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1 INTRODUCTION 

Bi-directional chromatography, which is a more specific term than two-dimen- 
sional chromatography when referrmg to flat paper or thin-layer beds’, 1s an ana- 
lytical technique that is becoming increasingly important in the separation of mix- 
tures of varying complexity. This method consists in spotting a sample at the corner 
of a flat bed and allowing the mrgratlon of a solvent in one directton, followed by 
another mlgratlon at right-angles to the first. 

When the same solvent IS fed successively in the two duections of a uniform 
adsorbent layer, all chromatographed spots align on a diagonal. The sole advantage 
of the method is then a very slight increase m resolution corresponding to an increase, 

by a factor of J2, m the distance of migration of the spot The realization of more 
efficient systems, by means of which a larger number of spots can be resolved2, 
implies the use of the entire chromatographic area available and requires the selection 
of appropriate different mobile phases for each duectlon. 

Similar efficienctes are attained when the same mobile phase is fed successively, 
at an orthogonal angle, to a chromatographic plate that has been coated with two 
adsorbents. Dtfferent retention mechanisms dictate the behaviour of the solutes chro- 
matographed for instance, on a reversed-phase layer in one direction and a normal- 
phase layer m the other. The solute RF values are then different in each direction and 
the spots are dispersed on the chromatographtc plate. 

The tremendous separation potential afforded by this techmque is apparent 
from the flexibtlity available in combming various stationary and mobile phases for 
use m erther direction. 

In 1944, Consden, Gordon and MartIn first reported a bl-dimensional sep- 
aratton of amino acids on paper. The eluents used were collidrneewater m one direc- 
tton and phenol-water m the second The chromatography took 5 days and resulted 
m the resolution of 15 of the 22 ammo acids in the sample mixture. This technique 
was subsequently described by Overel14, Cheftel et al s and Nordmann et a1.6q7, who 
successfully achieved the separation of various orgamc acids. 

The importance of this method increased in the early 1950s as bi-directional 
chromatography became instrumental in the elucidatron of several biochemical path- 
ways8. CalvmQ~*o, for instance, used two-dimensional paper chromatography in com- 
bmation with autoradiography to assay algal extracts kept m air containing 14C0,. 
After the Identification of the various sample components, a kmetic study of 14C 
mcorporation helped to suggest a scheme for carbon reduction durmg photosyn- 
thesis. The same technique enabled Beloff-Cham et a1.11,12 to dtfferentiate between 
the conversion of glucose mto ohgosaccharides, polysaccharides and lactate in 
muscles and that into ammo acids and lactate m the brain. Chain et a1.13,14 also 
studied the effect of insulin on glucose metabolism in various types of animal trssue 
such as the diaphragm, liver, brown adipose tissue, brain and the pituitary. 

Although two-dimensional thin-layer chromatography (2-D TLC) has been 
used for almost 40 years (Fig. 1), there has been no review of its vartous apphcatlons 
prior to this paper Several workers have reported past and present developments of 
classical TLC and its future trends 1 5-2o. The performance and spot capacity of two- 
dimensional TLC have been described elsewhere2 l, and also recent developments in 
TLC instrumentationz2 
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Fig 1 Histogram showmg the number of orlgmal two-dlmenslonal TLC pubhcattons m the last 18 years 

This paper briefly reviews the different types of stationary phases available for 
chromatography, and the effective mechanisms of solute retention on each phase, 
prior to discussmg the various applications of the 2-D technique. A short discussion 
on the methods available for spot detectron 1s also included. 

We have tried to cover the literature as thoroughly as possible. Authors who 
have not been cited are kindly asked not to take offence but rather to inform us of 
their work. More importantly, this review aims to demonstrate the effictency of the 
method m resolving compounds of widely different nature, polarity or class, and the 
Importance of the Judicious selection of chromatographtc condittons such that dif- 
ferent mechanisms may govern solute retention m each dtrection 

2 STATIONARY PHASES AND RETENTION MECHANISMS 

Various powders are commerctally avatlable that may be slurried alone or 
admixed with agents for specific apphcations, and spread on glass, aluminmm foil or 
plastic supports. Pre-coated TLC plates are also available wtthout or with a bmder 
for increased adhesion and mechanical stabtlity of the layer, or an mdtcator for solute 
detectton 

The thickness of the layer IS often 0.1 0 3 mm for analytical applications and 
0.5 2.0 mm for preparative work. The particle size varies, a small diameter bemg less 
critical than a narrow size distribution in achieving high efficiencies and good reso- 
lution2’ the narrow size range, 5 pm “HPTLC” packings have disadvantages such as 
a slow flow-rate of the mobile phase, a long development time and spot diffusion, 
whereas packmgs with the same size dlstrtbutlon and a larger diameter (IO-20 pm) 
afford faster and still adequate separations2 23, as is obvious from results obtained 
with good but conventtonal TLC plates made with particles cu. 11 pm m dtameterz4. 

The type of stationary phase needed to resolve a given mixture depends, to a 
large extent, on the propertles of the sample components. In general, stationary phas- 
es may be inorganic sorbents (silica, alumma, magnesia), organic sorbents (cellulose, 
polyamide), ion exchangers (tonic moieties substituted on to an organic adsorbent) 
and reversed phases (non-polar, organic groups chemically bonded often to an m- 
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organic silica backbone). These thin layers may be impregnated with a specific reagent 
to enhance or create a particular type of solute-stationary phase interaction, or coat- 
ed side-by-side on a support, a practice often used m bi-directional TLC. 

2.1. inorganic adsorbents 

Inorganic oxides such as silica, alumina and magnesia are polar adsorbents 
which, according to their degree of activation, may be used to separate polar or 
moderately polar compounds. Procedures for adsorbent activation by heat or deac- 
tivation by addition of a moderator such as water have been standardized to ensure 
reproducibility of separations. 

Heat activation rids TLC plates of physically adsorbed water, thus freeing the 
adsorptive surface for interactions with various solutes Adsorptive sites m silica and 
magnesia are essentially hydroxyl groups. Thus, heating these two adsorbents to 
temperatures above 200°C for silica and 100°C for magnesia, a process whereby Si- 
OH and Mg-OH groups are converted into Si-O-Sl and Mg&Mg, respectively, 
results in the loss of chromatographic actlvityzs. In alumina, active adsorptive sites 
are thought to be aluminium atoms, strained Al-0 bonds, basic oxide ions and cat- 
ionic centres. The loss of most of the surface hydroxyl groups early in the heating 
process does not reduce the activity of alumina, which actually increases with in- 
creasing temperature up to about 800°C and is lost only at 1000”Cz5. 

In chromatographic systems that involve weak or moderately strong solvents, 
adsorption is described primarily by the followmg relationshlp2s. 

log K = log v, + 01 (SO - A,&O) (1) 

where K, the distribution coefficient, is the ratio of the solute concentration in the 
adsorbed state to that m the mobile phase, V, is the volume of a monolayer of solvent 
adsorbed on the surface, a, the activity of the adsorbent, 1s proportional to its average 
surface energy and related to its water content, So 1s the adsorption energy of the 
solute in the reference solvent and on an adsorbent of standard activity (a = l), A, 
is the molecular area required for the adsorption of a solute molecule on the adsor- 
bent surface and E’ is the solvent strength parameter2s. 

Hence, the extent of retention by adsorption on a given phase increases pri- 
marily with the activity, average surface energy and surface area of the adsorbent 
In addition, retention increases with So, the adsorption energy of the solute molecule, 
which is approximately equal to the sum of the individual adsorption energies 
contributed by each constituent group Certain functional groups interact more 
strongly with polar adsorbents than others. The retention, for the correspondmg 
solutes, increases in the order saturated hydrocarbons < aromatic hydrocarbons 
z halogen derivatives < ethers < esters % aldehydes z ketones < amines z 
alcohols < carboxyhc acids. 

Stronger solvents (larger e”) decrease the solute retention. This effect 1s more 
important for larger solute molecules (large A,, eqn. 1). The polarity of the mobile 
phase needed to achieve adequate RF values 1s determined by that of the solutes 
studied. Polar compounds often reqmre the presence of water in the mobile phase to 
ensure the in situ deactivation of the plate and prevent the occurrence of tailing or 
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irreversible chemisorption caused by strong adsorbent-solute interactions. In addi- 
tion, desorption is ensured by the favoured interactions of the solute with the polar 
eluent. However, when the amount of water in the eluent exceeds 16%, solute par- 
tition is effective to a certain extenP. 

Other factors that affect adsorptivity are the acidic or basic functionalities of 
the adsorbent, as well as steric factors. Each adsorbent is characterized by a definite 
geometrical arrangement of adsorptive sites, favourmg interaction with certain types 
of solutes. For instance, alumina is better suited than silica for the separation of 
aromatic hydrocarbons with different functional groups or steric arrangement. More- 
over, although the adsorptive properties of alumma are similar to those of magnesia, 
the latter adsorbent has a much higher affinity for carbon-carbon double bonds and 
is especially suitable for the separation of planar aromatic hydrocarbons. 

In general, solute interactions with a given adsorbent may involve London 
dispersion forces, orientation or induction dipole forces, hydrogen bonding and weak 
covalent bonding (acid-base interactions and complex formation). The extent to 
which any of these occurs depends on the particular chromatographic system used. 
Adsorbents may often be impregnated with specific reagents that may complex re- 
versibly with the solute or covalently bond to it Impregnation with boric acid, for 
instance, is used for the separation of vicmal dihydroxy isomers which are retained 
by forming cyclic boric acid derivatives. Argentation chromatography or impreg- 
nation with silver nitrate allows the separation of unsaturated compounds owing to 
rapid and reversible complexation of their 7c double bond electrons with the impreg- 
nated silver ions. Similarly, the separation of nitrogenous bases on plates impregnated 
with Zn, Cd or Mg involves the occurrence of selective interactions between the metal 
ion used and the free nitrogen electronslg 

2.2. Organic sorbents 

In addition to the aforementioned inorganic sorbents, various organic mac- 
romolecular stationary phases are also commercially available. Of these, polyamide 
and cellulose are the most commonly used, and are particularly suitable for the sep- 
aration of hydrophilic, strongly polar substances. 

2.2.1. PoIyamlde 
With aqueous or polar eluents, this sorbent behaves as a reversed phase, where- 

upon partition is thought to be involved, at least to some extent, in solute retention. 
With non-polar developers, polyamide is a normal phase on to which chromato- 
graphed substances may adsorb. This adsorption may entail the function of hydrogen 
bonds between proton-donating groups such as hydroxyl, amino, carboxylic or phos- 
phoric m the solute molecule and carbonyl oxygens m the sorbent. Additional inter- 
actions may occur between electrophilic nitro compounds, quinones or aldehydes 
and ammo groups in the polyamide phase. Compounds with delocalized rr electron 
systems are also found to exhibit strong affinity for the sorbent. Clearly, chromato- 
graphy on polyamide is a process of simultaneous e- donor-e- acceptor interactions, 
the extent of which depends on the chemical nature of the solute, the composition 
of the desorbing eluent and the presence of free -NH- and >C=O groups on the 
adsorbent surfacez6. 
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2.2.2. Cellulose 
In paper chromatography, one often witnesses rapid spreading of substances 

along cellulose fibres. The powdered sorbent used in TLC, however, IS characterized 
by very short fibres which afford sharper spots and a better resolutton. TLC cellulose 
exists m two forms. native fibrous (fibre length 2-25 pm, average degree of polym- 
erization 40&500) and microcrystallme (particle size 20-40 pm, average degree of 
polymerization 4@200). In cellulose, most glucose units constitute crystalline regions, 
Jomed together as fib& These are bound Into fibres by amorphom p-glucoside 
linkages. Whereas the crystalline surface 1s impermeable to most solvents, the amor- 
phous regions hold imbibed water Both structural types are responsible for solute 
retentton, the former mvolvmg adsorption and the latter partmon 

As partition involves the distribution of a solute between two immiscible 
liquids, tt may be surprising at first to evoke this mechanism when solvents miscible 
with water, tf not water itself, are used as developers. However, the water present in 
the amorphous regions has different properties to bulk water: rt is linked by hydrogen 
bonds to the cellulose, forming a “liquid gel” with high apparent density and low 
velocity of diffusion. 

The partition coefficient, a measure of solute retention, is determmed by the 
extent of solute mcorporation m the gel and tnteractton, by means of hydrogen bonds, 
with the “liquid gel” water. Molecular size and shape and the position and nature 
of hydrophilic groups in the chromatographed substance are important in this pro- 
cess26. 

Partition is not, however, solely responsible for chromatographtc behaviour, 
as the mtgratlon sequence of several solutes differs from that based on partition 
coefficients alone. Adsorption and, to some extent, ton exchange are thought to par- 
ticipate m the chromatographic process 

2.3. Reversed phases 

TLC layers for reversed-phase applications were first obtained by impregnating 
polar plates with organic solvents such as paraffin2’. Normal phases were later chem- 
ically modified, e.g., by the in szru acetylation of cellulose or silamzatton of silica 
plates. The resultmg phases could withstand development in a wide variety of sol- 
vents, and ensured reproduclbihty of separations 28--30 The number of commerctally 
available reversed-phase plates increased subsequent to the more recent development 
of non-polar powders, m which different alrphatlc chains are chemically bonded to 
a silica backbone Halpaap et al. 3 ’ tested such phases with respect to their chemical 
and physico-chemical characteristics, wettabihty and chromatographic retentton da- 
ta 

The mechanisms of solute retention on these vartous packmgs are diverse. 
partition 1s responsible for chromatography on paraffin-coated silica layers; with 
acetylated cellulose, although adsorption cannot be excluded, solutes are thought to 
partttlon, when aqueous eluents are used, between the mobile phase and the water- 
impregnated cellulose fibres; adsorption due mamly to solvophobtc forces is respon- 
sible for solute retention on stlanized or alkyl-chain bonded sthca phases However, 
when water IS used m large amounts, especially wtth small-cham reversed phases, 
mixed-mode mechanisms are believed to occur. 
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2 4 ion exchangers 

Polystyrene sulphonic (Dowex 50) or amine (Dowex 1) resins have long been 
used m TLC work. However, polyacrylamide gels or carbohydrate (cellulose and 
dextran) polymers, whether chemically modified or impregnated with liquid ion ex- 
changers, are more suitable for the separation of bulky solutes, such as proteins and 
nucleic acids. Compared with resin exchangers, these matrices have larger pores 
which allow a greater capacity and a better transfer of macromolecules. In addition, 
the greater spacing between the active sues helps to achieve selective desorption under 
milder conditions than with resin phases. 

The moderately strong polyethyleneimine (PEI) and weak drethylaminoethyl 
(DEAE) cellulose basrc anion exchangers are commonly used In TLC applications, 
as well as the strong sulphoethyl (SE) and weak carboxymethyl (CM) Sephadex 
(polydextran) acidic cation exchangers. Inorganic cation exchangers such as zirco- 
mum(N) phosphate and ammonium molybdate, are also commercially available. 

The affinity of a compound for an ion exchanger is known to be proportional 
to its charge. Besides the electrostatrc forces which contribute mainly to chromato- 
graphic retention m ion exchange, additional interactions are often operative as in 
the physical adsorptron of hydrophobrc solute moieties on the skeleton of the ex- 
changer. With weakly acidic and weakly basic phases, the pH of the eluent may affect 
selectrvrty as the exchanging groups ion pair with H+ or OH- ions m the solutron32. 

2.5. Thin-layer gel chromatography phases 

Dextran gels such as Sephadex G-10, admixed with silica gel or cellulose, have 
been used as TLC layers for the separation of purine and pyrrmidme nucleotides and 
bases, for instance. While the character of the separations remains that of Sephadex, 
the layer has mechanical properties similar to those of silica gel or cellulose. Poly- 
acrylamide gels (Biogel P) have also been used m TLC33. 

2.6. itatlonary phases for two-dimenszonal thm-layer chromatography 

Different sorbents may be slurrted together and spread homogeneously on a 
plate for two-dimensional TLC purposes. The composition of the eluents is chosen 
such that, m each direction, a different sorbent Interacts primarily wtth the solutes. 
Sorbents have also been coated side-by-side, forming coupled, two-phase plates; 
chromatography 1s then performed on a different phase in each direction 

The development of a plate m a given solvent is well known to affect the solute 
RF values obtained from a subsequent development in another direction (Fig. 2) In 
addition, If the second solvent is very different from the first, its ascent in the or- 
thogonal direction may be irregular, leading to distorted spots. In order to correct 
for those problems, Randerath and Randerath3s, after developing a PEI-cellulose 
plate in a buffer solution, washed away the residual salts by immersmg the plate m 
methanol prior to a second elution. Bond 36 chose to transfer the spots obtarned from 
the first development of a cellulose sheet on to another plate by clamping both thin 
layers face to face and developmg with the second solvent, in a direction perpen- 
dicular to the first elution. The resultmg chromatogram showed no interferences In 
addition, the solute RF values were unaffected by the previous run. 
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Fig 2 (a) TheoretIcal and (b) expenmental two-dlmenslonal chromatograms of dmltrophenyl (DNP) 
ammo acids on RP-18 plates Eluents m the first duectlon. hexane ethyl acetate acetic acid (X0:18 2), In 
the second dIrectIon, 1 M ammoma + 3% potassium chloride m 60% methanol S P = startmg pomt 
1 = DNP-Gly, 2 = DNP-Ala; 3 = DNP-Ser, 4 = DNP-Thr: 5 = DNP-Val, 6 = DNP-Leu, 7 = 
DNP-Ile, 8 = DNP-Pro, 9 = DNP-Met-O,, 10 = DNP-Trp, 11 = DNP-Phe. 12 = DI-DNP-Tyr, I3 
= DNP-Asp, 14 = DNP-Glu, 15 = DNP-CyS03Na. 16 = DI-DNP-Lys, 17 = r-N-DNP-Arg, 18 = 
Dl-DNP-HIS, 19 = DNP-OH, 20 = DNP-NH* Reproduced from ref 34 with permlssion 

3 DETECTION 

The localization, characterization and identification of spots are essential as- 
pects of TLC. The techniques used in two-dimensional TLC are identical with those 
used in one-dimensional TLC, except that the whole surface of the plate has to be 
scanned, which makes the problems much more difficult. Detection may therefore 
require a very long time and very sophisttcated instrumentation, contrasting with the 
great simplicity of the separation method. Techniques for recovering or displaying 
the two-dimensional separation have benefitted from recent improvements in image 
processing made possible through the availability of powerful, yet cheap, computers. 

In two-dimensional chromatography the exact position of the spot must be 
determined for qualitative analysis and the whole spot profile, in both directions, 
must be integrated for quantitative analysis. The problem is therefore much more 
difficult than in conventional TLC, where the centre of the spot is on the vertical of 
the sample spot and the solute concentration profile in the direction perpendicular 
to that of the development is devoid of interest and can be integrated at once, as is 
done with the use of a narrow slit perpendicular to the scanning direction in pho- 
todensitometers for TLC Such devices cannot be used in two-dimensional TLC; the 
spatial resolution of the scanner, whether an optical beam, an electromc beam or any 
other system, must be small compared with the spot size, about lo-20 times smaller 
in dimension than the spot base width. Typically, thts means that it should not exceed 
0.14.5 mm in diameter, dependmg on the TLC conditions If w is the width of the 
sensor beam and L the development length, a number L/o of parallel scans must be 
carried out. This number varies from about 100 to around 2000 depending on the 
conditions, but in any case is large. Convenient software must be available to align 
these scans, detect the spots and segment and integrate them. 
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In the following we review the various detectlon methods used in conventional 
TLC and discuss how they can be applied to the special problem of two-dimensional 
TLC. 

A laborious detection technique consists in scraping off the parts of the ad- 
sorbent layer containing each spot of interest and extraction from the adsorbent or 
m situ elution of the spot. Although some commercial equipment is now available 
(for example, Eluchrom Automatic Elution System from Camag), which considerably 
reduces the amount of solvent necessary for recovering the sample, this technique 1s 
mconvement, time consuming and not quantitative. A final measurement step must 
also be added, such as a spectrophotometric determination. To apply this method 
the spot must first be located precisely. 

One-dimensional TLC has sometimes been coupled with gas detection devices: 
detection of compounds eluted on a Chromarod can be performed either with a 
flame-ionization detector3’ or by direct insertion into a thermoionic38 or mass spec- 
trometrlc39 detector. However, these techniques are not sultable for two-dimensional 
TLC because of their lack of spatial resolution and/or the considerable amount of 
time necessary for the scans 

Spots may be revealed after performing adequate chemical tests. Reagents for 
these tests are often sprayed on the layer The non-uniformity of the spray may 
drastlcally affect the detection of the linearity of response Therefore, whenever pos- 
sible spots are rendered visible by exposure to gaseous reagents, which act more 
uniformly. 

Coloured or fluorescent spots can be easily detected visually under white or 
UV light. If the compound Itself is not visible or fluorescent, detection can be per- 
formed by applying gaseous, calorimetric complexing agents or even radioactive 
markers, or by using the quenching effect of the compound on the fluorescence of an 
additive in the chromatographic bed. The compound then appears as a black spot 
on a brilliant background. This method permits the accurate determination of the 
posltion of the spot, but not of its size or concentration. The latter are determined 
by the use of one of the photometric methods of TLC classified as densitometric and 
fluorimetric techniques. 

Densitometry can be carried out m the transmission or the reflection mode. It 
measures the intensity of the light transmitted through the TLC plate or reflected by 
It. Quantltatlon IS based on the decrease in light transmitted or reflected by the spot 
m comparison with the neighbourmg background 40. It requires background suppres- 
sion and assumes a relationship between the signal and the concentration of a com- 
pound. This relationship is linear only at very low concentratlons41. For higher con- 
centrations it 1s not given by the conventional Beer’s law but by the Kubelka-Munk 
equatlon40, because of diffusion of light by the particles m the layer. The response 
factor of a compound depends on Its coefficients of light adsorption and scattering40. 
Obviously the densitometric measurements must be made using a monochromatic 
mcldent beam, and the wavelength must be optimized depending on the compounds 
of interest. Transmission densltometry has been shown theoretically42 to be more 
sensitive than reflectometry, although layer umformity IS more critical in the former 
method. Both non-uniformity of the layer and poor light intensity affect the signal- 
to-noise ratio. However, such problems may be overcome to some extent with a 
double-beam instrument. Reflectometry IS more widely used because of the higher 
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optical densrty of most compounds, especially in the UV range. Frei40 published an 
extensive study on reflectance spectroscopy. Using double-beam instruments, one can 
also compensate for the background effects due to the layer. 

In fluortmetry, the incident radiation excites the various compounds, and those 
which emit secondary radiatton are detected This emrtted light is characterized by 
a longer wavelength than the incident radiation. The non-spotted, background or 
base regions of the layer do not fluoresce. The excrtation wavelength can be adjusted 
to optimize the sensitivity of the measurement for a given compound. The most 
commonly used wavelengths are 254 and 360 nm. 

Fluorescence measurements can also be carrted out in the so-called quenching 
mode A phosphor additive is mixed to the sorbent slurry before coating the plate 
When the developed plate is irradiated with UV light the base regions of the plate 
emit a uniform visible light, while the sample compounds appear as dark spots. This 
method is more sensitive when the light IS transmitted from the back of the plate 

Many commercially available instruments are smgle-wavelength devices m 
which a monochromatic beam is used to scan the plate surface. They can be applied 
to all modes of densrtometry or Buortmetry, with the use of suitable mirrors and 
filters. In the fluorescence mode, better Instruments permtt the adjustment of both 
the excitation and emission wavelengths In these instruments the scanmng optical 
beam IS supposed to tllummate on the plate a rectangle with a very large aspect ratio, 
the long dimension (ca 1 cm) being perpendicular to the scanning direction. Thts 
yields a signal proportional to the light intensity perceived, z.e., integrated over the 
whole slit length If the relationshtp between hght intensity and spot concentration 
IS non-linear, this results in quantitatrve errors when the concentratton is not constant 
along the sht. On the other hand, this pet-nuts integration of the fluctuations due to 
layer heterogenetty over a larger area and decreasing the noise. Hence, the signal 
should be integrated over the slit to linearize the characteristic response of a single 
slit m terms of concentratlon43. Knapstem et al 44 obtained a linear calibration graph 
for steroids detected on sthca gel m the quenching mode 

Wtth dual-wavelength densitometers, fluctuation of the light source is balanced 
and a flymg spot can replace a fixed slit aperture, which leads to greater accuracy in 
quantttation. The complextty of dual-wavelength densitometers requu-es computer- 
assrsted processmg of the signal 45 Speed, like resolutton, is expensive and rapid 
evaluation of a one-dimensional thin-layer chromatogram requires the scanner to be 
connected either to a recorder or to a vtdeo screen. Speed can also be achieved at the 
expense of a lower sensitivity if the stgnal noise depends on the tntegratton time. 

In 1976, Devenyl and co-workers46.47 mtroduced vtdeo techniques in the den- 
sltometric evaluation of thin-layer chromatograms The whole chromatogram is ir- 
radiated by a suttable light source of relatively homogeneous Intensity and an image 
IS taken by a Vldtcon camera This IS extremely fast and also reasonably accurate 
and sensitive, and the rather sophrsttcated processing such as background subtraction 
or spot integration is easy to carry out in an interactive mode 

Generally, the HPTLC scanners avatlable for photodensitometrtc measure- 
ments cannot be adapted easily to two-dimensional TLC. The speed of detection is 
an extremely critical factor as all of the plate surface has to be scanned. Scanning a 
conventtonal TLC plate takes a few minutes, but scanning a two-dtmenstonal plate 
would take from several hours to one day. No software 1s available to align all these 
scans and process them to obtain quantitative information. 
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Two-dimensional detection devices have resulted mainly from two-dimenstonal 
gel electrophoretic analyses4sv49 and from the TLC of radioactive compoundsa. In 
both Instances an autoradtograph is obtamed and then scanned with a very narrow 
visible light beam (spatial resolution around 0.1 mm or below). Complete data ac- 
qutsition and processmg systems have been developed by several groups48-50. These 
systems offer possibilities of data acquisition, filtering, background subtraction, cal- 
ibration and data reductton, and provide for spot detection, segmentation, integra- 
tion, pairing and data file handling on thousands of spots. 

Video-densitometric techniques have been applied to two-dimensional TLC. 
A two-dimensional matrix of pixels has sometimes been used4’s5’ together with a 
Vidicon camera to obtain both normal two-dimensional and spectral images. Both 
fluorescence and absorption measurements can be carried out with this technique 
The sensitivity of this type of detector is in the nanomole range Although its mam 
drawbacks are cost and complexity, it IS still more attractive to the analyst than the 
classical spectrodensitometer, the use of which is tedious and time consuming and 
necessttates image reconstitutton after hundreds of one-dtmensional scans of a two- 
dimensional plate. 

Recently, Guiochon and co-workers52~53 conceived the use of a detection de- 
vice on-line with a two-dimensional liquid chromatographic system. Detection is now 
performed m the elution mode, m the second direction, with a photodiode array 
Reticon camera used as a series of individual UV cells parallel to the exit edge of the 
plate. In this system, the solvent IS pumped through the chromatographic bed under 
pressure and no longer moves under the influence of capillary forces. At the exit, the 
solvent is forced through a slot which constitutes the detector cell. 

A monochromatic light passes through this slot and is focused on the diode 
array of the Reticon camera A time-dependent signal similar to the lme signal of an 
autoradiography scan is recorded and processed through a data acqutsttton system, 
then displayed on a colour TV screen. HPLC elution conditions may thus be repro- 
duced and quantitation is no longer affected by plate characteristics and chromato- 
graphic bed diffusivity as m regular TLC 

4 APPLICATIONS 

The separations that have been accomplished using two-dimensional TLC are 
classified in this section under lipids, pigments, alkaloids, proteins and their constitu- 
ents. carbohydrates, glycopeptides, nucleic acids and their constituents, environmen- 
tal pollutants, pesticides avd miscellaneous We have tried to emphasize the pecu- 
liarities of various assays by analysing the chromatographic behaviour of solutes. 
The retention and chromatography of compounds may mvolve adsorption, partition, 
ion exchange or restricted diffusion (gel permeation) Although one particular chro- 
matographic mechanism may be emphasized for the retention of solutes under given 
conditions, other concurrent processes should not be forgotten. 

4.1. Lpds 

“Lipids” is a term used to qualify various classes of compounds that are char- 
acterized in general by solubihty in organic solvents and msolubihty in water. In thus 
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section, four main groups of substances are considered: fatty acids and their esters, 
steroids, phospholipids and glycolipids. The different two-directional assays are brief- 
ly discussed in the text and detailed chromatographic conditions are given in Tables 
l-5. 

4.1 I. Fatty acids and thew esters (Table 1) 
Separations of various glyceryl acetatess4 and of some fatty acids from pros- 

taglandms and thromboxaness5 have been achteved on silica plates owing to the 
different selectlvny of the solvent system m each direction. Fatty acid esters have also 
been resolved on silicas6 with a more polar eluent in the second than in the first 
direction. 

A special category of compounds, the gmsenosides (triterpenoid saponms of 
the dammarane type), have been assayed on silanized silica gel using a less polar 
mobile phase in the second than in the first dlrections7. 

El-Zeany and Ahmeds8 devised an orlgmal method to resolve fatty acid esters. 
They first separated the mercury(H) adducts of these unsaturated esters on a 3.7 silica 
gelLKteselguhr adsorbent with lsobutanol -formic acid-water, based on the different 
degree of solute unsaturation. Then, the plate was positioned in a hydrogen sulphide 
chamber; mercury(H) sulphrde was deposited as black spots and the esters were lib- 
erated. Chromatography m the second direction was accomplished after impregnat- 
mg the plate with paraffin. The esters partltloned between that phase and the formic 
ac&acetonitrile-acetone eluent. Their mobility was a function of chain length 
Whereas IS this method mercury(B) adducts of solutes were chosen to achieve sep- 
arations based on different degrees of unsaturatlon, more commonly unsaturated 
compounds are resolved according to their ability to form coordmation complexes 
wtth ions (such as silver) which impregnate the stationary phase Schmld et al 59, for 
instance, after separating glycerol esters mto four classes according to basic structure, 
type and number of functional groups on plain silica gel, differenttated each class 
according to the number and configuration of the double bonds m the constituent 
compounds, on silica gel impregnated with silver nitrate (Fig 3). 

4 1.2. Steroids (Table 2) 
This class of lipids, of which cholesterol IS a common representative, includes 

physiologically important compounds such as the bile acids, the androgens and the 
oestrogens, and essential metabohc regulators, such as the adrenocortlcal hormones. 
Thus, the separation of these substances and then quantitation in btoIogicaI samples 
are essenttal, espectally for dtagnostrc purposes 

Using srlica, Bouillt et al. 61 first eluted the impurities associated with cortisone 
m plasma and adrenal extracts Chromatography in the orthogonal directton was 
achieved wtth a more polar mobile phase containing water, which resulted m the 
mlgratlon of corttcosterone from its original posttion on the plate. Also using a silica 
phase, Bucknell and Gower62 succeeded 1s resolving a mixture of polar and non-polar 
compounds. Two successtve developments m the first direction with benzenediethyl 
ether (9: 1) permitted the separation of the non-polar Cl9 16-unsaturated steroids 
5%-androst- 16-en-3b-al, 5/I-androst-16en-3cr-01, 5cz-androst- 16en-3a-ol, 1,3,5- 
[10],16-oestratetraen-3-01 and Sr-androst-16-en-3-one. The use of a more polar 
eluent, benzene-methanol (9.1), for development in the second direction permitted 
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Fig 3 Two-dtmenstonal chromatogram of a model mtxture contammg the followmg compounds: (A) 
trtalkyl glyceryl ethers trioctadecyloxypropane, 1,2-dtoctadecyloxy-3-octadecenyloxypropane, l-octade- 
cyloxy-2,3-dtoctadecenyloxypropane. trtoctadecenyloxypropane, (B) dtalkoxyglycertdes, 2,3-dtocta- 

decyloxy- I -0.octadecanoylpropanol. 2.3.dtoctadecyloxy-l-0-octadecenoylpropanol. 2,Sdtoctadeceny- 
lox]-I-0-octadecanoylpropanol. (C) alkoxydiglycertdes, 3-octadecyloxy-1.2-dt-O-octadecanoylpropdne- 

drol, Soctadecenyloxy- I .2-di-0-octadecanoylpropanedtol, 3-octadecyloxy- I .2-dt-O-octadecenoylpro- 
panedtol, 3-octadecenyloxy- I .2-dt-0-octadecenoylpropanedtol. (D) trtglycerides tri-O- 
octadecanoylpropanetrtol(trtstearm), 1 ,2-di-O-octadecanoyl-3-O-octadecenoylpropanetrtol (oledodtstea- 
rm), I-O-octadecanoql-2,3-dl-O-octddecenoylpropanetrlol (stearodtolem). tn-0-octadecenoylpropanetrtol 
(triolent) Solvents first direction, petroleum hydrocarbon dtethyl ether (90 IO), developed once on plant 
sihca gel G strtp, second dtrectton, petroleum hydrocarbon dtethyl ether (90-10) developed twtce on stlver 

mtrdte-Impregnated sihca gel G Indicator charrmg after spraymg with chromic sulphurtc actd solution 
Reproduced from ref 59 wtth permtsston 

the separatton of the more polar A4-3-oxosterotds testosterone and progesterone and 
of the A 5-3B-hydroxysteroids pregnenolone and 5,16-androstadien-3fl-01. 

Taylor63 separated thirteen polar A 4-3-oxosterotds and oestrogens on silica 
with chloroform methanolLwater (94.6:0.5) in the first direction, followed by 
cyclohexaneethyl acetate (50.50) in the second direction (Ftg. 4). Cavina et ~1.~~ 
achieved similar resoluttons of oestrogens and progestagens on silica by combining 
appropriate different developing systems. Clearly, the polarity of the mobile phase, 
its constituents and the degree of deacttvatron of the stationary phase achieved by 
use of water in the eluent are all factors that affect such assays. 

Issaq65 resolved two tsomertc pairs, namely 7~ from 78-hydroxycholesterol 
and 58,6/J- from 5sc,6/$epoxycholesterol on a special plate with two different sorbents 
coated side-by-side Chromatography m the first drrectlon was accomplished on silica 
gel with diethyl ether as the eluent. Orthogonal elution was then achieved for a few 
centimetres on silica and, for the remaining part, on stlanized silica, with a non-polar 
heptane- HMDS (98.2) as the mobile phase 
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Similarly, Levitt and Touchstoned separated SIX bile acids on a two-phase 

141 

plate where a 3 x 20 cm reversed-phase strip had been coated at the side of a 17 
x 20 cm stlica layer. Reversed-phase chromatography was carried out on the thin 

strip with an acid-organic eluent mixture and resulted m the separation of the bile 
actds into three classes: chohc, deoxychohc and chenodeoxycholic. Orthogonal de- 
velopment with the mixed aqueous (acetrc acid-water) and organic (chloroformP 
methanol) solvent on the sthca phase further separated the taurine from the glycine 
conmgates in all three classes of compounds. It IS important to remember that these 
bile acids have functronalities that interact strongly wtth silica unless the adsorbent 
is modified through bonding with alkyl chams (reversed-phase strip) or deactivated 
by the presence, in the mobile phase, of components such as acetic acid or water, 
which compete strongly with the solute for the available adsorptive sites. 

Vidrme and Nicholas67 resolved two different liptd classes, vi-_., steroids and 
unsaturated aliphattc hydrocarbons (terpenoids), on a mixed thin-layer plate coated 
with a slurry of sthca, srlanized silica and calcmm sulphate. The eluent was relatively 
non-polar in the first direction, and retentton could be attributed to adsorption In 
the second direction, however, a more polar eluent was used, containing 25% of 
water. Under these conditions, a partittonadsorption mechanism IS probably in 
effect. 

Finally, Curtms and Mtiller(js achreved an original, truly two-dimensional 
GC TLC separatton of a hormone mixture. The first dimension involved a separation 
on a GC column with a split effluent, 10% directed to a flame-ionization detector 
and 90% spotted on a TLC silica plate which moved lmearly with time. The devel- 
opment of this plate wtth chloroformethanol (90: 10) represented the second dimen- 
sion and improved the resolution obtained with GC alone (Fig. 5) Clearly, the second 
separation is not especially helpful with the twelve components shown here, which 
are sufficiently well resolved by the GC step for quantitative analysis. It is, however, 
of greater use with more complex mixtures that cannot be resolved by GC but are 
resolved by the two-dimensional separation scheme. 

4.1.3. Phosphollplds (Tables 3 and 4) 
This hprd class includes the phosphoglycertdes and sphingoliptds, all important 

membrane constituents. Chromatography of these compounds is often accomplished 
on sthca gel, m its pure form or Impregnated with etther boric acid, ammomum 
sulphate, magnesium acetate, magnesium stlicate or magnesmm hydroxycarbonate. 

In general, separations of phosphoglycerides (Table 3) require development of 
the plate with a water-organic eluent containing acetic acid in one direction and a 
base such as ammonia solutton in the other 69-73. Thus, the mobility of the molecules 
in each direction IS affected by the differing degree of ionization, i.e., the extent of 
amine protonation and phosphate and/or carboxyl dtssociation, as well as by the 
competition of the acid or base m the mobtle phase for adsorptive sttes on the sihca 
plate. Moreover, Jain and Subrahmanyam 74 have reported that appropriate amounts 
of ammomum sulphate in the stationary phase and acetic acid in the eluent are 
Important for obtaining spots with no tailing and good resolutton. 

It is interesting that, on a phase containing boric acid’5, phosphatidylinosltol, 
which has vicinal cis-hydroxyl groups in its sugar moiety, is retained the longest (Ftg 
6). Thts may exemplify the selecttve affinity of boric acid for crs-diol compounds. 
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. 
Or1gtn (0 cm) 

I 1 

Fig 4 Two-dlmenslonal thm-layer chromatogram of steroids on slhca gel Solvent systems (1) 
chloroforn~methanolk water (94 6 0 5), (2) cyclohexane-ethyl acetate (50.50) 1 = Oestrone [3-hydroxy- 
1,3,5(10)-estradlen-17-one], 2 = progesterone(4-pregnene-3,20-dlone), 3 = oestradlo! [I ,3.5(10)-estra- 
tnene-3,17/Ldlol], 4 = androstenedlone (4.androstene-3,17-dlone), 5 = 17a-hydroxyprogesterone (I 7x- 
hydroxy-4-pregnene-3,20-dlone), 6 = testosterone (17P-hydroxy-4-androsten-3-one), 7 = deoxycorticos- 

terone (21.hydroxy-4-pregnene-3,20-dlone), 8 = I I-deoxycortlsol (17r,21-dlhydroxy-4-pregnene-3,20- 
dlone), 9 = cortlcosterone (1 l/?,Zl -dlhydroxy-4-pregnene-3,20-dlone), IO = cortisone (17z,21-dlhy- 
droxy-4-pregnene-3, I 1,20-tnone), 11 = aldosterone (18,l I -hemiacetal of I 1 b-2 I -dlhydroxy-3.20-dloxo- 

4-pregnen-1 Sal), 12 = cortisol (1 lg.1 7a,21-trlhydroxy-4-pregnene-3.20-dlone); 13 = oestrlol [1,3,5(10)- 
estratrlene-3,16a, 17/Ltnol] Reproduced from ref 63 with permIssion 

Pollet et al.” achieved the separation of different lipid classes, namely choles- 
terol, cerebrosides, sulphatides, phosphohptds and gangliosides, on plain silica gel by 
repetitive elution with chloroform-methanol solutions of varying polarity m orthog- 
onal directions (Table 4). Radwan78 and Ikawa and Goto7g resolved mixtures of 
fatty acids, steroids, phospholiptds and other compounds on silica with an 
organic -acidic phase in one direction and an orgatnc-basic phase m the other. Hub- 
mannso was able to separate these various substances using different eluents for 
successtve developments in each direction, owing to the different selectivity of each 
organic modifier with respect to the various solutes (Table 4). 

4 1.4. GIycoltplds (Table 5) 
Glycohpids, such as the cerebrosides and the more complex gangliosldes, are 

sugar-containing membrane lipids The separation of such compounds was per- 
formed on silica gel by Ohashtsl, who used chloroform~methanollaqueous ammonia 
to develop the plate in the first direction and n-propanollaqueous ammoma in the 
second. Ledeen et al R2, and subsequently Hunter er al 83, m assaying for bram gan- 
gliosides, modified these conditions to a certain extent. ammonla was included in one 
dimension only, while salt was added to either or both solvents. 
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Ftg 5 Two-drmensional chromatography of twelve sterotds (tnmethylstlyl denvattves) usmg GC and TLC 
m combmatton The lower part of the figure represents the gas chromatogram and the upper part mustrates 
the TLC separatton after plate elutton It may be noticed that solutes 1. 2 and 3 are completely resolved 
after the TLC step. 1 = Allopregnandiol, 2 = pregrandtol, 3 = androsterone, 4 = etiocholanolone. 5 
= dehydroeptandrosterone, 6 = pregnanolone, 7 = pregrantriol, 8 = I I-ketoandrosterone; 9 = 1 I- 
ketoetiocholanolone, 10 = I I-hydroxyandrosterone. 11 = 1 I-hydroxyettocholanolone, 12 = pregnan- 
trtolone St = startmg pomt Reproduced from ref 68 wtth permisston 

Cardenolides, which are glycosldes with a steroid moiety, constitute a different 
category of sugar-containmg hpids. Thirty-two cardenolides were separated by 
Clarke and CobbsS4 on sthca with a different solvent system for each direction. A 
correlatton between the chromatographtc mobility of the compounds and their chem- 
tcal structure was observed The number and positton of the hydroxyl substituents 
played an important role in solute retention (Fig 7). 
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u NL 

"1 
CL 

4 C-- 
PE 

1 ‘\ 
I 
k ,’ 

PC 
_-- 

‘b 
SM 

PG l 9 

. 
. . 

PS * ) Lpc 

P’ 0 

- 00 

Ftg 6 Two-dimensional thm-layer chromatogram of rat lung hquids on sthca gel impregnated with boric 
acid Abbreviattons NL = neutral hptds; UI, umdenttfied. BMP. bis(monoacylglyceryl)phosphate. CL 

= cardiohpm, PE = phosphattdylethanolamme; PC = phosphatidylcholme, PG = phosphatidylglycerol, 
SM = sphmgomyelm, PS = phosphatidylserine, PI = phosphatidyhnositol. LPC = lysophosphatidyl- 
chohne; 0 = orgm The solvent for development rn the vertical dtrection was chloroform methanol 
water concentrated ammoma (70 30 3 2) and m the horizontal direction chloroform-methanol water 
(65 35 5) Reproduced from ref 75 with permtssion. 

4.2. Pigments 

This general group contains the vartous carotenes, xanthophylls, porphyrins 
and anthocyamdtns, z.e., all natural pigments, and the synthetic tannins. Detailed 
conditions for their two-dimensional separation are reported in Table 6. 

Xanthophylls were chromatographed by Knowles and Livmgston86 on a 1:4 
magnesium oxtde-Cehte strip m the first direction and a 1.6 silica gel Gcalcium 
hydroxide layer in the second Adsorbability Increased wtth the number of hydroxyl 
groups on the cyclic moieties of the solutes, the presence of epoxide functionahtles 
especially at the 5,8-position and the length of the conjugated double bond system 
(Fig. 8). Other separations of carotenoids have been achieved by Tirimannaa7 and 
Sherma and Zwelg88 The hydrocarbonaceous carotenes exhibtted the largest RF val- 
ues on silica Owing to its greater number of conjugated double bonds, zeaxanthin 
was more retained than luteins 

Porphyrin methyl esters were resolved by Elders9 on a silica gel plate. A quat- 
ernary solvent system was used in the first directron. Retention was increased by 
carboxylic acid substltuents at positions 2 and 4 of the porphyrin ring, as wltnessed 
by the smaller RF for coporphyrin in comparison with mesoporphyrm. Additional 
ethanolc actd substrtuents at posttions 1, 3 and 5, as in uroporphyrin, further en- 
hanced the adsorptron tnteractlons of the solute with the stationary phase. Of all the 
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Second directIon 

Fig 7 Chromatogram of a mtxture of cardesohde standards on sthca gel 1 = Dtgttoxtgenm. 2 = dtgt- 
toxtgemn monodrgrtoxostde, 3 = dtgttoxtgenm btsdtgttoxostde. 4 = dtgttoxm, 5 = r-acetyldtgttoxm, 6 
= fi-acetyldtgrtoxm. 7 = ldnotoside A 8 = gttaloxtgenm. 9 = gttaloxm. 10 = gttoxtgenm; 11 = gttox- 
tgemn monodtgrtoxostde, I2 = gttoxtgenm btsdtgttoxostde, 13 = gttoxm, 14 = /Gacetylgttoxm, 15 = 
lanatostde B 16 = strospestde, 17 = digitalmum verum, 18 = dtgoxtgemn, 19 = dtgoxtgemn monodtg- 
ttoxostde, 20 = dtgoxtgenm btsdtgitoxostde. 2 I = dtgoxm, 2 2 = dtgoxostde. 23 = a-acetyldrgoxm; 24 
= fi-acetyldtgoxm. 25 = lanatostde C, 26 = deacetyl lanatostde C. 27 = a-anhydrodigoxtgenm, 28 = 

[I-anhydrodtgoxtgenm, 29 = dtgmattgemn. 30 = dtgmattgenm monodtgltoxostde, 31 = dtgmattgenm 
btsdtgttoxostde. 32 = dtgmatm Solvent m the first drrectton. ethyl acetate drchloromethane ~methanol 
water ( I20 72 7 4). and m the second drrectton dtchloromethane methanol (9 1) Reproduced from ref X4 
wtth permtsston 

compounds studied, haematoporphyrm was the only porpliyrm with two hydroxyl 
groups and it was retamed the most on the silica plate (Fig 9) 

Sartoh ef al 9o achieved the separation of various metal tetraphenylporphyrm 
chelates on a reversed-phase plate. The first development was carrted out wtth 
acetone -propylene carbonate (20.80) and the second with acetone alone Retentton 
may be related to the ratto of the central metal electronegativity to its tonic radtus, 
En, r,9 1 Larger En!,, values correspond to more delocalized chelateemetal bonds and 
smaller Rp values on the reversed-phase plate. In addition. chromatographlc behav- 
tour IS affected by the configuratton of each complex, whether planar. pyramidal or 
distorted octahedral, and its stabthty m each of the eluents used 

Anthocyamdins were resolved on cellulose by Mullick9* A methanol acid- 
water solvent mixture did not differentiate between the methoxy and hydroxy group 
substttuents on the anthocyamdm aromatic ring. A formtc ac&hydrochlortc acid or 
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Fig 8 Two-dtmensronal. two-adsorbent TLC of a carotenotd mrxture on a magnesmm oxide Cehte + 
sthca gel G Ca(OH), plate C = Carotenes, z = a-cryptoxanthm, b = fl-cryptoxanthm, Zetno = XI- 
noxanthm, L = lutem. Z = zeaxanthm. L, and L? = lutem c1T-tsomers jcorrespondmg to “neo-A” or 
“V” and “neo-B” or “U”, respecttvely), V = vtolaxanthm, VI and V ~ 2 - vtolaxanthm cry-tsomers, Z, 
and Zz = zeaxanthm cu-tsomers, Luteo = luteoxanthm. N = neoxanthm, N-5,8 = neoxanthm 5,8- 

epoxtde The first elutton IS on the magnesmm oxrde C&e strtp usmg hexane-acetone (7 3) and the second 
IS on sthca gel G-Ca(OH), wtth 2% butanol m benzene Reproduced from ref 86 wrth permtsston 

amyl alcohols-acettc acid water eluent used orthogonally did provide such a differ- 
entiation, and the retention increased with the number of hydroxyl substituents on 
the solute phenyl ring. 

Fmally, 29 intermediates in the synthesis of tannm A or B were separated on 
stlica using an inorgantccacidtc solvent mixture In one dlrectton and an organicbastc 
eluent m the other. The mtgratlon sequence under alkaline condittons corresponded 
to different degrees of solute condensation or methylatron whereas that under acidic 
condittons depended on the nature of the product93 

4 3 Alkalods 

Heterogeneous nitrogenous substances produced by plants have been grouped 
under this heading. The two-dimenstonal chromatography of alkaloids pertatning to 
the cocaine, harmane, ergot and other families IS considered here (Table 7) 

Early attempts to separate oprumg”, Strychnos and curare95 alkalotds by two- 
-dnecttonal paper chromatography were time consuming; development in one dlrec- 
tron alone could require as long as 17 h 

TLC enabled faster analyses to be achieved. Using a sihca gel plate, Munier 
and Meumerg6 separated seven cocaine alkaloids Elutton with a non-aqueous neu- 
tral mobile phase was followed by an orthogonal development in an actdlc solvent 



--
 

S
ol

ve
nt

 
5y

5t
em

 
A

 

Fi
g 

9 
Se

pa
ra

tm
n 

of
 a

 m
ix

tu
re

 
of

 p
or

ph
yr

m
 

m
et

hy
l 

es
te

rs
 o

n 
s1

11
ca

 b
y 

tw
o

-d
m

en
sl

o
n

d
l 

T
L

C
 

1 
= 

M
es

op
or

ph
yr

m
 

IX
, 

2 
= 

ha
rd

er
op

or
ph

yr
m

, 
3 

= 
co

pr
op

or
ph

yr
m

, 
4.

5,
6 

= 
pe

nt
a-

, 
he

xd
- 

an
d 

he
pt

ac
ar

bo
xy

hc
 

po
rp

hy
rm

s,
 

re
sp

cc
tlv

el
y,

 
7 

= 
ur

op
or

ph
yr

m
, 

8 
= 

m
on

o-
b-

hy
dr

ox
yp

ro
pl

om
c 

m
on

op
ro

pl
om

c 
de

ut
er

op
or

ph
yr

m
 

IX
, 

9 
= 

hl
s+

hy
dr

ox
yp

ro
pt

om
c 

de
ut

er
op

or
ph

yr
m

 
IX

. 
IO

 =
 

ha
em

at
op

or
ph

yr
m

 
IX

, 
II

 
= 

ls
oh

ae
m

at
op

or
ph

yn
n 

IX
 (

al
l 

as
 t

he
n 

m
et

hy
l 

es
te

rs
) 

B
as

ic
 s

tr
uc

tu
re

 
1 

2 

~ 
.-

_ 
~.

 
~.

 
~_

 

N
O

 
C

om
po

u
n

d
 

S
u

bs
tm

en
t 

m
 p

os
m

on
 

_.
 

I 
2 

3 
4 

5 
6 

7 
8 

.~
. 

~
--

_ 
~

~
 

~
. 

I 
M

es
op

or
ph

yr
m

 
C

H
? 

C
Z

H
S 

C
H

3 
C

,H
, 

C
H

J 
(C

H
&

C
O

O
H

 
(C

H
,),

C
O

O
H

 
C

H
, 

3 
C

op
ro

po
rp

hy
rm

 
C

H
, 

(C
H

Z
W

O
O

H
 

C
H

I 
(C

H
,),

C
O

O
H

 
C

H
3 

(C
H

&
C

O
O

H
 

(C
H

&
C

O
O

H
 

C
H

S 
7 

U
ro

pw
ph

yn
n 

C
H

,C
O

O
H

 
(C

H
&

C
O

O
H

 
C

H
Z

C
O

O
H

 
(C

H
&

IJ
O

H
 

C
H

2C
O

O
H

 
(C

H
,),

C
O

O
H

 
(C

H
&

C
O

O
H

 
C

H
3 

10
 

H
ae

m
at

op
or

ph
yr

m
 

C
H

I 
C

H
(O

H
)C

H
3 

C
H

s 
C

H
(O

H
)C

H
I 

C
H

J 
(C

H
&

C
O

O
H

 
(C

H
&

C
O

O
H

 
C

H
, 

~.
 

._
_~

 

So
lv

en
t 

sy
st

em
 f

or
 t

he
 f

ir
st

 d
Ir

ec
tI

on
 

(A
) 

ca
rb

on
 

te
tr

ac
hl

on
de

 
dl

ch
lo

ro
m

et
ha

ne
 

m
et

hy
l 

ac
et

at
e 

m
et

hy
l 

pr
op

lo
na

te
 

(2
 2

 1
 1

) S
ol

ve
nt

 s
ys

te
m

s 
fo

r 
th

e 
se

co
nd

 
dl

re
ct

lo
n~

 
(B

) 
be

nz
en

ee
bu

ta
no

ne
 

(4
0 

3)
 f

ol
lo

w
ed

 
by

 (
C

) 
ch

lo
ro

fo
rm

 
ke

ro
se

ne
 

m
et

ha
no

l 
(2

00
 1

00
 7

) 
R

ep
ro

du
ce

d 
fr

om
 

re
f 

89
 w

th
 

pe
rm

w
on

 



T
A

B
L

E
 

7 

SE
PA

R
A

T
IO

N
 

O
F 

A
L

K
A

L
O

ID
S 

C
ol

um
n 

he
ad

m
gs

 
as

 m
 T

ab
le

 
I 

N
 

(‘o
m

po
u

n
d

s 
S

ta
tm

ar
y 

ph
as

e 

11
 7 5 19
 

13
 

15
 

31
 

10
 

M
aj

or
 

op
m

m
 

al
ka

- 
lo

td
s 

C
oc

am
e 

al
ka

lo
id

s 
(s

im
ila

r 
po

la
rt

ty
 

an
d 

st
ru

ct
ur

e)
 

Si
 g

el
 6

0 
(M

er
ck

),
 

20
 

2 
5 

x 
20

 c
m

. 
0 

25
 m

m
 

A
lk

al
oi

ds
 

of
 u

ne
qu

al
 

po
la

ri
ty

 
an

d 
st

ru
c-

 
tu

re
, 

m
or

ph
m

e,
 

co
- 

de
in

e,
 

th
eb

am
e,

 
et

c 

Si
 g

el
 6

0 
(M

er
ck

),
 

20
 

2 
5 

x 
20

 c
m

. 
0 

25
 m

m
 

M
or

ph
m

e,
 

co
de

m
e 

A
ct

iv
at

ed
 

St
 g

el
 G

, 
20

 
I 

5 
an

d 
de

ri
va

tiv
es

 
x 

20
cm

,O
25

m
m

 

H
ar

m
an

e 
al

ka
lo

td
s 

A
lk

al
oi

ds
 

fr
om

 
R

au
- 

w
ol

fi
u 

co
ry

nm
rh

a,
 

ps
eu

do
cm

ch
on

a 

E
rg

ot
 

al
ka

lo
id

s 

E
rg

ot
 

al
ka

lo
td

s 

SS
P

 
S

ol
ve

nt
 I

 
(c

m
) 

A
ct

d-
bu

ff
er

ed
 

W
ha

t-
 

2 
5 

m
an

 
pa

pe
r 

N
o 

1 
im

- 
m

er
se

d 
m

 2
%

 
am

m
o-

 
m

um
 

su
lp

ha
te

, 
28

 
x 

72
 c

m
, 

0 
3 

m
m

 

St
 g

el
 6

0 
(M

er
ck

),
 

20
 

2 
5 

x 
20

 c
m

. 
0 

25
 m

m
 

$1
 g

el
 6

0 
(M

er
ck

),
 

20
 

D
us

op
ro

py
l 

et
he

r 
x 

20
cm

,O
25

m
m

 
m

et
ha

no
l 

(8
5 

15
) 

St
 g

el
 G

, 
20

 
x 

15
 

20
 c

m
, 

0 
25

 m
m

, 
1 I

O
C

, 
30

 m
m

 

Si
 g

el
 G

 m
 h

ig
h-

vo
lt-

 
5 

cm
 

ag
e 

el
ec

tr
op

ho
re

si
s 

fr
om

 
ap

pa
ra

tu
s,

 
20

 
x 

20
 

an
od

e,
 

cm
, 

0 
25

 m
m

 
4 

cm
 

fr
om

 
bo

tto
m

 

ed
ge

 

Is
ob

ut
an

ol
 

gl
ac

ta
l 

ac
et

ic
 

ac
id

 
(I

 00
.2

0)
 

w
at

er
 

to
 

sa
tu

ra
tio

n 

M
et

ha
no

l-
ca

r-
 

bo
n 

te
tr

ac
hl

or
id

e 
(5

0 
50

) 

E
th

yl
 

ac
et

at
e 

2-
ni

tr
op

ro
pa

ne
 

(5
0 

50
) 

M
et

ha
no

l 
ch

lo
ro

fo
rm

am
m

on
ia

 
(8

5 
15

07
) 

M
et

hy
l 

et
hy

l 
ke

to
ne

 

f/L
 

Dr
yr

ng
 

So
lv

en
t 

2 
tlL

 
R

ef
 

I6
 

17
 h

 

15
5 

m
m

 

90
 m

m
 

15
 c

m
 

98
 m

m
 

10
1 

m
m

 

M
et

ha
no

l-
ch

lo
ro

fo
rm

 
15

 c
m

 

(2
 8

) 

A
ce

tic
 

ac
td

-p
yr

td
m

e 
45

 m
m

 
bu

ff
er

 
@

H
 

5 
6)

. 
15

00
 

V
, 

45
 m

A
 

A
u,

 
10

 m
m

 

D
ar

k,
 

30
 m

m
, 

22
0°

C
 

A
n,

 
5 

m
m

 

H
yd

ra
te

d 
di

et
hy

l 
et

he
r 

ac
et

on
ed

ie
th

- 
yl

am
m

e 
(8

5:
8:

7)
 

C
hl

or
of

or
n-

 
m

et
ha

no
l 

ac
et

ic
 

ac
id

 
(6

4 
16

 2
0)

 

A
ce

to
ne

-a
ce

tic
 

ac
id

 
(9

0 
10

) 

D
ie

th
yl

am
m

ec
hl

or
o-

 
fo

rm
 

(1
 9

) 

Fa
n 

dr
y,

 
D

ie
th

yl
am

m
e 

ch
lo

ro
- 

fe
w

 
fo

rm
 

(1
 9

) 

90
 m

l 
of

 d
ie

th
yl

 
et

he
r 

sa
tu

ra
te

d 
w

tth
 

aq
. 

ph
as

e 
(w

at
er

 
or

 
0 

1 
M

 a
ce

tic
 

ac
id

) 

A
ce

to
ne

-a
ce

tic
 

ac
id

-w
at

er
 

(7
2.

8.
20

) 

M
et

ha
no

l 
ca

r-
 

bo
n 

te
tr

ac
hl

or
id

e 
(5

0 
50

) 

2h
 

94
 

18
0 

m
m

 
96

 

13
8 

m
m

 
96

 

15
cm

 
97

 
(F

ig
 

10
) 

18
5 

m
m

 
96

 

74
 m

m
 

98
 

15
cm

 
99

 



156 M ZAKARIA, M -F GONNORD, G GUIOCHON 

contammg 20% of water. Retention mvolved adsorption under the former conditions 
and a mixed partition-adsorption mechanism under the latter. The mobility of each 
cocame alkalord was approxtmately inversely proportional to the number of func- 
tional groups that can be adsorbed simultaneously on the silica gel, and also to the 
strength of adsorptton of each group Ecgonine, for instance, the only alkaloid in the 
mixture assayed to possess two strongly adsorptive groups (hydroxyl and carbonyl), 
on the same side of the six-membered ring, also exhibited the smallest RF in both 
dtrecttons Pseudococaine (2sr-carbomethoxy-3/Cbenzoxytropane), with its adsorp- 
tive functionalittes in dtfferent planes although on the same side of the rmg, was less 
retained than cocaine (2/5carbomethoxy-3/3-benzoxytropane), where both substtt- 
uents are co-planar m the &posttton. 

Munier and Meumergh also achteved the separation of morphine, codeine, 
thebame, narcotine and papaverme, alkalotds of different polarity and structure, on 
a sthca gel plate developed with a weakly polar solvent in one direction and a more 
polar one m the other Earlier work by Viala and Estadieu9’ involved the resolution 
of morphine, codeme and their derivatives by chromatography on activated silica. 
The first elution with methanol~chloroform-ammonia resulted m three spots, the 
most retained containing both morphine and codeine, the next corresponding to 

Fig IO Two-dlmenslonal separation of morphme. codeme and their derwatwes on slhca I = Morphme, 
2 = codeme. 3 = 06-monoacetylmorphme, 4 = dmcetylmovhme. 5 = acetylcodeme, 6 = nalorphme, 
7 = cocame, 8 = qumme. 9 = mcotme. IO = cotmme, II = methaqualone: I2 = dlphenhydramme, 13 
= mecloqualone. 14 = hydrochlorobenzethylamme. I5 = N-d~methyld~azepam. I6 = olrazepam, I7 = 
methadone. 18 = amphetamine. I9 = methylamphetamme Solvent m the first drrectlon methanol 
chloroform ammoma (85 15-O 7). and m the second dIrectIon hydrated dlethyl ether acetone dlethyla- 
mme (85 8 7) Reproduced from ref 97 with permwon 
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heroin and the least retained to 06-monoacetylmorphine and acetylcodeine. Orthog- 
onal development in a mixture of hydrated drethyl ether, acetone and dtethylamme 
differentiated all solutes (Ftg. IO). 

Harmane alkalords96 and alkaloids from Rauuolfa, Corlnantha and Pseudo- 
cznchonag8 were resolved on silica usmg a polar neutral mobile phase m the first 
dtrectlon and a more polar, acidic solvent mixture orthogonally. Other than the 
nature of the solvent itself, which selecttvely affects the retention order, the pH of 
the eluent, which determines the romzatlon state of the molecule as a function of its 
pK,, value(s), also Influences the retention behavtour. Whereas the first development 
of the silica plate m a neutral solvent did not resolve harmane from norharmaneg6, 
the subsequent development in the acidic eluent provided such a drfferentiatron; nor- 

MC 

. 

I 

7 I 
R, ‘30 

I Ecr stl 

80- 

Etarr 
@ Fum C 

fig 1 I Two-dtmenstonal chromatogram of ergot aikaiotds separated on sthca gei G Soivents: m dtrectton 
I, MC = methanol chloroform (2 8) m drrectton II, DC = dtethylamme chloroform (I 9) Agro = 
agroclavme. Chano I = Chanoclavme-(I); Chano II = chanoclavrne-(II), Costa = costaclavrne. r-D1 

= r-dihydrolysergol. Dtaltry = oL-4-dtmethylallyltryptophan, Elymo = elymoclavme, Ecor = Ergocor- 
nine, Ecom = ergocormmne, EXIS = ergocrrstme, Ecrrstt = ergocrrstmme, Ecry = ergocrytpme, Ecryptt 
= ergocryptmme, Emet = ergometrine, Emetrt = ergometrmme, Esin = ergosme. Esini = ergosmme, 

Estm = ergostme, Estmt = ergostmme, Etam = ergotamine. Etammi = ergotammine, Festu = festu- 

clavme, Fum A = fumrgaclavme A. Fum B = fumrgaclavme B. Fum C = fumagaclavme C, d-X,9-Lysac 
= 6-methyl-ds,g -ergolene-8-carboxyhc actd. Lysene = lysergene, Lysac = t>-lysergtc actd, Lysam = I)- 
lysergrc acrd amrde, fsolysam = D-tsolysergrc acrd amide, Lyscaram = p-lysergic acid methyicarbrnoiam- 
rde, Lysme = Lysergme, Lysol = lysergol, Isolysol = tsolysergol. Lysval = u-lysergyl-r-vahne-meth- 
ylester, Noragro = noragroclav’me; Penn1 = penmclavine, Isopenni = isopentnclavme, Pyro = pyro- 

clavme, Seto = setoclavme, Isoseto = tsosetoclavme Reproduced from ref 99 wrth pernnsston 
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harmane, with the larger pK, value, exhibited a higher chromatographic mobihty. 
Finally, ergot alkaloids were separated on activated silica gel after elution with 

chloroforrnmethanol m one direction, followed by an orgamc solvent diethylamine 
in the orthogonal direction (Fig 11) The strong diethylamme base helped to desorb 
the alkaloids by competmg for adsorption on to silanolsg9. Agurel199 also resolved 
nine ergot alkaloids on silica by combining thin-layer electrophorests in one direction 
with chromatography m the other. 

4.4. Proteins and their constituents 

The two-dimensional chromatographic assays of ammo acids, pepttdes and 
protems, important morphological and physiological cellular components, are dis- 
cussed here. Conditions for their separation are given in Tables 8-10. 

4.4.1. Amino acids (Table 8) 
Early reports by Consden et aZ.3 and Martin and Syngel*O described the bi- 

directional separation of several ammo acids on paper The chromatographic behav- 
iour of the solutes was found to be a function of their partition between the mobile 
phase and the water-saturated cellulose The analysis time was extremely long, one 
elution alone requiring 223 days. After the pioneering studies of Cohn on ion ex- 
change’ * ‘, slightly faster separations of ammo acids were achieved on sulphonated 
polystyrene resin-loaded paper, for instance ro2. In the assay reported by Knightlo2, 

the first eluent was a 0.2 A4 buffer at a pH of 3.1 and cation exchange determined 
the elution order compounds such as lysine, argmme, ornithme, histidine, tryptopan, 
cysteine, tyrosme and phenylalanine, which contam two amme groups, each proton- 

I I 

Fig 12 Two-dImensIonal separation of ammo acids on cellulose Solvent used for the first development, 
0 2 M buffer (pH 3 I), and for the second development, 0 3% ammoma m m-cresol Reproduced from 
ref 102 with permIssIon 
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ated to a certain extent, were retained the most In the second direction, the cat- 
ion-exchange phenomenon was suppressed by the eluent, which consisted of 0.3% 
ammonia in m-cresol. The ammo acids were chromatographed m then anionic form 
Asparttc acid and glutamic acid, solutes with two negative charges, had the smallest 
RF values (Fig 12). Nineteen protemic amino acids were resolved. 

Still faster amino acid separations on paper were achieved by electrophoresis 
followed by chromatography with a hydro-organic eluent orthogonally’03~‘04. 

The development of short-fibre cellulose powder for TLC purposes facilitated 
the chromatography of amino acids and allowed rapid routine analytical work. In 
all assays reported on cellulose, the mobile phases in both directions were water- 
organic mixtures 105--1rr. Muniereta[.l09,1’0 achieved the separation of 22 polar and 
non-polar ammo acids. among which certain pairs that were previously unresolved 
such as leucine isoleucine, argimne-lysine and serme -glycme. A high degree of reso- 
lution 1s afforded owing to differences between alcohol-solute mteracttons in the first 
direction and ketone -solute and tertiary amtneesolute interactions m the second, and 
to the tonic equrhbrla created by using 2-methylpyridine together wrth formic acid 
m the second eluent. The water content of the mobile phase, by affecting solute 
partition, plays a determining role in these assays (Fig. 13). Munier et a/.“O found 
a 20% water content m both directions to be optimal. Smaller percentages did not 
ensure the elution of the most polar ammo acids and higher percentages led to de- 
creased resolution. 

Kraffczyk et al. ’ O7 included a 2 cm wide layer of a strongly acidic ion exchanger 
at the bottom of the cellulose plate for the desalting of urine samples when analysing 

E 

Fig 13 Two-dImensIona separation of ammo actds on short-fibre cellulose. Solvent used m the first 
dIrectIon, propanol formic ac&water (75 5 20), and m the second dIrectIon. methyl ethyl ketone-2- 
methylpyndlne-formic acid- water (31 47.2 20) Reproduced from ref I10 with permlswon 
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for urinary ammo acids. Other separations on silica gel were reported1r2~’ 13. An 
orgamcbasrc eluent was used in the first directton followed by an orgamc-actdlc 
mixture in the second Solute retentton depended on the types of functional groups 
and their degree of ionization. Ionophoresis followed by chromatography on sthca 
gel has also been apphed to the separatton of ammo acids114. 

4.4 2 DimethylammonaphthalenesuEphonpl iDns) and dmltrophenyl (DNP) amino 
suds (Table 9) 

Seilerlld has reviewed the separattons of various Dns-derivatives, among 
whtch Dns-ammo acids Two-directional TLC has been achteved on a polyamide 
stationary phase l 1 7-11 9 (Fig. 14) and has recently been applied to the tdenttficatlon 
of human acidopathtes m serum and urine l I9 Although Dns-amtno acids have also 

been analysed on sihcarzO, assays on polyamtde are preferred as they are less time 
consuming, do not result in spot taihng and do not require previous detonizatton of 
urtne samples’ l 9 An aqueous eluent IS generally used m the first dtrection followed 
by an organic eluent in the second. This change in the nature of the mobtle phase 
causes alterations m the sorbent propertres such that the mechanisms for solute re- 
tentton are different n-r each dtrection. Polyamide is thought to act as a reversed phase 
m the presence of the aqueous eluent, and tt behaves as a hydrophiltc sorbent there- 

1 

Fig I4 Two-dlmensmnal chromatogram of some Dns-ammo acids on polyamide after autoradlography 
I = Startmg pomt, 2 = taunne. 3 = Dns-OH. 4 = cystme. 5 = n-serotonm. 6 = tryptophan, 7 = 
bls-tyrosme, 8 = n-tyrosme. 9 = ormthme. 10 = bls-lysme. I I = phenylglycme: 12 = phenylalanme. 13 
= leucme and hlstldme, 14 = Isoleucme, 15 = methlonme, I6 = norvalme, I7 = valme, I8 = prohne, 
I9 = GABA. 20 = 6-ammolevuhmc dcld; 21 = alanme and Dns-NH,, 22 = glyctne. 23 = glutamlc aad, 

24 = aspartlc acid. 25 = hydrosyprolme. 26 = glutamme. 27 = asparagme, 28 = threonme, 29 = serene. 
30 = drgmlne. r-lysme and r-lysme, 31 33 = unknown danqlatlon products Solvent used In the first 
dIrectIon. 4% formic acid. and m the second dIrectIon. benzene glaclai acetlc acid (8 2) followed by ethyl 
acetate methanol glacial acetlc acid (20 I 1) Reproduced from ref I I8 with permlsslon. 
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after”‘. Thus, whereas the RF values for arginme and aspartic acid are relatively 
large m the first direction, they are much smaller in the second’ 17-119. 

Exploiting similar solvent changes with a reversed-phase plate, Macek et ~1.‘~’ 
succeeded m resolving 19 Dns-amino acids. The RP-8 TLC plate behaved as a normal 
phase m presence of the non-aqueous eluent used in the first direction and as a true 
reversed phase when developed with an aqueous solvent in the second direction. 
Exact reversal of the retention order of the Dns-glycme, -alanine, -valine and -1eucine 
could be observed in the second direction with respect to the first elution. In addition, 
the aqueous eluent was basic enough to reduce the amino group ionization and hence 
to increase solute retention on the reversed-phase plate 

DNP-ammo acids were separated under similar conditions on an RP-18 thm- 
-layer plate34. It is interesting that the addition of a salt to the non-aqueous solvent 
did not modify the solute behaviour, whereas it increased the retention when present 
in the aqueous eluent, a true expression of reversed-phase solvophobic behavtour. 
Separations of DNP-amino acids were also accomplished on polyamide122 and cel- 
lulose123,124 by development with an organic solvent m the first direction and an 
aqueous solvent orthogonally. The efficiency of the chromatographic system required 
Judicious selection of the mobile phase components Munier and Drapier124 included 
a few drops of n-octanol m the first eluent m order to suppress the chromatography 
of the solvent itself In addition, as impregnation of the plate with the orgamc mobile 
phase caused irregularities m the perpendicular progression of the second aqueous 
solvent, spot tailing and diffusion, sodium dodecyl sulphate was added to this 
aqueous phase and helped to achieve small and round spots 

4.4.3 Prptrdes and nlgnpeptzdes (Table IO) 

Peptides’ 2 5 and oligopeptides 126 have been separated on cellulose with an 
acidic solvent m one direction and a basic solvent m the other In addition to the 
differences in solute ionization which originate from the use of eluents at different 
pH values, differences m molecular weight also affect the retention and the partition 
process In a given category of compounds, the dipeptides for instance, solutes with 
a large number of hydrophobic carbon centres. more soluble m the organic portion 
of the eluent. exhibit larger RF values126 

Other peptide assays on cellulose ’ 25 have combined electrophoresis m one 
direction and chromatography with an organic-aqueous mobile phase in the other 
The electrophoresis step necessitated the use of binder-free cellulose, sufficiently large 
plates, a weak gradient potential and an adequate electrolyte solutton. Peptides mi- 
grated according to their charge, the solute pK, values and the pH of the electrolyte. 

4 4.4 Protem 
Although not related to TLC, the high-resolution, two-dimensional electro- 

phoretic method developed by O’Farrel’ 27 and later by Anderson and co-work- 
ers128-136 should also be mentioned. Nearly 1000 spots were obtained from such an 
analysis of lymphocyte proteins using autoradiography (Fig 15) More sensitive de- 
tection techniques are expected to afford the resolution of about 5000 components. 

In the first dimension, proteins or polypeptides were separated according to 
their charge by isoelectric focusing in a narrow gel tube. Next, the gel was extruded 
and positioned on a polyacrylamide gradient slab, and electrophoresis was performed 
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in the presence of sodium dodecyl sulphate. In this second dimension, compounds 
were resolved according to their molecular weight, as sodium dodecyl sulphate binds 
electrostatically to the solutes, thus masking charge differences (Table 10). 

The method described was applied successfully to a study of the protein con- 
stituents of phyclologlcal fluids and tissues in normal and diseased mdlvldual 49,50, 
129 -131,134,135,137 -140 

Because of the considerable number of proteins that can be separated in one 
analysis, data handling becomes very complex as huge files have to be stored and 
monitored. The correspondmg software has been developed by Anderson er al.48 and 
Lester et a1.4g. A discussion of the problems of spot detection, segmentation, inte- 
gration and pairing is beyond the ssope of this review 

4.5. Carbohydrates (Table II) 

Sugars have been separated on cellulose141 and Kieselgel G’42, developed with 
different water-organic solvents. Hotta and Kurokawa143 modified a silica gel plate 
by dipping it in 0.2 M sodium dihydrogen phosphate solution, a procedure known 
to enhance sugar retention m proportion to the number of hydroxyl substituents’44. 
This selective stationary phase was developed with an eluent containing 10% of water 
in the first direction and 25% in the second. 

The effect of water on chromatographlc mechanisms can be illustrated by the 
behavlour of rhamnose and fucose m each eluent. These sugars differ m the sterlc 
arrangement of their functional groups. rhamnose has one pair of cu-hydroxyl 
groups in a /&position with respect to a bulky methyl group, compared with two 
pairs of cis-hydroxyl groups in fucose, one D- and one a- to the methyl group. With 
the first eluent, the adsorption of rhamnose may be more sterically hindered than 
that of fucose and thus rhamnose migrates faster. These structural differences are no 
longer important with the second eluent, as solute adsorption on to silica 1s reduced 
owing to plate deactivation by water present in the mobile phase. The solutes then 
are believed to partition between the mobile and the modified stationary phases, 
which results in similar RF values for rhamnose and fucose (Fig. 16). 

Carbohydrates have also been separated on silica gel impregnated with sodium 
tetraborate, sodium tungstate145 and boric acld144. In the first direction, a neutral 
solvent was used and sugars were retained according to their capacity to form borate 
complexes. In the second elution, the impregnating agent was completely deactivated 
by the acidic solvent. Solute partition was in effect and the heavier disaccharides were 
retained the longest. Phenylboronic and boric acids have more recently been used in 
the mobile phase to resolve carbohydrates on silica 146. Other separations have been 
accomplished on cellulose developed in different mobile phases14’. 

4.6 Glycopeptides 

Moczar148 reported the separation of some glycopeptides from a glycoprotein 
enzymatic digest on silica. Electrophoresis in presence of acetic acid-pyridine-water 
(10:1:89) (pH 3.8) was performed for 2-3 h at l&20 V/cm on a 20 x 20 cm plate. 
This operation was followed by a continuous development with ethanol- 
nitromethane-acetic acid-water (5:3:3:3) for 18-30 h. 
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R 

Fig 16 Two-dtmenstonal TLC of sugar mixture on sihca gel dipped m 0 2 M sodium dthydrogen phos- 
phate Rha = rhamnose, Fuc = fucose, GlcNAc = acetylglucosamme, GalNAc = acetylgalactosamme, 
Man = mannose, Glc = glucose, Gal = galactose, NANA = N-acetylneuramm~c acid First direction- 
two successive developments m butanol~ acetone water (4-5 1) Second direction two successive devel- 
opments m phenol water (3 1) Reproduced from ref. 143 with permrssion 

More recently, the soluble inhibitory factor (SF), a molecule constituted of 
both protein and glycolipid motetles, has been isolated from serum and purtfied on 
a silica plate using chloroform-methanol-water in the proportions 60:38:X m the first 
dimension and 50:50.5 m the second149. 

4.7. Nucleic acids and therr constituents 

In cells, nuclerc acids are carriers of genetic mformatlon and their constituents, 
the free bases, nucleosides and nucleotldes, actively participate in cellular metab- 
ohsm Detailed conditions for the two-dimensional separation of these compounds 
are given in Tables 12 and 13. 

4.7 1 Bases, nucleosides and nucleotldes (Table 12) 
Randerath and Randerath’ s O achieved the first rapid, bl-dn-ecttonal separation 

of 23 rtbonucleotldes on PEI-cellulose. Several mono-, dt- and trinucleotides were 
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resolved, as well as some nucleottde sugars Increasmg concentrations of lithium 
chloride solutions and formate buffer (pH 3.4) were used stepwise in the first and 
second directions, respecttvely Compared wrth elution at constant concentration, 
step-gradient elutlon resulted In sharper circular spots. Solutes were resolved accord- 
ing to their charge: the most negatively charged trinucleotrde species migrated the 
least on the PEI anion exchanger (Ftg 17). Stmilar condltlons were later applied by 
Santmi and Ulrich’ 5 l to the separation of 2’- and 3’-adenme, guamne, uridme and 
cytosme monophosphates, and by Barton et al ls2 to that of mne pyrtdme and ad- 
enme nucleotides 

Various phosphate esters l 5 3,1 54, 2’- and 3’-monophosphates’ 5 5. 2’,0-methyl 
nucleottdesr 56, purme and pyrimldine bases36 and nucleostdes’ 57 have also been 
chromatographed on cellulose. The pH of the eluent, whtch affects the extent of 
solute dissoctation, plays an important role in these assays. Thus, in most instances, 
development was accomphshed wtth an acidic solvent m one dnectton and a basrc 
solvent in the other 

The use of a basic solvent has been coupled with that of a salt m order spe- 
ctfically to affect nucleotide retentlon158~159. A mrxture of 44 bases. nucleostdes, 
deoxynucleosides, 2’-, 3’- and 5’-nucleoside monophosphates, nucleostde di- and tri- 
phosphates and nucleotide sugars was resolved by Pataktrs8 on cellulose. The eluents 
were n-propanolL25% ammonia-water (5 3.1) m the first direction and 
isopropanolLsaturated ammonium sulphate -water (2.79.19) m the second. Trtphos- 

phates were retamed the most with the first eluent The second buffer system en- 
hanced then migration whereas it hardly affected the position of nucleosides and 
bases (Fig. 18) Randerath and Randerath 16* had prevtously observed these tonic 
strength effects on the chromatographic behaviour of nucleic acid constttuents. 

Using a stlica gelcellulose plate with acidic and basic solvents, Munns and 
co-workers161.162 resolved 22 methylated tRNA purine and pyrimtdine bases Solutes 
with primary amine groups such as adenme, guanine and cytosme exhibited lower 
RF values m a formic actd than m an ammonia system These dtfferences were found 
to artse from mteractlons wtth silica. the adsorption of the primary amines also being 
decreased by their methylation. At a baste pH, both the bases and the stlica phase 
are negatively charged. which weakens adsorbent solute interactions. 

Finally, Das’ 63 separated 13 bases, nucleosides and nucleotldes on pure silica 
by varymg the solvent pH and composition in the second dtrection 

4 7.2. Oligonucleottdes and nucleic acids (Table 13) 
Miller and Burgess’ 64 resolved five ohgonucleotrdes on PEI-cellulose by means 

of lithrum chlorideeEDTA solutton at pH 6 5 m the first dlrectlon and at pH 2.0 m 
the other. The charges on both the phosphate and base motettes affected the separa- 
tion Also by varying the pH of the eluent. Mtrzabekov and Grtffin165 were able to 
separate 18 oligonucleotides on PEI-cellulose. The first directton involved successive 
developments wtth 1 4 and 1.8 A4 soluttons of lithium formate at pH 3.4, the lower 
concentratton ensured the resolutton of smaller oligonucleotides and the higher one 
that of the larger solutes. The second eluent was 0.8 A4 hthium chloride solution in 
Trts base at pH 8.0 The chromatographtc assay was carrted out at 60°C for sharper 
spot formation. Migration in the first directron was accordmg to charge and nucleo- 
ttde composttion whereas m the second dtrection tt was more a function of molecular 
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DPZ CMP 

C’ ,-‘,I’ 

TP 

Fig 17 Two-dtmenaonal amon-exchange separatton of nucleottdes on PEI-cellulose Fnst dtmenaon 
successtve developments m (a) 0 2 M LrCl, (b) 1 0 M LICI. (c) 1 6 A4 LICI Second dtmenston successtve 
developments m (d) 0 5 M formate buffer (pH 3 4). (e) 2.0 M formate buffer, (I) 4 0 M formate buffer 
CMP = cytosme 5’-monophosphate, AMP = adenosme 5’.monophosphate, CDPG = cyttdme dtphos- 
phate glucose, UMP = urtdme 5’.monophosphate, UDPAG = urtdme drphosphate-N-acetyl-glucosa- 
mme, ADPG = adenosme dtphosphate glucose. IMP = mosme 5’.monophosphate, GMP = guanosme 
5’-monophosphate. GDPM = guanosme dtphosphate mannose, CDP = cytosme 5’-dtphosphate, ADP 

= adenosrne 5’.dtphosphate. UDPGA = urtdme dtphosphate glucuromc actd, UDP = uridme 5’-dt- 

phosphate, IDP = mosme 5’-dtphosphate, GDP = guanosme 5’.dtphosphate, CTP = cytostne 5’.tri- 
phosphate. ATP = adenosme 5’-trtphosphate, UTP = urtdme 5’.trtphosphate; ITP = mosme 5’-trt- 

phosphate. GTP = guanosme 5’-trtphosphate, DPN = mcotmannde adenme dmucleottde. TPN = nt- 
cotmamtde ademne dinucleottde phosphate Reproduced from ref 150 wrth permtsston 

wetght. More complex mixtures of half or whole 5%RNA molecules were resolved 
by contmuous gradient elutron. The concentrations of the salt m the eluents depended 
on the fragments to be separated, the chromatography of a whole SS-RNA molecule 
requiring 4.5 M hthtum formate. 

The separation of more than seven methylated mRNA S-termim, achreved by 
Gross et al.’ 66 on cellulose, again involved dtfferent ionic equilibria In each direction 
and then effect on solute migration patterns. Faster assays on cellulose have been 
reported by Bergquist’67, who separated 17 ohgo- and mononucleottdes by couphng 
electrophoresis with TLC. The system descrrbed IS extremely powerful, capable of 
resolving tetra- or ohgonucleotldes of similar charge and chain length. 

The combmation of gel electrophoresls and TLC has more recently been ap- 
plied to RNA sequencing studies 16* First, 3’-terminal RNA half-molecules are sep- 
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Deaxyadenoslne 

&a 

ATP 1 
I GMP-5’ 
Xanthlne 

GMPm2’.3’-cyclic 

6-Amino-2-hydroxypurlnesulfote 

1 -MethyIguonlnesu lfote 

e -$$%-UDPG 

4 WUDPGA 

GTP 

ITP ’ 

CDP 
UDP 

+ 
b 

2 Dlmenslo” 

Fig 18 Two-dlmenslonal separation of nucleo-derlvatlves on purified cellulose layers. First dlmenslon, 
n-propanol 25% ammoma water (6 3 I), second dlmensmn. lsopropanol saturated ammomum 
sulphate aster (2:79 19) Absorption spots are hatched, fluorescence spots are surrounded by broken hnes 
Reproduced from ref I58 with permIssIon 

arated by gel electrophoresis. Then, the entire ladder of bands is excised from the gel, 
transferred to a thin layer of DEAE-cellulose by blottmg and hydrolysed ipl sztu with 
takadiastase RNAase The thin layer is developed m a dIrection perpendicular to gel 
electrophoresls with 15 mM sodium citrate buffer (pH 3.1) The enzyme is supposed 
to hydrolyse one nucleotide at a time and thus the resulting pNp spots correspond 
to the sequence of nucleotides in the original RNA molecule 

4.8. Envwonmental pollutants (Table 14) 

It is of interest for the environmental chemist to identify and quantify poly- 
aromatic hydrocarbons and aza heterocycles m air samples from different sources. 
This was achieved by Sawickl and co-workers170-176, who analysed by two-dlmen- 
slonal TLC extracts obtained directly or after column fractionation of airborne par- 
ticulate and coal-tar pitch fume samples. 
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Of all of the compounds in an atrborne particulate, benzene-soluble, “oxy” 
fraction, compounds with an aza mtrogen such as 9-acridone and 6(5H)-phenan- 
thrtdone exhibited the longest retentton on an alumma plate Substitution of the aza 
nitrogen by an oxygen atom or sulphur weakened adsorption, xanthen-9-one and 
thtoxanthen-9-one migrating faster than 9-acridone’ 7o 

In their assay on an aluminacellulose (2 1) mixed sorbent plate, Sawlckl et 
~1.“~ used an orgamc eluent for the first elution. Compounds were prrmarily retarned 
by adsorptton; acridine had the smallest and pyrene the largest RF values In the 
orthogonal dn-ectton, the plate was developed with a solvent contammg 65% of 
water Water interfered with solute adsorption on alumma and also impregnated the 
cellulose fibres, creatmg a partitioning medtum. Under these conditions, acridine 
migrated further than pyrene. 

Similar mechanisms were effective m the two-dimensional separation of coal- 
tar pitch aza heterocyclic on a sllica~cellulose (2.1) plate Adsorption on to silica 
prevatled on development with the organic eluent’ owing to the steric hindrance of 
its aza nitrogen, benzo(h)qumolme was less retained than benzov)qumolme (Ftg 
19) In the orthogonal directton, compounds were separated according to their par- 
tition coefficients the bulky dtbenz(a,j)acrtdine was retained the most whereas acrt- 
dine, benzo(h)- and benzo(f)qumoline had the largest RF values, in general, retention 
increased with the number of additional aromatlc substituentsl”. 

Matsushita and Suzukt”” succeeded m resolvmg the polyaromattc hydrocar- 
bons anthracene, phenanthrene, pyrene, benz(c)anthracene, chrysene, perylene, cor- 
onene. benz(a)- and benz(c)pyrene, benzophenylene. dlbenzanthracene and dlben- 
zopyrene The first development was carried out on an alumina strip with an organic 
eluent Adsorption increased with aromaticity and was affected by steric factors. The 
second development was performed on the acetylated cellulose part of the plate with 
a polar eluent. Compounds were separated by partltlon, those with the smallest num- 
ber of rings migrating further than the others 

Polyaromatic hydrocarbons have more recently been separated on acetylated 
cellulose1’9 and on an acetylated celluloseesthca gel alumina sorbent mlxture’so. 
Other methods had involved the use of GC and TLC m combinatlon1R’~182. Janaklsz 
and Katser183 revlewed m depth both the mstrumentatlon and the apphcattons of 
this technique. 

Various pesticides, includmg aldrin and dieldrm’ 85. DDE and DDT ana- 
logues’86, organophosphorus’ 8’ and other compounds ’ 88-1 Q”, have been separated 
on sihca plates developed wtth different solvents in two dlrecttons (Table 15). 

From the chromatographlc behaviour of Planavm and its substituted 4-meth- 
ylsulphonylamline denvatives, rt could be seen that the propylation of a primary 
amine weakens its adsorption on to silica, whereas Its substltutlon by a hydroxyl 
group increases the retention 1 88. The chlorination of phenol or benzoquinone also 
decreases their retention on a silica plate’“O. 

Yasuda’sls9 separatton of various substituted benzenes, phenols and amlmes 
on a silica gel-zinc dust plate show that retention generally decreases in the order 
phenol > amlme > N-methylamlme > benzene > chlorobenzene (Fig 20). In the 
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Fig 19 Two-drmenstonal thin-layer chromatographtc separatton on srhca gelcellulose (2 I) of basrc frac- 
tton equivalent to 2 mg of coal-tar patch and the charactertzatron of seven spots Standards: (1) acndme, 

(2) benz[a]acrrdme, (3) benz[c]acrtdme, (4) benzovjqumolme, (5) benzo[h]quinohne: (6) dtbenz[aJacrtdme, 
(7) I IH-mdeno[l,Z-h]qumohne The plate was sprayed with trtfluoroacetrc actd fumes and the fluorescence 
colours were marked B = blue; Br = brown, G = green, I = hght, P = purple, Pk = pmk; R = red, 

Y = yellow, 0 = orange, V = vtolet, = no fluorescence. so located by the quenchmg of the fluorescent 

plate Reproduced from ref 177 wrth permrsston 

second direction, differentiation was further made between meta-, orrho- and para- 
isomers. The elution order may appear surprising at first, as m-mtroaniline, a 35fold 
stronger base than p-nitroaniline, IS less retained on the acidic silica phase. Simtlarly, 
3,5-dinitroaniline IS less retained than 2,4-dmitroamline. This may be attributed to 
the effect of zmc dust in the sorbent mixture. 

Gardner’sla7 assay of organophosphorus pesticides IS one of the few that uses 
solute derivattzatton prior to the second plate development This was accomplished 
m order to obtain, m the second direction, a widely different migration pattern from 
the first. The resulting spots are then more separated, which allows better identtfi- 
cation of multiple pesticide restdues. Thus, after the first development, the plate was 
exposed to bromine vapour, which converted the thionate and dtthioate pesticides 
mto their corresponding oxygen analogues The plate was then chromatographed 
wtth a more polar solvent m a dtrectton perpendicular to the first one. 
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Fig 20 Two-dlmenslonal separation of tetryl and related compounds on a sihca gel G zmc plate (30 0 5, 
W/R) I = I-Chloro-2.4.6.tnmtrobenzene (pIcry chloride),, 2 = N,N-dlmethylanihne, 3 = 1,3,5-tnmtro- 
benzene (TNB), 4 = 2,4,6-trnntroamsole, 5 = I-chloro-2,4-dmltrobenzene, 6 = N-methylamhne. 7 = 
N~mettiyl:~,6~dimtroamline, K = %4;6~trmltroanifme (plcramldk), ST = N;‘&4;b~tetramtroamline, iu = 
Wmettiyl-&4;6-trimtroamline, 1~1~ = o-nitroamline, IZ = I.i-dimtrobenzene (refirence compound), l-3 
= N-methyl-N,2,4,6-tetramtroamlme (tetryl), 14 = I-chloro-2,6-dmltrobenzene; 15 = 3,5-dmltroaniline, 
16 = m-mtroamline, 1-T = I.41dimtroamsofe, iIF = Nlmetliyi-Z,4-dimtroamliine, iY = ;1,4-dimtroamline, 
Z(J = p-nttroaniliine. 21 = N~metliyl_N~Z,4~trm~troamline, L?L’ = &Cdm]tropiienol; IJ = ‘&4;6Ltrmltro- 
phenol (plcric aad) Solvent 1, chloroform. solvent II. ethyl acetate-~hght petroleum (1 3) Reproduced 
from ref 189 with permission 

4.10. Inorgamc compounds 

Perhaps the most important apphcation of the two-dtmenstonal separation of 
Inorganic compounds IS shown in Fig. 21, where polyphosphates are separated ac- 
cording to both then type and their chain length. This is achieved by combinmg an 
alkaline and an acidic solvent’91 

In the separatton of metal ions, two posstbihties have been explored, as follows. 
(1) The separation is effected using different kmds of complex formation in 

two directions. This IS only feasible, however, if complexant I is volatile or does not 
interfere with complexant II. A typical example of the latter IS shown in Fig 22. The 

first solvent (methanol ethanol 2 N hydrochlortc acid) separates metal ions mainly 
according to hydration differences and complexanon with hydrochloric acid at low 
acid concentrations. The second solvent separates according to the extraction of 
complexes at high hydrochloric acid concentrattons as well as forming complexes 
with hydrofluortc acid [mamly for Zr(IV) and Nb(V)]‘92. 
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Fig 21 Two-dlmenaonal separatmn of oxyaclds of phosphorus on paper Alkahn solvent 1 (Ebel) acldlc 
solvent 3 (Grunze and T$llo) I, orthophosphate, 2, pyrophoqphate, 3, tnphosphate, 4, tetraphosphate, 
5. pentaphosphate, 6. hexaphosphate, 7, heptaphosphate, 8. octaphosphate. 9. Graham’s salt, 10. trime- 
taphosphate, 11, tetrametaphosphate: 12, hypophosphlte, 13, phosphate, 14. hypophosphate Reproduced 
from ref 191 with permlsslon 

(2) It is also possrble to separate m one directton by partttton chromatography 
(butanol 2 N hydrochlortc acid) and in the other by ion exchange (1 N aqueous 
magnesium chloride) on phosphorylated cellulose paper (Fig. 23). In the presence of 
hydrochlorrc acid (m the first dimensron) the ion-exchange groups remain practically 
unionized and the metal ions move as on ordinary cellulose paper The butanol 
hydrochlortc actd solvent cannot be removed entnely by evaporation and the re- 
maming hydrochlorrc acid 1s neutralized with ammoma vapourr93 

4.11 Mwelluneous 

Several reports have discussed the two-dimenstonal chromatography of organ- 
IC acids on paper’-?*’ 94 and cellulose’95, of mdole dertvatives’96~1 97 and catechola- 
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Sol vent 
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c 

Fig 22. A two-dimenslonal chart showmg the dlstrlbutlon of the major f&on products when chroma- 

tographed first with methanol<thanol 2 N HCI (30 30 40) and then with butanolkonc HCI water cone 
HF (100 50:48 2). Reproduced from ref 192 with permIssIon 

i__ _ ~ _ 

r 

FQ 23 Two-dImensIona separation of metal Ions on a 14-m square of phosphorylated cellulose paper 
contammg dlhydrogen phosphate groups m the monoammomum salt form Development IS by the down- 
ward flow of the orgamc phase of a mixture of n-butanol saturated with 2 N HCI (partition chromato- 

graphy) followed by 1 N magnesmm chloride (Ion-exchange chromatography) After the first run, the 
sheet IS dried over ammoma to neutrahze excess acid and to convert the paper to the orlgmal form 
Reproduced from ref. I93 with permlsslon 
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Fig 24 Dlagrammatlc representation of the two-dlmenslonal separation of dmltrophenylhydrazones (dl- 
rectmn of solvent travel mdlcated hq arrow) (a) Stage I. class separatwn, (h) stage 2. first conccntratlon, 
(c) stage 3, second concentratmn, (d) stages 4 and 5. lmpregnatlon and marker apphcatlon, (e) stage 6. 
cham length separation K = ketones, A = anais. E = enals. D = dlenals Reproduced from ref 208 
with permlsslon 

mme metabolites120 rg8 on silica and cellulose, of barbtturateslgg, streptomycmszoO, 
benzodlazepme201~202 and chlorpromazme 203 drugs on silica and of phthalodim- 
triles204 on a mixed plate, where a srlicacellulose strtp had been coated at the stde 
of an acetylated cellulose layer. In addition, aflatoxins205-207, carbonyldmitrophen- 
ylhydrazones *OS, dtthiocarbamate complexeszog and some B6 vitamersZ1” have also 
been resolved by two-dimenstonal TLC. Detailed chromatographic conditions for 
these separations are given m Table 16. 

Craske and EdwardsZo8 developed an original two-dtmenstonal technique for 
the separation of carbonyl dinitrophenylhydrazones (Ftg. 24). Solutes were first re- 
solved mto different classes (alkanones, alkanals, alk-2-enals and alka-2,4-dienals) 
by adsorptton, and next on the basis of cham length by partttion. Whereas mittal 
class separatton required a small sample to prevent overloadmg, secondary chain 
length separation followmg Carbowax 400 impregnation required a large sample to 
facilitate solute detection. This problem was solved by streakmg the sample across 
the width of the plate, developmg m the first solvent and subsequently performing 
a chromatographic concentratton step Orthogonal elution m chloroformPSVR 
(X0:20) concentrated the spots on one side of the plate. The layer was then impreg- 
nated wtth 20% Carbowax 400 m chloroform The plate was rotated through 180” 
and chain resolutron was effected by development m light petroleum. 
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5 CONCLUSION 

In summary, two-dtmenstonal TLC apphcatlons may be achieved using: 
(1) a one-sorbent layer and solvents with different selectivity for the various 

solutes; 
(2) a mixed-sorbent layer and eluents chosen such that one particular sorbent 

dtctates retention in a gtven direction; 
(3) coupled layers where two different sorbents are coated srde-by-side, each 

effecting a separation according to a different retentron mechanism; 
(4) modtfication of the plate (impregnation) prior to the second development; 
(5) dertvatrzation of the solute prior to the second development; 
(6) coupled separatron techniques (TLCGC, TLC electrophoresis). 
Sample purification may be achieved m one direction and separation m the 

other The main advantage of the technique lies m its efficiency, as a large number 
of spots may be resolved on the chromatographic plate2’, provided that the initial 
spot size IS small and the sample is not overloaded. In addition, widely different 
components may be resolved from a given mixture. 

Perhaps the main disadvantages of a two-dimensional system are the serious 
difficulties encountered m quantltating a significant number of spots, the difficulties 
of predlctmg RF values obtained from the second plate development, as these are 
generally affected by the previous elutron, and the possible irregular ascent of the 
second solvent, leading to spot distortion It is possible to correct for the latter prob- 
lem, if not by selecting more “miscible” solvent systems, then by grafting two thin 
layers and transferring spots from one to the other prior to the second develop- 
ment2 l 2 As for the prediction of RF values, a blank plate could be developed m the 
first eluent prtor to spotttng the vartous reference soluttons and chromatography in 
the second direction 

Thus the problem of measurtng compound concentrations remains the most 
critical, at least when working with non-radioactively labelled material or with com- 
pounds that cannot all react with a fluorescent or similar tag. 

Nevertheless, this method IS extremely powerful and rapid. With a total analy- 
SIS trme of about 1 h, a spot capacrty well exceeding those currently achieved m 
conventtonal TLC or even HPLC can easily be obtained. The spot capacity of the 
figures reproduced above is in the range 150~~300 (except in Fig 15). We are of the 
opinion that this method or more generally br- and trr-directional chromatographic 
techniques have considerable potential for the separation of complex mixtures, when 
there are a few ten to a hundred components to resolve, their use may save a con- 
siderable time in the selection of a convenient solvent mixture and/or chromatograph- 
tc system allowing the complete separation m one HPLC run If the mtxture IS more 
complex (several hundred components) they offer the only possibility of a simple, 
total analysis. 

Accordmgly, instrumentation for two-dimenstonal chromatography ~111 be the 
subject of intense development work m the near future, and solutions will eventually 
be found for the problems discussed above. 
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6 SUMMARY 

In view of the large spot capacity available, much larger than in conventional 
thin-layer chromatography (TLC), two-dimensional thin-layer chromatography IS an 
extremely powerful and rapid separation techmque. This paper presents a review of 
the literature up to early 1982 on the analytical apphcatlons of two-dimensional TLC 
classified according to the chemical nature of the compounds separated. Technical 
aspects of the method (single, mixed or coupled sorbent layers, plate impregnation, 
solute denvatization, couphng with other analytical techniques), together with effec- 
tive mechanisms of solute retention are dlscussed Available methods for spot detec- 
tion and quantitatlon are reported. Future trends of two-dimensional TLC are com- 
mented. Over 200 references are cited. 
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