 0 60-O 64 0 70-O 75 0 80-O 83 0 72 
Phosphohplds 0 00 0 00 0 00 0 00 
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hexane-dlethyl ether-acetic acid (35 15 1) Subsequent autoradiography 
quickly identifies the separated fractions [ 981 

The first development can be carried out with methanol to 3 cm from the 
orlgm After drying, a second development 1s carried out with tnmethylpen- 
tane-dlethyl ether-acetic acid (75 25 2) In the first solvent, phosphollplds 
move slightly above the origin whereas other hplds move to the second front 
[ 101,102] The second solvent resolves the mixture mto its major lipid classes 
In the mlcroanalysls advocated by Yao and Rastetter [ 1031, non-polar lipids 
are separated with two solvent systems (a) benzene-dlethyl ether-ethanol- 
acetic acid (60 40 1 0 05) followed, after drying, with (b) hexane-dlethyl ether 
(47 3) Sphmgo- and phosphohplds are separated with (c) methyl acetate- 
propanol-chloroform-water-O 25% potassium chloride (25 25 25 10 9), then 
with solvent a Total lipids could be separated with solvent c followed by hex- 
ane-dlethyl ether-acetic acid (60 40 0 23) and finally with hexane 

Other solvent systems of the same type with mixtures of propanol, methanol, 
chloroform, water and acetic acid can be found m an extensive literature 

Conversely, a sequence of solvents of Increasing elutmg strength may be 
ured Major lipids of tissues and hpoprotems are separated by automated 
HPTLC on slhca gel with three solvent systems (a) hexane-heptane-dlethyl 
ether-acetic acid (126 37 37 2) for neutral lipids, (b) chloroform-heptane 
(20 30 ) for cholesteryl esters and (c ) methyl acetate-propanol-chloroform- 
methanol-43 mMpotasslum chloride (25 25 25 10 9) [ 1041 

On developmg the plate first with light petroleum-dlethyl ether (90 10) and 
then with light petroleum-dlethyl ether-acetic acid (400 100 1) but to a sec- 
ond front 5 cm below the first front, the polar lipids remaining at the origin 
consist almost entirely of phosphohplds [ 1051 

Excellent separation of hpld classes was achieved by Boumas [ 1061, who 
carried out the first migration with benzene to 12 cm, followed by a 7-cm ml- 
gratlon with tnchloroethylene-acetomtrlle (Fig 3) The advantage 1s the use 
of simple solvents without the need for acetic acid, which in many instances IS 

highly demlxmg with the consequence of a ‘p front’ on the plate 
In a sample of human gall-bladder bile, separation of blllrubm, cholesterol, 

bile salts and phosphohplds was achieved with chloroform-light petroleum- 
methanol-acetone (60 20 10 10) developed to 10 cm and acetone-water 
(50 50) developed to 5 cm The separation was then applied to Chromarods 
for quantitative purposes (cholesterol, total bile salts, phosphohplds) [ 1071 

Dual-phase plates have not received much attention, which 1s surprlsmg Jee 
and Rltchle [ 1081 separated maJor triglycerides from fatty acids, dlglycerldes 
and phosphohplds with dual-phase Whatman (Clifton, NJ, U S A ) KCS5 
plates and three developments with acetone-acetonltrlle (40 1) on the re- 
versed-phase lane Saturated and unsaturated triglycerides were then further 
separated on the silica part of the plate impregnated with silver nitrate by 
dipping 
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Fig 3 Llpld class separation on a silica gel plate with two sequential mlgratlons (a) mlgratlon 
with benzene for 12 cm, (b) migration with trlchloroethylene-acetonltnle (80 20) Solutes (m 
mcreasmg order of retention) C = cholesterol, Est = cholesteryl esters, EAG = fatty acid esters, 
TG = triglycerides, Cl8 = tnsteann, Cl2 = tnlaurm, DG = dlglycendes, 13 = 1,3-dlglycendes, 
12 = 1,2-dlglycendes, St = stearrc acid, C24 = arachldonlc acid, Cl6 = palmltlc acid, MG = 
monoglycendes, phl = phosphohplds Detection charrmg with H,S04 

In three-way TLC [ 1091, precoated silica gel plastic plates are cut to give a 
square with a strip attached at the top right-hand corner In the first run a 
lipid extract is applied to the square portion Just below the strip and chroma- 
tographed with dusopropyl ether-methanol-acetic acid (50 0 6 0 8), which 
moves non-polar lipids on to the strip, leaving polar lipids at the origm. The 
strip is then cut off and separation of the lipids on the strip and the remammg 
square portion of the plate IS completed by conventional one-dimensional de- 
velopment with chloroform-methanol-acetic acid-water (25 8 8 1) or, bet- 
ter, by two-dimensional development [ benzene-hght petroleum (40 60) ] The 
method has been applied to the analysis of lipids m human bronchoalveolar 
lavage fluid but quantitation has not been performed 

Lipid classes of blood serum from liver disease patients were separated by 
OPLC on silica gel with toluene-carbon tetrachloride (1 3) as the mobile phase 
followed by toluene alone, which prevents the use of acetic acid Pick et al. 
[ 1101 applied a combination of HPLC and OPLC, HPLC was used for the 
semi-preparative class fractionation of underivatized lipids and OPLC was then 
utihzed for the analytical separation of the mdivldual glycohpids 

3 1 2 Analysts of non-polar or sightly polar llpprds 
Quantification of the individual components of this lipid class is of the great- 

est mterest for the assessment of assimilation diseases Cholesteryl esters, tri- 
glycerides and free cholesterol are well separated on silica gel HPTLC plates 
with hexane-heptane-&ethyl ether-acetic acid (63 18.5 18 5.1) (Fig 4a). 
Further development with heptane-chloroform (60 40) permits the separa- 
tion of cholesteryl esters according to the number of double bonds (Fig 4b) 
[ 1041 Separation of triacylglycerol into subclasses contammg straight- and 
branched-chain fatty acyl moieties is achieved by HPTLC on sihca gel plates 
using hexane-diethyl ether-acetic acid (90 12 15) as the developing solvent 
[ 1111. Free cholesterol is always well separated from the other lipids and can 



Fig 4 (a) Separation of the neutral hplds on HPTLC plates m n-hexane-n-heptane-dlethyl 
ether-acetlc acid (63 18 5 18 5 1, v/v) The external standards, conslstlng of cholesterol, tn- 
olem, cholesteryl formate (internal standard) and cholesteryl hnoleate for calculating the cahbra- 
tion graphs are applied on the first five tracks (cholesterol 0 008-O 155 nmol, trlolem 0 018-O 36 
nmol, cholesteryl formate and cholesteryl hnoleate 0 013-O 26 nmol) Track 6 contains the mter- 
nal standard m the concentration as added to the samples (0 014 nmol per spot) The samples are 
applied on the remaining tracks For documentation purposes, the HPTLC plates have been 
overloaded with the samples (b) Separation of the cholesteryl esters (cholesteryl stearate, cho- 
lesteryl oleate, cholesteryl hnoleate and the internal standard cholesteryl formate) on HPTLC 
plates m n-heptane-chloroform (60 40, v/v) The external standards are apphed m masses be- 
tween 0 039 and 0 26 nmol The concentration of the internal standard applied on track 5 1s 0 104 
nmol per spot For documentation purposes, the HPTLC plates have been overloaded Reproduced 
from ref 104 with permlsslon 

be easily quantltated Simple diagnosis of acid hpase deficiency (Wolman’s 
disease) by detectlon of cholesteryl ester accumulation m the fibroblasts has 
been proposed, using TLC separation and Nile Red stan-ung [ 1121 

In the dlagnosls of cerebrotendmous xanthomatosrs [ 1131, only 100 ,~l of 
serum are needed. Cholesterol was converted into ~11- and P-epoxldes with m- 
chloroperbenzolc acid and separation from cholestanol was effected by RP- 
TLC Quantltatlon of cholestanol was carried out by spraying with phospho- 
molybdlc acid (PMA) and subsequent densltometry The method correlates 
well with GC measurements and 1s useful for primary dlagnosls [ 1141 
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Lipids from patients with alcoholic hver disease were analysed by TLC with 
specific assays for the major lipid classes, and it was demonstrated that alco- 
holic fatty hver 1s accompanied by a maJor increase (up to 50-fold) in tnglyc- 
erodes and a smaller (2-3 fold) increase in cholesteryl esters [ 1151 As was 
emphasized In a review of hpld analysis by Kuksls [ 901, preparative TLC with 
subsequent GC analysis 1s the method of choice 

In the quantitative determination of free cholesterol and cholesteryl esters 
in skm biopsies [ 1161, the two classes are separated by TLC, then a sllylatlon 
or transesterlflcatlon with sodium methoxlde reagent 1s performed with sub- 
sequent analysis by capillary GC As was expected, patients with atheroscle- 
rosis show higher values of cholesterol than normal In the mvestlgatlon on 
the sterol pathway, Pill et al [ 1171 used silver nitrate-impregnated plates to 
Isolate radloactlvely labelled cholesterol prior to GC-MS However, it has been 
clalmed that the separation and quantltatlon of fatty acids, sterols and bile 
acids m faeces can be carried out by GC as butyl acetate derivatives with no 
overlappmg, obviating the need for prior separation of each class by TLC or 
column chromatography [ 1181 Scraping the plates IS tedious and the direct 
analysis of llplds on TLC plates by matrix-asslsted SIMS does not require 
scraping or elutlon [ 1191 Only 1 pg of lipids 1s necessary and no interference 
from the adsorbent occurs Isolation of cholesteryl esters by preparative TLC 
followed by alkaline hydrolysis and enzyme detection with cholesterol esterase 
(Boehrmger, Mannhelm, F R G ) was carried out by Wolff [ 1201, who claimed 
that contrary to other reports m the literature, cholesterol esterase from Boeh- 
ringer has no speclflclty for the length of fatty acid chains or the degree of 
unsaturatlon The kit can therefore be used for the detection of cholesterol 
esters from sources other than human serum 

Trlglycerldes constitute a slzeable percentage of sebum, the role of which 1s 
well established in the aetlology of many skin disorders, prmclpally acne vul- 
garls In the analysis of sebaceous wax ester secretion rates m men and women 
aged from 15 to 97, overnight absorption of lipid into a layer of bentomte clay 
was carried out and subsequent TLC performed [ 1211 The results suggest that 
sebum secretion declines by 20-30% per decade with a higher decrease for 
women A sebum-absorbent tape (Sebu Test Strip) was compared with the 
hexane extraction technique and free fatty acids, cholesterol, trlglycerldes, 
waxes and cholesterol esters were separated and determined by TLC [ 1221 
Collected human skin surface lipids were subjected to preparative TLC usmg 
slllca gel H and successive development with hexane-benzene (50 50) and 
hexaneedlethyl ether-acetic acid (70 30 1) [ 1231 A mixture of tnchloro- 
ethylene and acetomtrlle (90 10) 1s claimed to be able to separate triglycerides 
according to the degree of unsaturatlon [ 1241, but the resolution between tn- 
olem and trlstearln 1s poor Argentatlon chromatography 1s more suitable [ 1251 

Owing to the limited efficiency of TLC, the separation of fatty acids or fatty 
acid esters according to the chain length 1s te&ous Derlvatlzatlon into p- 
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bromophenacyl esters or the formation of lsatm derlvatlves [ 1261 followed by 
RP-TLC on Cl8 plates with methanol-water (88 12) yields a poor separation 
m comparison with GC profiles 

Quantltatlve hpld determmatlon by TLC 1s still a matter of dispute Glycer- 
ides are measured m hospital laboratories by spectrophotometrlc or enzymatic 
procedures and TLC may be superior m performmg a class separation mto 
mono-, dl- and trlglycerldes and subsequent quantltatlon. The hplds are usu- 
ally rendered vlslble and subsequently quantltated by either charring or stam- 
mg Both methods have drawbacks loss of carbon by conversion to carbon 
dloxlde (charring) or fading of the colours of spots (stalmng) Exposure of the 
plate to iodine vapour m a sealed tank was consldered as a quahtatlve method 
It was converted into a quantltatlve techmque by measurmg the rate of deco- 
lorlzatlon of a solution of cerlum(IV) by arsemc(II1) [ 1271 However, the 
method requires scraping of the plate and IS time-consummg 

An inter-laboratory trial on the quantltatlon of cholesterol by TLC and 
HPTLC was lnltlated by Dammann et al [ 1281 The conclusions were that 
very precise and accurate analytlcal results are obtamed even allowmg a free 
choice of analytical condltlons The mean values found was ca 10 mg/l with 
an excellent standard devlatlon of reproduclblhty (0 76-l 23 mg/l) Fluores- 
cence measurements after derlvatlzatlon with manganese (II) chloride 1s by 
far superior to the same derlvatlzatlon followed by reflectance mode scanmng 
at 546 nm FID, derlvatrzatlon with amsaldehyde or sulphurlc acid and fluo- 
rescence measurement are comparable and yield the same results A hmlt of 
detection of 0 02 pg for sterol and sterol esters was clalmed [ 1291 by dlppmg 
m copper(I1) sulphate and densltometry FID with an Iatroscan THlO (Ia- 
tron Laboratones, Tokyo, Japan) has been considered unreliable [ 1301, but 1s 
very precise when care 1s taken to ensure maximum reproduclblhty [ 131,132] 
Quadratic regresslon hnes are obtained by plotting concentrations versus peak 
areas [ 941 However, hnear regression analysis produced correlation coeffl- 
clents of 0 998 for cholesterol over the concentration range 0 25-8 0 pug/ml 
The method 1s considered to be so precise that it could be used to cahbrate 
instruments such as the Infraanalyser (Techmcon, Tarrytown, NY, U S A ), 
which performs the quantltatlon of serum hplds by near-mfrared reflectance 
spectroscopy [ 1331 In some mstances the amount of sterol (e g , desmosterol 
< 1 ng/ml) IS undetectable In cerebrospmal fluid [ 1341 even for selected ion 
momtormg TLC-GC 

3 2 Phospholtptds 

This lipid class Includes the phosphoglycerldes and sphmgohplds, all lmpor- 
tant membrane constituents The determmatlon 1s particularly Important m 
ammotlc flmds, which deserves special mention 
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3 2 1 Phospholtppcds UI ammotlc flurds 
Surface-active phosphohplds have an important influence on the mechanr- 

cal behavlour of the lungs. Alveoli may collapse rn the absence of surfactant 
and this deficiency 1s responsible for the respiratory distress syndrome (RDS) 
Predlctlon of RDS 1s possible by analysis of phosphohplds in the ammotlc 
fluid As was quoted rn a recent review [ 1351, “at the present time it appears 
that the method of choice for determmatlon of phosphohplds rn ammotlc flurds 
1s the TLC method”, A large number of papers have appeared and contmue to 
appear TLC and HPTLC of phosphohplds and glycohplds m health and dls- 
ease have been reviewed [ 1361 Concentrations of lecithin (L), sphmgomyehn 
(S) (the L/S ratlo) and phosphatldylglycerol are the most important factors, 
as was evidenced by dlscrlmmant functronal analysis [ 1371 The L/S ratio 
increases from 0 9 (immature) to 2 6 (mature) between the 30th and 38th 
weeks of gestation. High concentrations of sphmgomyehn increase the possl- 
blhty of RDS. Hugh concentrations of leclthm are correlated with high concen- 
tratrons of phosphatidylglycerol, and it has been claimed that the presence of 
phosphatldylglycerol precludes the posslblhty of RDS [ 1381 TLC assays of 
amnrotlc fluids from 346 patients have been evaluated [ 1391 and the optimum 
dlagnosls in neonates has been found to rely on phosphatldylglycerol and 
sphmgomyehn concentrations plus the L/S ratio A ratio of 2 5 1s a satrsfactory 
cut-off value for distmguishmg foetal lung maturity and lmmaturlty [ 1381. 

Other methods have been proposed and compared with TLC For example, 
180 ammotlc fluids were checked using three methods two-dlmenslonal TLC, 
a rapid slide agglutmatron test and an enzymlc colorlmetrrc procedure Appar- 
ently the lmmunologlcal test 1s simple and raprd but relatively msensltlve, as 
it detects phosphatldylglycerol at concentrations exceeding 2 pmol/l [ 1401 
Teng et al [ 1411 performed the enzyme analysrs of ammotlc fluid phospho- 
lipids contannng a cholme group and compared the results with those obtained 
by TLC The trme of assay IS 10 mm but only the L/S ratio 1s obtained. TLC 
development takes less than 25 mm If ten samples are deposited on the plates 
within 10 mm and a further 25 mm are required for quantltatlon, an average 
of 6 min per sample 1s necessary for TLC Moreover, much more mformatlon 
1s obtained on the plate wrth the further advantage of a preserved chromato- 
gram Quantitative analysis of amnlotrc fluid phosphohplds rn drabetlc preg- 
nant women was carried out with HPLC, a foam stability Index and TLC [ 142 ] 
and stall favoured TLC A new test 1s based on fluorescence polarlzatlon spec- 
troscopy, which measures the anisotropy of a fluorophore between the trme rt 
absorbs light and emits that light as fluorescence [ 1431. This method 1s much 
faster than TLC but no comparison of the rehablhty has been performed 

Sample preparatzon A 5-ml sample of ammotlc fluid IS obtained by needle 
aspiration before rupture of the ammotlc membrane The extraction of hplds 
IS often carrred out by the method of Gluck and Kulovlch [ 1441 or as slightly 
modified by Kohns et al [ 1451 The procedure has been crltrclzed as centrlf- 
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ugatlon of amniotic fluid may alter the L/S ratio, acetone precipitation is not 
very effective m the separation of active leclthm from the other lecithin com- 
ponents A sohd-phase extraction procedure m six steps has been proposed 
recently [ 1351 and makes use of Cl8 extraction cartridges Ahquots of sample 
can be directly spotted [ 1461 

Chromatography Bare silica gel is generally accepted as the most suitable 
sorbent The addition of ammomum sulphate to the adsorbent deactivates the 
layer and is effective on migration However, it has been claimed that dipping 
m 10% ammomum sulphate solution with subsequent activation at 100’ C m- 
creases the separation, with the exception of phosphatldylethanolamme and 
phosphatldylserme [ 1471 

Mixtures of chloroform, methanol and water were considered satisfactory as 
early as 1960 [ 1481 Improved resolution of leclthm and sphmgomyehn occurs 
with addition of either acid or base to the water Double development with 
shghtly different mixtures [chloroform-methanol-acetic acid-water 
(70 30 4 3) and chloroform-methanol-acetic acid-ethanol-water 
(60 30 4 10 3) ] 1s needed for the separation of phosphatldylcholme and 
sphmgomyehn by circular HPTLC [ 1491 

In two-dimensional planar chromatography the eluent may contam acetic 
acid m one directron and a base (ammoma, pyrldme, trlethylamme) m the 
other. This procedure takes advantage of the amphoteric characteristics of the 
solute as amine protonatlon occurs in one direction and phosphate or carboxyl 
dlssoclation m the other However, it has been claimed [ 1501 that two solvent 
systems differing m ammoma will suffice to separate amniotic fluid phospho- 
lipids Comparison of both one- and two-dimensional TLC has been performed 
and the relative standard deviations (R S D ) were comparable, with the ex- 
ception of phosphatrdylethanolamme, which exhibits a lower R S D m one- 
dimensional TLC [ 1511 In a one-dimensional system a small amount of hght 
petroleum increases the RF between sphmgomyelm and leclthm [ 1521 In the 
two-dlmenslonal system butanol or acetone can be added [ 1531 

3 2 2 Phosphohpplds from other sources 
Table 3 lists some proposed solvents for the separation of phosphohplds on 

slhca gel plates together with the solvents capable of separatmg lecithin and 
sphmgomyelm for amniotic fluid analysis Four classes of solvents can be se- 
lected from the relevant literature Type I 1s a ternary mixture of chloroform, 
methanol and water The proportions are modified accordmg to the purposes 
of the analysis Propanol (or lsopropanol) may be added to tune the selectivity 
of type I solvents Type II solvents make use of ammonia (or another base, 
e g , tri- or dlethylamme) Conversely, m type III solvents the base is replaced 
by formic or acetic acid Type IV solvents are mixtures of five solvents methyl 
acetate and aqueous potassium chloride are added to increase the selectivity 
(methyl acetate) and to form an ion-pairing system (potassium chloride) 
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However, the resolution of phosphatldylethanolamme from its oxldatlon prod- 
ucts could not be achieved by TLC with either acidic, basic or neutral solvent 
systems [ 1541 

The determination of phosphohplds 1s important Alkenyl ether phospho- 
lipids (plasmalogen ) have been described m membranes of animal and human 
cells A high plasmalogen content seems to be an important characterlstlc of 
electrically active tissues Phosphohplds of many cancer tumours contam larger 
amounts of alkyl ethers than healthy tissues. Surfactant decreases the Immune 
response of lymphocytes. Extremely high levels of ether phosphohplds were 
found m the phosphohpld composltlon of human eosmophds [ 1551. Prepara- 
tion of the sample requires much care 

Kolarovlc and Fourmer [ 1561 compared five extraction methods for the lso- 
latlon of phosphohplds from blologlcal sources and advocated the followmg 
method, which was checked on rat heart tissue The tissue was stablhzed m 
19 8 mM Tns-HCl-0 25 M sucrose-2 mM EDTA-0 1% bovme albumin (fatty 
acid free) buffer of pH 7 4 The mixture was centrifuged at 320 g for 10 mm at 
4°C and the supernatant liquid was further centrifuged at 3100 g for 10 mm 
and at 105 000 g for 1 h The mlcrosomal pellet was suspended m 7 9 mM 
sodium phosphate-O 397 mM EDTA-67 mM potassium chloride-0 1 M su- 
crose buffer of pH 7 45 A portion was mlxed with water, warmed to 50°C and 
sorucated after the addition of hexane-propanol (30 20) The mixture was 
centrifuged at 2500 g for 1 mm A portlon of the supernatant hquld was sepa- 
rated by DEAE-Sephadex chromatography mto acldlc and non-acidic frac- 
tions (m the same way as m Sectlon 3 3 1 for the preparation of ganghoslde 
fractions) The two fractions were then submitted to TLC In the procedure of 
Helmy and Hack [ 1571, interfering substances m the organic phase were ex- 
tracted into butanol saturated with 0 85% sodium chlonde solution Mitchell 
et al [ 1581 developed extraction procedures for phosphohplds and phospho- 
mosltldes m human erythrocytes, blood platelets and blologlcal cells The hpld 
extracts of cells are treated, m the same way as above, with EDTA to chelate 
blvalent cations Subsequent use of type II and type III solvents m two-dlmen- 
slonal TLC successfully separates a large number of phosphohplds. 

In spite of the different claims, one may questlon whether centrlfugatlon 
and somcatlon markedly change the chemical nature of the sample Touch- 
stone et al [ 1591 applied samples of cell suspensions directly to the preadsor- 
bent zone of a concentration zone plate Extraction was carried out with three 
successive developments with chloroform-methanol mixtures This procedure 
extracts phosphohplds from the sample and deposits them on the startmgpomt 

The selective affinity of boric acid for cLs-dlol compounds permits a high 
retention of phosphatldylmosltol, which 1s well separated from the other phos- 
phohplds [ 1601 The use of RP plates 1s not yet advocated for the separation 
of phosphohplds from blologlcal materials 
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3 2 3 Phospholrppld detectron 
Many detection reagents have been proposed. Sherma and Bennett [ 1681 

compared many of these reagents and their ablhty to detect 2-3 pg amounts 
of solute 

PMA, copper (II) acetate, copper (II) sulphate, Dlttmer-Lester reagent [ 1721 
(prepared from molybdic anhydrlde and molybdenum m acldlc solutions ), 
bromothymol blue, 1,2-naphtoqumone-4-sulphomc acid, acid fuchsm-uranyl 
acetate, potassium p-toluldmo-2-naphthalene-6-sulphonate, sulphurlc acid m 
ethanol, nitric acid vapour and 2’ ,7’ -dlchlorofluorescem were exammed with 
apphcatlon to blood serum analysis All hplds and phosphohplds with the ex- 
ceptlon of dlpalmltoylleclthm could be detected wlthln the range 100-200 pg 
on TLC plates and 50-100 pg on HPTLC plates These hmlts are similar to 
those on RP-18 plates No slgnlficant advantage of predlppmg was evidenced 
but the detection limits and reproduclblhty were enhanced when a predevel- 
opment of the plate for cleaning purpose was done Copper (II) acetate works 
well on slhca plates but less so on alkyl-bonded layers Eleven copper (II) com- 
pounds were checked by Bltman and Wood [ 1731 and 10% copper sulphate In 
8% orthophosphorlc acid was selected as the best charring agent Subsequent 
scanning with a laser densitometer has been used for the determination of 
phosphohplds m lymphocytes [ 1741 Copper (II) acetate as a charring agent 
reacts only with unsaturated phosphohplds whereas copper (II) sulphate reacts 
with both saturated and unsaturated phosphohplds 

Stammg with the perlodlc acid Schlff stam accordmg to Shaw 1s still m use 
[ 1531 Formation of fluorescent derivatives with 8-amlmo-l-naphthalenesul- 
phonate gives a higher L/S ratio [ 1751 Some pubhshed procedures are tedl- 
ous m blood serum determination, zones are scraped, dlgested with perchlorlc 
acid and a colour reactlon 1s produced with ammoruum molybdate and mala- 
chite green or after starnmg with naphthol blue black, the plates are destained 
and the spots are removed and extracted with dlmethylformamlde prior to 
spectrophotometry [ 1731 Molybdenum blue reagent 1s specific for phospho- 
rus the plate 1s covered with an ammomum molybdate-phosphonc acid re- 
agent for 1 mm, dried for 5 mm and densltometry 1s performed at 620 nm 
11451 

Fluorescent spots are formed by spraymg or dlppmg the plates in man- 
ganese (II) chloride-sulphurlc acid [ 1761 Subsequent dlppmg m paraffm- 
hexane (10 20) doubles the fluorescence The use of 2,5-bls (5-tert -butyl-2’- 
benzoxazolyl)thlophene (BBOT) appears very efficient, the reagent 1s dls- 
solved m the methanol part of the solvent system at a concentration of 20 mg/ 
1 and fluorescent phosphohpld spots are stable for several hours [ 1491 This 
reagent was tested In the determination of phosphohplds m rat lung and 800 
ng of sphmgomyehn could easily be detected with a coefflclent of variation of 
0 3% Very simple and efficient detection of phosphohplds makes use of film 
negatives with subsequent laser densltometry [ 1771 Plates are immersed m a 
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buffer solution of p-toluldmo-2-naphthalene-6-sulphomc acid m the dark and 
photographed Complex hplds are detected quantltatlvely at levels lower than 
25 ng per samplmg zone 

An improved procedure for reproducible analysis with Chromarods and sub- 
sequent FID quantltatlon was pubhshed by Murray [ 1781 Major phospho- 
hplds found m 3T3-Ll flbroblast and leukocyte membrane are quantltatlvely 
determined m the l-30 ,ug range with an R S D of 0.2-6 0% Copper(I1) sul- 
phate-impregnated Chromarods have also been claimed to be reusable [ 1791 
The precision of the Iatroscan method was found to be comparable to that of 
GC for some phosphohplds [ 1801 Plasmalogen quantltatlon was achieved by 
Demblstky [ 1811 using mild deacylatlon m a basic solvent followed by acid 
hydrolysis and subsequent determmatlon of phosphorus after burning 

Alvarez and co-workers [ 182-1841 thoroughly mvestlgated the hydrolysis 
of phosphohplds with either acid, base or enzyme Plasmalogen ldentlficatlon 
m seminal flulds can be carried out with m s&u hydrolysis to the vmyl ether 
lipids with trlchloroacetlc acid and subsequent detectlon with copper sul- 
phate-orthophosphorlc acid reagent Acid hydrolysis yields glycerol and alde- 
hyde, the reaction 1s carried out on the plate and aldehyde 1s characterized.. In 
situ alkalme hydrolysis produces glycerol and fatty acid denvatlves, alkyl ether 
and alkenyl ether groups are not affected by this treatment Enzymatic hy- 
drolysls with phosphohpase AZ, C or D 1s performed directly on the slhca layer 
and makes possible the characterlzatlon of the different phosphohplds The 
detectlon hmlt 1s m the nanogram range which compares well with the 0.05 ,ug 
obtamed by FID A quantitative determmatlon of phosphatldylglycerol m am- 
motlc fluid mvolves conversion of the phosphatldylglycerol mto glycerol with 
phosphohpase C and alkylphosphatase and subsequent determmatlon of the 
glycerol formed [ 1851 Enzymlc generatlon of hydrogen peroxlde from phos- 
phohpld followed by oxldatlve couplmg of 4-ammoantlpyrme to 2-hydroxy- 
3,5-dlchlorosulphonate produces a red chromogen that 1s detected at 510 nm 

[I861 

3 3 Ganglms~des 

Ganghosldes are complex glycosphmgohplds conslstmg of a hydrophobic 
acylsphmgosme (ceramlde) moiety to which hydrophlhc ohgosaccharlde umts 
contammg slahc acid (N-acetylneurammlc acid) are attached In the Sven- 
nerholm nomenclature [ 1871, a subscrlpt M, D or T 1s used to indicate 
mono-, dl- or trlslaloganghosldes, respectively The followmg nomenclature 1s 
used 

G Ml = Galpl-3GalNAcpl-4 (NeuNAccr2-3 ) Gal/i-4Glc/3-lCer, 
G ML = 

G M3 = NeuNAccr2-3Galj?l-4Glcpl-lCer, 
G D3 = NeuNAccr2-8NeuNAca2-3Galpl4Glcpl-Cer, 
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G DIR = NeuNAcaZ-3Galpl-3GalNAcpl-4 ( NeuNAccrZ-3 )GalPl-4Glc/?l- 
lCer, 

G Dlb = Galpl-3GalNAcpl-4 (NeuNAcc&8NeuNAca2-3 ) Galj?l-4Glcpl- 
lCer, 

G Tlh = NeuNAca2-3Galpl-3GalNAcpl-4 (NeuNAccu2-8NeuNAcc2-3) - 
Galpl-$Glc/?l-lCer, 

where Gal = galactose, Glc = glucose, GalNAc = N-acetylgalactosamme, 
NeuNAc = N-acetylneurammlc acid and Cer = ceramlde 

The highest levels of ganghosldes are found m the bram, where GM1, GD1,, 
GDII, and GT predominate Tay Sachs disease 1s caused by a lack of N-acetyl- 
hexosamlmdase and ganghosldes accumulate m the bram In healthy mdlvld- 
uals ganghosldes constitute 6% of the lipids of the bram Increased serum or 
urmary levels of slahc acid or acetylated derivatives of neurammlc acid have 
been observed m inflammatory disease or cancers Ganghosldes of human mel- 
anoma have been studied [ 1881 and GM3, GD?, GM*, GDz and alkah-labile 
ganghosldes are most commonly expressed by these melanomas. However, the 
ganghoslde dlstrlbutlon 1s heterogeneous and it 1s necessary to analyse the 
ganghoslde composltlon of melanoma biopsies, before usmg monoclonal antl- 
bodies to melanoma-associated ganghosldes for melanoma diagnosis 

Ganghoslde mapping can be used to check patients with San Flhppo disease 
GM3 IS the major ganghoslde m normal lymphold tissue, increased contents of 
GDB were observed m the blast from children with T cell lymphoblastlc mahg- 
nancles [ 1891 Four maJor ganghosldes contammg lactosamme or a lactos- 
amine-repeating structure as the backbone core were recently Isolated from 
human placenta with a combmatlon of TLC, GC and proton magnetic reso- 
nance spectroscopy [ 1901 The accumulation of ganghosldes m cerebrospmal 
fluld of patients with ganghosldoses has been demonstrated The ganghoslde 
composltlon of human milk 1s characterized by the predommance of GM3 which, 
together with GDB, constitutes >95% of the total ganghosldes [ 1911 GM, 
isolated from human milk was found m all fractions with enterotoxm mhlbl- 
tory actlvlty, whereas fractions without GM, were Inactive [ 1921 

3 3 1 Sample preparatmn 
Ganghoslde fractions are obtained by taking advantage of the amphlpathlc 

nature of glycohplds Total lipids are extracted with chloroform-methanol 
mixtures and ganghosldes are then separated from this extract Quantitative 
extraction of ganghosldes from bram has been thoroughly studied by Suzuki 
[ 1931 When dealing with extraneural tissues or human erythrocytes with a 
low ganghoslde content, the extraction procedure of Ledeen et al [ 1941 1s 
generally used This procedure, which has been slightly modified by Ando et 
al [ 1951, involves extraction with chloroform-methanol (2 1) at 37°C for 30 
mm and re-extraction with ten volumes of chloroform-methanol (1 2) at 45°C 
for 30 mm The extracts are mixed, adlusted to a chloroform-methanol-water 



503 

ratlo of 30 60 8 (solvent A) and applied to a DEAE column which 1s eluted 
with 10 ml of solvent A and then 18 ml of chloroform-methanol-O 8 M sodium 
acetate (30 60 8) (solvent B ) Neutral hplds and glycohplds are recovered m 
solvent A and effluent ganghosldes and acidic lipids m solvent B, which 1s 
evaporated to dryness and the residue dissolved m 0 20 ml of 0 6 M methanohc 
sodium hydroxide and 0 4 ml of chloroform Warming at 37°C for 1 h sapom- 
fles phosphohplds. Neutrahzatlon with 0 03 ml of acetic acid followed by de- 
salting on a Sephadex G-25 column eluted with chloroform-methanol-water 
(60 30 4 5) 1s then performed The eluate 1s evaporated to dryness and the 
residue 1s dissolved m 2 ml of chloroform-methanol (80 20) and applied to a 
slhca column (previously washed with chloroform) and eluted with chloro- 
form-methanol (80 20)) which removes fatty acids and sulphatldes Gangllo- 
sides are eluted with 15 ml of chloroform-methanol (2 3) 

In the procedure advocated by Ando et al [ 1951, mono-, dl-, trl- and tetra- 
slaloganghosldes are sequentially eluted using a gradient from 0 to 0 6 M 
aqueous sodium acetate-chloroform-methanol (8 30 60) Salts are removed 
by gel chromatography usmg Toyo Pearl HW50 (Toyo Soda, Tokyo, Japan) 
Further purlficatlon 1s performed on an Iatrobeads 6RS-8060 (Iatron, Tokyo, 
Japan) column, and ganghosldes are eluted with a linear gradient of chloro- 
form-methanol-water from 83 16 0 5 to 20 80 5 [ 1901 Another lsolatlon pu- 
rlficatlon procedure for ganghosldes from plasma mvolves partltlomng of the 
dried total lipid extract m dnsopropyl ether-butanol-aqueous sodmm chloride 
(60 40 50) and gel permeation Lipids from cerebrospmal fluid were extracted 
m chloroform-methanol, then applied to a slhca PBAGO column for separation 
of phosphohplds and ganghosldes [ 1961 Short-bed contmuous development 
TLC was used to separate neutral glycohplds and ganghosldes [ 1971. 

In the procedure of Pick et al. [ 1981, total hpld extract 1s obtained at room 
temperature with chloroform-methanol through somcatlon Isolation of acidic 
and neutral lipid fractions was performed on DEAE-Sephadex A-25 m the 
acetate form For the recovery of acldlc glycohplds the procedure was as fol- 
lows after incubation the sample was dried m vacua and the residue dissolved 
m cold HPLC-grade water, neutralized with dilute hydrochloric acid to pH 4 5 
The salt concentration was adJusted to 0 1 M by adding water The sample 
solution was passed through an ODS cartrldge at 1 5 ml/mm, the acldlc gly- 
cohplds bemg collected on the column After washing the cartridge with 50 ml 
of water the glycohplds were eluted with 30 ml of chloroform-methanol ( 10 20) 
Class fractlonatlon was performed by OPLC by lsocratlc elutlon with chloro- 
form-methanol (70 30 ) 

3 3 2 Chromatography 
Slhca gel 1s an effective sorbent for separating the mdlvldual ganghosldes 

The mobile phases used are chloroform-methanol-aqueous salts or ammonia, 
as previously described by Wherrett and Cummg [ 1991 and Ando et al [200] 
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aqueous sodium acetate (3% ) lithium chloride solution-methanol (30 70) 
With aqueous solutions of ammonmm sulphate as the mobile phase a linear 
decrease m the RF values of nucleosldes at higher salt concentrations was ob- 
served [311]. 

The separation of adenme, adenosme, mosme, hypoxanthlne, 2-adenosme 
5’-monophosphate, 5-adenosme 5’-monophosphate, adenosme 5’-dlphos- 
phate, adenosme 5’ -tnphosphate and dlbutyryladenosme 5’ -monophosphate 
has been performed on silica gel plates [ 3121 Two-dimensional separation of 
adenme, adenoslne, hypoxanthme, xanthme, uric acid and mosme 1s possible 
on slhca gel plates with n-butanol-ethyl acetate-methanol-ammoma 
(11 3 3 3) followed by n-butanol-methanol-ammonia (4 3 3 ) [ 3131 In the 
detection of purmes the proportIons of these mixtures are slightly changed 
[314] TLC on slhca gel was preferred to TLC on cellulose or paper electro- 
phoresls for the analysis of the products of DNA modlficatlon by methylases 
[3151 

Alkyl-bonded layers are by far the most efficient. Cadet et al [316] sepa- 
rated radlomduced degradation products of 2’ -deoxyguanosme The two pyran 
anomers resulting from lmldazole rmg openmg exhlblt high RF values owing 
to their less aromatlc character Successive developments with methanol-water 
(10 90) resolved N-6- (deoxy-P-erythropentapyranosyl)-2,6-dlamlno-5-hy- 
droxy-5-formamldopyrlmldme from the cy-anomer The resolution of the a- 
and P-anomenc forms of adenosme and deoxyadenosme has been achieved on 
a choral plate with methanol-water-Increasing amount of acetomtrde 
(50 50 30+50 50 400) [317] On these plates /?-nucleosldes had higher RF 
values than the a-nucleosldes and thymldme does not react with copper (II) 

A very useful paper by Leprl et al [ 3181 appeared recently They examined 
the PLC moblhtles of 58 purme and pyrlmldme derlvatlves on an alkyl C12- 
bonded layer with either a salt-contammg aqueous mobile phase or a non- 
aqueous solvent The RF values are related to hydrophobic moiety, acid-base 
constants and assoclatlon of the species m solution With Cl8 alkyl-bonded 
slllca and an eluent contammg dodecylbenzenesulphomc acid, Ion pairing oc- 
curs and different RF values are observed This might be of great importance 
for possible two-dimensional separations Tables of RF values for every system 
are given m the paper 

Visual detection of 0 Ol-pg amounts by spraying with aqueous 1% uranyl 
acetate 1s claimed to be possible [ 3141 TLC associated with radlochromato- 
graphy permits the quantltatlon of as httle as 74 pmol of adenosme and TLC 
associated with liquid scmtlllatlon counting 410 pmol of adenosme [312] In 
the procedure of Maddocks et al [310] for screenmg adenosme deammase 
deficiency, coolmg in liquid nitrogen 1s carried out and phosphorescence of 
bands 1s recorded on X-ray film 

In the dlagnosls of adenme phosphorlbosyl transferase deficiency, 1~1 of 
urine IS submitted to TLC and adenme 1s detected by its blue phosphorescence 
at hquld mtrogen temperature in the same way as above [319] Vldeodensl- 



tometry as designed by Pongor [ 731 has been extensively used by Elodi and 
Karsai [ 23 1, who claimed an error reproducibility of less than 1% 

Patients with inherited adenyl succmase deficiency excrete large amounts 
of succmyladenosme and succmylammoimidazole carboxamide riboside Pre- 
treatment of urme samples was performed by ion exchange and two-dimen- 
sional TLC on cellulose plates was then carried out The solutes of mterest 
were detected via the dull blue colour produced after spraying with Pauly re- 
agent Concentrations were determmed by HPLC [ 3201 

Uric acid is excreted as the prmcipal end-product of purme metabohsm 
Normal serum levels range from 25 to 75 ,ug/l It is not usually analysed by 
TLC, an improved reagent is capable of detectmg 5-50 pg of uric acid but was 
tested only on bird excreta [321] Conversion of hypoxanthine into uric acid 
by xanthme oxidase was the last step m a micro-determmation of purme nu- 
cleoside phosphorylase activity m peripheral blood lymphocytes with a Cobas 
Bio analyzer The results were compared with those given by TLC and 
radioautography [ 3221 

3 11 &nary m-game aczds 

These are the end-products of the intermediary metabolism of carbohy- 
drates, ammo-acids, lipids and nucleotides In this field a GC-MS data system 
such as the MSSMET has been proved very useful Prior to GC-MS analysis 
a TLC purification step is often requned, as m the mvestigation of organic 
acids m samples from patients with diabetes melhtus, where four fractions 
were separated on silica gel plates prior to GC and GC-MS [ 3231 

Homovamlhc acid t HVA) and vamllylmandehc acid_ (VMA) are acuk me- 
tabohtes of catecholammes HPLC with electrochemical detection gives ex- 
cellent results However, a quantitative TLC-spectroscopic method of quan- 
titation was proposed by Ufer-Weiss et al [ 324 1. Chloroform-ethanol-formic 
acid (50 10 10) separates HVA and a second development with different pro- 
portions (50 20 2) resolves VMA and 3,4-dihydroxymandehc acid (DMA) 
The plates are dipped m ethylenediamme-chloroform (25 75) after addition 
of 5% dimethylsulphoxide and fluorescence scanning at 390 nm 1s performed 
The munmum concentration detected is 2 5 pg with a claimed reproducibihty 
of 90% In a study of 200 urine samples from patients with neuroblastoma, 
Tuchman et al [325] suggested qualitative analysis by TLC and quantitative 
analysis by GC 

Determination of methylmalomc acid m plasma, urine and hver can be car- 
ried out by TLC on cellulose with n-butanol-acetic acid-water (13 3 5) and 
detection with Fast Blue B [326] or diazotization followed by densitometric 
scannmg of a photocopy of the chromatogram 

Alumma- or cellulose-coated plates were suggested by Kuroda et al [327] 
for the analysis of 5-hydroxymdole-3-ylacetlc acid and mdol-3-ylacetic acid, 
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with subsequent detection and quantification by phosphorescence. Calibration 
graphs were linear from 10 pmol to 250 nmol. 

In our opinion, the detection of these acids by TLC is easy but quantification 
by HPLC is more reliable. Combination of TLC with either GC or HPLC is 
obviously the best choice 

3 12. Carbohydrates 

Numerous diseases are accompanied by increased ehminatmn of various 
sugars in the faeces and urine. In &abetes melhtus, an increase in the amount 
of sugars other than glucose is observed and these sugars are thought to be 
involved in the progress of microanglopathy Separation of sugars in the free 
state is tedious. All chromatographic techniques can be used Standard mix- 
tures are generally well resolved and good HPLC traces on an anion-exchange 
resin (calcium or lead type) or on ammo-bonded silica can be found in a ex- 
tensive literature. PC and TLC have been used extensively but they are now 
considered to be inferior methods for carbohydrates In the review by Robards 
and Whltelaw [ 3281 it is stated that in the period 1980-1985 TLC represented 
14% of the pubhshed papers and PC 3%. Stationary phases utilized in PLC are 
silica gel with binary, ternary or quaternary mixtures of solvents such as bu- 
tanol (water-saturated)-triethylamme, ethyl acetate-methanol-acetic acid- 
water, propanol-methanol-water and propanol-water [ 3291. The moblhty of 
sugars on silica gel depends on the molecular mass and the number of hydroxyl 
groups. Plates of silica gel of very large pore size (Si 50 000 from Merck) have 
been advocated [330] with ammonia-contammg eluents. Samples of 1 ~1 of 
urine from patients with mehturlas were used for two-dimensional TLC on 
cellulose plates [ 3311. Use of a copper (II ) -loaded stationary phase has been 
proposed [ 3321 for separating mixtures of carbohydrates Water-containing 
solvents or pure water are used for development. 

In biomedicine, PLC 1s the method of choice when a single carbohydrate is 
looked for. Lactulose is checked m the urine of patients with cystic fibrosis 
using silica gel with a propanol-borate buffer solvent [ 3331. Sucrose in blolog- 
ma1 samples was separated on sihca gel with ethyl acetate-lsopropanol-water 
(60 30 10) whereas the mobile phase for fructose was isopropanol-n-butanol- 
0 5% aqueous boric acid (50 30 20) followed by n-butanol-acetone-0.5% boric 
acid (40 50 10) [ 3341 

The most important application is the detection of the zone of interest and 
possible quantification Patzsch et al. [ 3351 compared some monosaccharide 
separations on silica plate, ammo and Si 50 000 plates with subsequent post- 
chromatographic derivatlzatlon with aniline, diphenylamme, phosphoric acid, 
4-ammohippuric acid, anihnephosphorlc acid, 2-aminophenol, anthrone, urea, 
naphthoresorcmol, dimedone, PMA, vanillin and zinc chloride, The limit of 
detection could be lowered to 5-30 ng per spot. Derlvatlzation with dabsylhy- 
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drazme and TLC of monosaccharide dabsylhydrazones on silica gel with a ter- 
nary solvent (e.g , acetomtrile-n-butanol-ethyl acetate, 15 15 1) permit the 
detection of picomole amounts of sugars [X36] Ths compares well with HPLC 
detection sensitivity as it is claimed that nanomole amounts are very easily 
detected and plcomole detection requires a pulse amperometric detector 

Diagnosis of galactosaemla was carried out by impregnation of a filter paper 
with blood followed by extraction with 60% isopropanol and TLC separation 
on s&a gel with propanol-methanol-water (40 20 7 7) spraying with o-ami- 
nobenzenesulphonlc acid and quantification by scanmng densitometry [337] 

In lysosomal acid deficiency (Pompe’s disease) diagnosis, urme was desalted 
on ion-exchange resins, the eluates were evaporated to dryness and the resl- 
dues dissolved m water and the tetrasaccharide band was located on the TLC 
trace. Lactoblonic acid can interfere [ 3381 Ohgosaccharides released from 
ganghosides by endoglycoceramidase were purified on Sep-Pak C,, and a Seph- 
adex column TLC was then carried out on polyamide with acetonitrile-phos- 
phate buffer solution (1 1 to 2 1) and the ohgosaccharides were immoblhzed 
on the layer by reaction with NaBH,CN and submitted to immunostannng 
and densltometry [ 3391. 

OPLC greatly improves the separation. Vajda and Pick [340] separated 
mono-, di- and trisaccharides on a silica HPTLC plate with elution with ace- 
tomtrile-aqueous ammonia-aqueous potassium chloride They used OPLC in 
the TLC mode with ethanohc orcmol-sulphurlc acid detection 

3 13 Ammo acrds 

Chromatographic separation of ammo acids is very well documented and an 
excellent paper on the topic appeared m this Journal [341] HPLC is widely 
used and o-phthalaldehyde derivatizatlon has proved suitable for erther fluo- 
rescence or electrochemical detection PC is still m use as dabsyl derivatives 
are very easily detected [ 3421 and simple screemng of abnormahtles in ammo 
acid excretion is quick and inexpensive [ 3431 

Comparison of layers for ammo acid separations was performed by Sleck- 
man and Sherma [ 344,345] Cellulose, slhca gel, ion-exchange and alkyl-bonded 
stationary phases were evaluated and tables of RFvalues for essential and non- 
essential ammo acids were given TLC on RP layers has no advantages over 
adsorption, partition or ion exchange Owing to the aqueous nature of the mo- 
bile phases, the development times are long (2-11 h) The best results were 
obtained on Fixion layers, 0 12 mm thick, l-20 ~1 of untreated urme can be 
dnectly spotted but 6 5 h are needed for completion of the chromatographlc 
run 

Ion-exchange TLC was also advocated by Issaq and Devenyi [346] Apph- 
cation to screening of blood and urine of newborns was carried out by Kovacs 
and Kiss [ 3471 Detection of phenylketonuria was performed by hqmd-hquld 
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extractron of the urine on Sep-Pak cartrldges, elution of phenylalanme and 
keto acids with methanol and ion-exchange TLC on Fixion plates [ 3481 

Selectlvlty and consequently separatron can be improved by mixing sorbents 
as proposed by Gullner et al [ 3491 or by impregnation of RP plates with do- 
decylbenzenesulphonic acrd [ 3501 For this purpose two-drmenslonal TLC of 
dansylamino acrds, as advocated in 1980 by Macek et al. [ 3511, is still the best 
system An example IS the ammo acid analysis of patients with leucmosrs, ci- 
trulhnurra and phenylketonuria. The method does not require deionized urme 
or deprotennzed serum samples [ 352,353 ] and can be combined wrth autora- 
dlography to detect 0.1 pmol of ammo acids [ 3541. 

Urmary methylhlstidine rsomers are separated and determined wrth meth- 
anol and chloroform-methanol-ethyl acetate-trrethylamme (70 10 10 5 ) 
[ 355 ] Screenmg of aspartylglycosammurra 1s performed in this way [ 3561. 
TLC 1s very sensitive, as was exemplified m the screening and dragnosrs of 
heterozygous cystmurra; the highest sensltivlty of TLC compared with spec- 
trophotometrtc tests has been demonstrated [357] Detectron of 400 fmol of 
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8 Separation of PTH-ammo acids by OPLC Chromatographw condltlons layer, HPTLC 
slhca gel 60 Fse4 (20 x 30 cm, expenmental plate, Merck), 1st eluent, chloroform-methanol-acetic 
acid (90 10 3, v/v/v), 2nd eluent, duzhloromethane-ethyl acetate (90 10, v/v), 1st development 
time, 20 mm at 16 cm, 2nd development time, 34 mm (contmuous development) Peaks 1 = 
CySOBK, 2 = HIS, 3 = DMSO, 4 = Asn, 5 = Gln, 6 = Asp, 7 = Ser, 8 = Glu, 9 = Thr, 10 = 
Lys, 11 = Tyr, 12 = Gly, 13 = Trp, 14 = Ala, 15 = Met, 16 = Phe, 1’7 = Val, 18 = Nle, 19 = 
Ile, 20 = Leu, 21 = Pro 
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fluorescent Lissamine Rhodamme B sulphonyl aryl derivatives of ammo acids 
can be performed [ 3581 

The apphcation of layer hqmd chromatographic techmques is popular for 
the analysis of phenylthiohydantom (PTH) -ammo acids. A recent review ap- 
peared on the TLC of PTHs of ammo acids on different stationary phases 
[ 3591 The separation of all common PTH-ammo acids is better achieved by 
HPLC Schuette and Poole [ 3601 used continuous multiple development with 
five development steps and four changes of mobile phase composition to sep- 
arate eleven derivatives The situation is more favourable m OPLC Fater and 
Mmcsovics [361] used chloroform-methanol-acetic acid (90 10 2) for the 
resolution of polar PTH-ammo acids and dmhloromethane-ethyl acetate 
(96 i0) hr the resolution of non-polar PTH-amino acids with an Increased 
migration distance (Fig. 8). 

4 APPLICATION TO EXOGENOUS SUBSTANCES 

The planar chromatography of pharmaceuticals and drugs would deserve a 
separate review. PLC is extensively used m this area and the number of ref- 
erences listed m the annual reviews m Analytlcal Chemistry is the largest of 
all the topics covered 

Demands for the determmation of doping substances is rapidly mcreasmg. 
Apparently no use of PLC is mentioned in the official testing methods of the 
International Olympics Committee For the enormous task of analysmg some 
2000 urme specimens for a broad variety of banned substances, GC is the pri- 
mary techmque although HPLC is used to screen for most diuretics, caffeine 
and stimulants that cannot be analysed by GC Samples that are ‘positive’ from 
the first quick test are then submitted to GC-MS for further assessment As 
most tests are quahtative, PLC would be helpful Combmation of the advan- 
tages of HPLC and PLC can help to reduce the analysis time. Some doping 
agents, such as ephedrine, methylamphetanme, stimulants and sympatho- 
mimetic ammes, were determined by OPLC on s&a gel plates with butanol- 
chloroform-ethyl methyl ketone-glacial acetic acid-water (25 17 8 6 4) by 
Gulyas et al [362] Detection was carried out at 210 nm and the detection 
hmit for caffeme was 1 pg Validation of the method is needed as many samples 
can be simultaneously determined (Fig 9 ) 

For toxicological screemng analysis TLC is a valuable technique because of 
its low cost and simphcity and the selectivity of the detection reagents Con- 
ventional and modern PLC are used for the separation and determmatlon of 
cannabmoids [ 363,364]. A densitometric HPTLC method has been developed 
for the analysis of herom and cocame samples using silica gel plates [ 3651 

The separation of heroin, monoacetylmorphme and morphme is needed to 
check the purity of ilhcit samples of heroin and in post-mortem blood analysis 
A rapid extraction procedure for codeme and morphme in whole blood has been 
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Fig 9 Separation of a mixture of dopmg agents Sorbent, HPTLC slhca gel 60 F,,,, eluent, n- 
butanol-chloroform-methyl ethyl ketone-water-acetlc acid (25 17 8 4 6, v/v) (a) OPLC 
method separation distance, contmuous development, development time, 25 mm (b) Conven- 
tlonal TLC separation distance, 140 nm, development time, 95 mm Peaks 1 = strych- 
nine, 2 = ephedrme, 3 = metamphetamme, 4 = phenmetrazme, 5 = methylphenldate, 6 = 
amphetamine, 7 = desoplmon, 8 = coramm, 9 = caffeine 

proposed by Tebbett [ 3661. Red blood cells are fragmented by somcation and 
the blood sample 1s extracted by passing it through a Bond-Elut column TLC 
separation on silica gel with methylene chloride-lsopropanol is performed very 
easily Thermal treatment in the presence of gaseous ammonia yields intense 
fluorescence of morphine and heroin, which thus can be easily detected m the 
presence of other drugs [ 3671 

In forensic science various TLC methods have been apphed Stead et al 
[368] published an important paper on standardized TLC systems for the 
identification of drugs and poisons. Dutt and Poh [ 3691 gave the TLC profiles 
of some drugs A comparison of extraction methods for methylamphetamme 
and its metabohtes m tissues was carried out by Inoue and Suzuki [ 3701 In a 
report of two cases of suicide by amoxapme overdoses, Rohrig and Baker [ 3711 
advocated TLC for qualitative screenmg and GC for quantitation Owing to 
the structural similarity of cyclobenzaprme and amitryptiline, they could not 
be separated by either TLC, HPLC or GC [ 3731. As was emphasized by Bogusz 
et al [ 3731, the type of biological matrix and the number of analysts may affect 
the inter-laboratory precision. 

Hippuric acid is a metatobite of toluene and benzoic acid and also of ethylene 
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Fig 10 Separation of dlmedone adducts of formaldehyde and other ahphatlc aldehydes by RP- 
OPLC at different development distances Chromatographlc conditions layer, RP-18 HPTLC 
slhca gel (Merck) with impregnated edges, eluent, acetonltrlle-0 005 A4 potassmm dlhydrogen- 
phosphate (4 6, v/v), CHROMPRES 10 separation chamber (Labor-MIM, Budapest, Hungary), 
external pressure on the membrane 10 MPa, different separation distance, standards, 500 ng each, 
detectlon, 264 nm usmg Zeiss Opton PMQ III chromatogram spectrophotometer Peaks 1 = 
dimedone, 2 = acetaldemethone, 3 = formaldemethone, 4 = proplonalmethone, 5 = butyralde- 
methone F, and F, = solvent fronts, S = starting pomt, s, = startmg distance, Zf = a-front 
distance 

glycol. The analysis of hlppuric acid 1s a test of exposure Samples of urine are 
submitted to TLC on silica gel plates with chloroform-methanol (60 40) or 
on Cl8 plates with ethanol-water-acetlc acid (65 35 1) Fluorescence quench- 
lng permits the detectron of 0.5 fig [ 3741 

Accordmg to recent mvestrgatrons, formaldehyde IS a mutagenic and carcl- 
nogemc substance Fig 10 shows the separation of formaldehyde and other 
ahpathlc aldehydes as the dlmedone adducts using an RP chromatoplate (RP- 
OPLC) and different development lengths The method 1s surtable for the 
identification and determmatron of these compounds m samples of brologrcal 
origin 

5 CONCLUSION 

GC and HPLC have gamed wide acceptance as they are fully mstrumental- 
rzed, may provide high efficrencles and are equipped with excellent detectors 
PLC cannot compete and IS drsquahfied when it IS used as a very cheap tech- 
nique A cheap technique means raw quahtatlve data. Fortunately, new ad- 
vances m instrumentation have been achieved and m either the conventional 
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mode (essentially TLC) or the forced-flow mode (OPLC ) PLC is able to pro- 
vide quick and reliable data 

Many of these improvements are not yet m current practice m the biomed- 
ical domam For example, silica gel is still too often considered as a umversal 
layer and bonded silica phases are not fully and adequately exploited One 
remarkable exception is enantlomeric separations on choral plates, which are 
rapidly expanding. Combmation of TLC and MS is now possible but reports 
on the topic are not very numerous 

Owing to the very complex nature of the solutes to be chromatographed m 
biomedicme, pretreatment and sample clean-up require great care Direct spot- 
ting of the sample on the plate followed by successive developments with dd- 
ferent mixtures of solvents acting as sample extraction and pretreatment is 
obviously one of the maJor advantages of PLC To our knowledge, it is the only 
chromatographlc technique where cells can be applied directly to the statlon- 
ary phase In the same way, immunostammg or fluorescence lme narrowing is 
impossible to achieve m HPLC but fairly easy m PLC 

From the literature it is evident that m some areas (e.g., catecholamme 
quantitation) TLC has been superseded by HPLC When both selectivity and 
efficiency are required, as m ammo acid and carbohydrate analysis, PLC is 
declmmg Conversely, m lipid analysis the unique features exhibited by PLC 
make it a very valuable technique that can be used either as a full separation 
and quantrtation techmque or as a preparative step prior to GC analysis 

This complementary mode is obviously the best choice m the study of a 
disease or a metabolic pathway For example, mformation regarding the fatty 
acid composition of sphmgomyelm from amniotic fluid of normal and diabetic 
pregnancies is gamed from TLC and subsequent GC. On the other hand, quan- 
titation of one class of lipids (e g , bile salts m gall-bladder bile) or porphyrin 
profile is conveniently achieved by PLC with the same sensitivity and reha- 
billty as with HPLC However, m spite of the multiple capablhties, the detec- 
tion procedure is still too long (with the exception of OPLC) It may be ex- 
pected that this drawback will be overcome with the advent of rehable 
videodensitometry 

6 SUMMARY 

In planar chromatography (PLC ) , the solvent flows through a layer either 
by means of capillary forces [conventional thm-layer chromatography (TLC ) ] 
or by a forced-flow system (over-pressured layer chromatography) Phases 
and mstrumentation currently available are briefly exammed The mam ap- 
phcations m biomedicme are reviewed Although sihca gel TLC plates still 
predominate, mterest m other phases is mcreasmg Unique detection features 
such as immunostaunng are emphasized Although gas chromatography and 
high-performance hquid chromatography have superseded TLC m the analysis 



of carbohydrates, ammo acids and mdole derlvatlves, interest in PLC contm- 
ues to be high in lipid analysis 
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