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1 INTRODUCTION

Bi-directional chromatography, which is a more specific term than two-dimen-
sional chromatography when referring 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 migration of a solvent in one direction, followed by
another migration at right-angles to the first.

When the same solvent 1s fed successively in the two directions of a uniform
adsorbent layer, all chromatographed spots align on a diagonal. The sole advantage
of the method is then a very slight increase 1n resolution corresponding to an increase,

by a factor of v 2, 1n the distance of migration of the spot The realization of more
efficient systems, by means of which a larger number of spots can be resolved?,
implies the use of the entire chromatographic area available and requires the selection
of appropriate different mobile phases for each direction.

Similar efficiencies 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. Dhfferent 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 in the other. The solute Ry values are then different in each direction and
the spots are dispersed on the chromatographic plate.

The tremendous separation potential afforded by this technique is apparent
from the flexibility available in combining various stationary and mobile phases for
use 1n eirther direction,

In 1944, Consden, Gordon and Martin® first reported a bi-dimensional sep-
aration of amino acids on paper. The eluents used were collidine-water in one direc-
tton and phenol-water 1n the second The chromatography took 5 days and resulted
in the resolution of 15 of the 22 amino acids in the sample mixture. This technique
was subsequently described by Overell*, Cheftel er al * and Nordmann et a/.57, who
successfully achieved the separation of various organic acids.

The importance of this method increased in the early 1950s as bi-directional
chromatography became instrumental in the elucidation of several biochemical path-
ways®. Calvin®-1°, for instance, used two-dimensional paper chromatography in com-
bination with autoradiography to assay algal extracts kept 1n air containing '*CO,.
After the 1dentification of the various sample components, a kinetic study of #C
incorporation helped to suggest a scheme for carbon reduction during photosyn-
thesis. The same technique enabled Beloff-Chamn er al.1*-12? to differentiate between
the conversion of glucose into oligosaccharides, polysaccharides and lactate in
muscles and that into amino acids and lactate 1n the brain. Chain et af.!13-'* also
studied the effect of insulin on glucose metabolism in various types of animal tissue
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 various applications
prior to this paper Several workers have reported past and present developments of
classical TLC and 1its future trends!*~2°, The performance and spot capacity of two-
dimensional TLC have been described elsewhere??, and also recent developments in
TLC instrumentation??
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Fig 1 Histogram showing the number of original two-dimensional TLC publications n 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 discussing the various applications of the 2-D technique. A short discussion
on the methods available for spot detection 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 efficiency of the
method 1n resolving compounds of widely different nature, polarity or class, and the
importance of the judicious selection of chromatographic conditions such that dif-
ferent mechanisms may govern solute retention 1 each direction

2 STATIONARY PHASES AND RETENTION MECHANISMS

Various powders are commercially available that may be slurried alone or
admixed with agents for specific applications, and spread on glass, aluminium foil or
plastic supports. Pre-coated TLC plates are also available without or with a binder
for increased adhesion and mechanical stability of the layer, or an indicator for solute
detection

The thickness of the layer 1s often 0.1 3 mm for analytical applications and
0.5 2.0 mm for preparative work. The particle size varies, a small diameter being less
critical than a narrow size distribution in achieving high efficiencies and good reso-
lution?' the narrow size range, 5 yum “HPTLC” packings have disadvantages such as
a slow flow-rate of the mobile phase, a long development time and spot diffusion,
whereas packings with the same size distribution and a larger diameter (10-20 pm)
afford faster and still adequate separations? 23, as is obvious from results obtained
with good but conventional TLC plates made with particles ca. 11 gm 1n diameter?#.

The type of stationary phase needed to resolve a given mixture depends, to a
large extent, on the properties of the sample components. In general, stationary phas-
es may be inorganic sorbents (silica, alumina, magnesia), organic sorbents (cellulose,
polyamide), ion exchangers (1onic moieties substituted on to an organic adsorbent)
and reversed phases (non-polar, organic groups chemically bonded often to an in-
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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 1n bi-directional TLC.

2.1. Imorganic 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 freecing the
adsorptive surface for interactions with various solutes Adsorptive sites in 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-S1 and Mg-O-Mg, respectively,
results in the loss of chromatographic activity?s. In alumina, active adsorptive sites
are thought to be aluminium atoms, strained Al-O 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°C23.

In chromatographic systems that involve weak or moderately strong solvents,
adsorption is described primarily by the following relationship?3-

log K =log V, + a (S° — 4,9 (D

where K, the distribution coefficient, is the ratio of the solute concentration in the
adsorbed state to that in the mobile phase, V, is the volume of a monolayer of solvent
adsorbed on the surface, «, the activity of the adsorbent, 1s proportional to its average
surface energy and related to its water content, S° 1s the adsorption energy of the
solute in the reference solvent and on an adsorbent of standard activity (a = 1), A4
is the molecular area required for the adsorption of a solute molecule on the adsor-
bent surface and £° is the solvent strength parameter?S.

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 S ¢ 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 corresponding
solutes, increases in the order saturated hydrocarbons < aromatic hydrocarbons
&~ halogen derivatives < ethers < esters ~ aldehydes & ketones < amines =
alcohols < carboxyhc acids.

Stronger solvents (larger £°) 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 Ry values 1s determined by that of the solutes
studied. Polar compounds often require 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 extent?®.

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, favouring 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 alumina are similar to those of magnesia,
the latter adsorbent has a much higher affimity 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 vicinal 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 # double bond electrons with the impreg-
nated silver 1ons. Similarly, the separation of nitrogenous bases on plates impregnated
with Zn, Cd or Mg involves the occurrence of selective interactions between the metal
1on used and the free nitrogen electrons?!®

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. Polyamide

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 1n the solute molecule and carbonyl oxygens in the sorbent. Additional inter-
actions may occur between electrophilic nitro compounds, quinones or aldehydes
and amino groups in the polyamide phase. Compounds with delocalized = electron
systems are also found to exhibit strong affinity for the sorbent. Clearly, chromato-
graphy on polyamide 1s a process of simultaneous e~ donor—~ 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=0 groups on the
adsorbent surface?®.
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2.2.2. Cellulose

In paper chromatography, one often witnesses rapid spreading o
along cellulose fibres. The powdered sorbent used in TLC, however, 1s characterized
by very short fibres which afford sharper spots and a better resolution. TLC cellulose
exists 1n two forms' native fibrous (fibre iength 2-25 um, average degree of poiym-
erization 400-500) and microcrystalline (particle size 20-40 um, average degree of
polymerization 40-200). In cellulose, most glucose units constitute crystalline regions,
joined together as fibrils These are bound winto fibres by amorphous f-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
retention, the former 1nvolving adsorption and the latter partition

As partition involves the distribution of a solute between two immiscible
hquids, 1t may be surprising at first to evoke this mechanism when solvents miscible
with water, if not water itself, are used as developers. However, the water present in
the amorphous regions has different properties to bulk water: 1t is linked by hydrogen
bonds to the cellulose, forming a “hquid gel”” with high apparent density and low
velocity of diffusion.

The partition coefficient, a measure of solute retention, is determined by the
extent of solute incorporation in the gel and interaction, by means of hydrogen bonds,
with the “hquid gel” water. Molecular size and shape and the position and nature
of hydrophilic groups in the chromatographed substance are rmportant in this pro-
cess?.

Partition is not, however, solely responsible for chromatographic behaviour,
as the migration sequence of several solutes differs from that based on partition

coefficients alone. Adsorntion and. to some extent. 10n exchanoe are thoue
vvvvv icients alone. Adsorplion ang, to some extent, 1on e€xchange are thought to par

ticipate 1n the chromatographic process

22 Douvorap A nhacoo
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TLC layers for reversed-phase applications were first obtained by impregnating
polar plates with organic solvents such as paraffin?’. Normal phases were later chem-
ically modified, e.g., by the in situ acetylation of cellulose or silamzation of silica
plates. The resulting phases could withstand development in a wide variety of sol-
vents, and ensured reproducibiiity of separations?®—3°% The number of commercialiy
available reversed-phase plates increased subsequent to the more recent development
of non-polar powders, in which different aliphatic chains are chemically bonded to
a silica backbone Halpaap er a/.3! tested such phases with respect to their chemical
and physico-chemical characteristics, wettability and chromatographic retention da-
ta

The mechanisms of solute retention on these various packings are diverse,
partition 1s responsible for chromatography on paraffin-coated silica layers; with
acetylated cellulose, although adsorption cannot be excluded, solutes are thought to
partition, when aqueous eluents are used, between the mobile phase and the water-
impregnated cellulose fibres; adsorption due mainly to solvophobic forces is respon-
sible for solute retention on silanized or alkyl-chain bonded silica phases However,
when water 1s used 1n large amounts, especially with small-chain reversed phases,
mixed-mode mechanisms are believed to occur.
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24 Ion exchangers

Polystyrene sulphonic (Dowex 50) or amine (Dowex 1) resins have long been
used 1n 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 sites helps to achieve selective desorption under
milder conditions than with resin phases.

The moderately strong polyethyleneimine (PEI) and weak diethylaminoethyl
(DEAE) cellulose basic anion exchangers are commonly used 1n TLC applications,
as well as the strong sulphoethyl (SE) and weak carboxymethyl (CM) Sephadex
(polydextran) acidic cation exchangers. Inorganic cation exchangers such as zirco-
nium(IV) phosphate and ammonium molybdate, are also commercially available.

The affimty of a compound for an ion exchanger 1s known to be proportional
to its charge. Besides the electrostatic forces which contribute mainly to chromato-
graphic retention 1 ion exchange, additional interactions are often operative as in
the physical adsorption of hydrophobic solute moieties on the skeleton of the ex-
changer. With weakly acidic and weakly basic phases, the pH of the eluent may affect
selectivity as the exchanging groups 1on pair with H* or OH™ ions 1n the solution32.

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 pyrimidine 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 in TLC33.

2.6. Sltattonary phases for two-dimensional thin-layer chromatography

Dafferent sorbents may be slurnied together and spread homogeneously on a
plate for two-dimensional TLC purposes. The composition of the eluents is chosen
such that, in each direction, a different sorbent interacts primarily with 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 in a given solvent is well known to affect the solute
Ry values obtained from a subsequent development in another direction (Fig. 2) In
addition, if the second solvent is very different from the first, 1ts ascent in the or-
thogonal direction may be 1rregular, leading to distorted spots. In order to correct
for those problems, Randerath and Randerath3®, after developing a PEI-cellulose
plate in a buffer solution, washed away the residual salts by immersing the plate 1in
methanol prior to a second elution. Bond?3% chose to transfer the spots obtained from
the first development of a cellulose sheet on to another plate by clamping both thin
layers face to face and developing with the second solvent, in a direction perpen-
dicular to the first elution. The resulting chromatogram showed no interferences In
addition, the solute Ry values were unaffected by the previous run.
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Fig 2 (a) Theoretical and (b) experimental two-dimensional chromatograms of dinitrophenyl (DNP)
amino acids on RP-18 plates Eluents 1n the first direction, hexane ethyl acetate acetic acid (80:18 2), 1n
the second direction, 1 M ammonia + 3% potassium chloride 1n 60% methanol SP = starting point
1 = DNP-Gly, 2 = DNP-Ala; 3 = DNP-Ser, 4 = DNP-Thr; 5 = DNP-Val, 6 = DNP-Leu, 7 =
DNP-lle, 8 = DNP-Pro, 9 = DNP-Met-O,, 10 = DNP-Trp, [1 = DNP-Phe, {2 = Di-DNP-Tyr, {3
= DNP-Asp, 14 = DNP-Glu, 15 = DNP-CySO;Na. 16 = Di-DNP-Lys, 17 = a-N-DNP-Arg, 18 =
Di-DNP-His, 19 = DNP-OH, 20 = DNP-NH, Reproduced from ref 34 with pernussion

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 sophisticated 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 1s on the vertical of
the sample spot and the solute concentration profile in the direction perpendicular
to that of the development 1s 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 electronic beam or any
other system, must be small compared with the spot size, about 10-20 times smaller
in dimension than the spot base width. Typically, this means that it should not exceed
0.1-0.5 mm in diameter, depending on the TLC conditions If e is the width of the
sensor beam and L the development length, a number L/w 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 detection 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 contaiming each spot of interest and extraction from the adsorbent or
in 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
mconvenient, 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-iomzation detector3” or by direct insertion into a thermoionic3® or mass spec-
trometric?® detector. However, these techniques are not suitable 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
drastically 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 hght. If the compound 1tself is not visible or fluorescent, detection can be per-
formed by applying gaseous, colorimetric complexing agents or even radioactive
markers, or by using the quenching effect of the compound on the fluorescence of an
additive 1n the chromatographic bed. The compound then appears as a black spot
on a brilliant background. This method permits the accurate determination of the
posttion 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 in the transmission or the reflection mode. It
measures the imtensity of the light transmitted through the TLC plate or reflected by
1it. Quantitation 1s based on the decrease in light transmitted or reflected by the spot
in comparison with the neighbouring background+?. 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 concentrations*!. For higher con-
centrations it 1s not given by the conventional Beer’s law but by the Kubelka-Munk
equation*®, because of diffusion of hight by the particles 1n the layer. The response
factor of a compound depends on 1ts coefficients of light adsorption and scattering®.
Obviously the densitometric measurements must be made using a monochromatic
ncident beam, and the wavelength must be optimized depending on the compounds
of nterest. Transmission densitometry has been shown theoretically*? to be more
sensitive than reflectometry, although layer uniformity 1s more critical in the former
method. Both non-uniformuty of the layer and poor light intensity affect the signal-
to-nose ratio. However, such problems may be overcome to some extent with a
double-beam instrument. Reflectometry 1s more widely used because of the higher
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optical density of most compounds, especially in the UV range. Frei*® published an
extensive study on reflectance spectroscopy. Using double-beam instruments, one can
also compensate for the background effects due to the layer.

In fluorimetry, the incident radiation excites the various compounds, and those
which emit secondary radiation are detected This emitted 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 excitation 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 carried 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 1s transmitted from the back of the plate

Many commercially available instruments are single-wavelength devices 1n
which a monochromatic beam is used to scan the plate surface. They can be applied
to all modes of densitometry or fluorimetry, with the use of suitable mirrors and
filters. In the fluorescence mode, better instruments permit the adjustment of both
the excitation and emission wavelengths In these instruments the scanning optical
beam 1s supposed to illuminate on the plate a rectangle with a very large aspect ratio,
the long dimension (ca 1 ¢m) being perpendicular to the scanning direction. This
yields a signal proportional to the light intensity perceived, i.e., integrated over the
whole slit length If the relationship between hight intensity and spot concentration
1s non-linear, this results in quantitative errors when the concentration is not constant
along the shit. On the other hand, this permuts integration of the fluctuations due to
layer heterogeneity 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 1n terms of concentration*®. Knapstein ez a/ +* obtained a linear calibration graph
for steroids detected on silica gel in the quenching mode

With dual-wavelength densitometers, fluctuation of the light source is balanced
and a flying spot can replace a fixed slit aperture, which leads to greater accuracy in
quantitation. The complexity of dual-wavelength densitometers requires computer-
assisted processing of the signal*® Speed, like resolution, 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 video screen. Speed can also be achieved at the
expense of a lower sensitivity if the signal noise depends on the integration time.

In 1976, Deveny1 and co-workers#®:47 introduced video techniques in the den-
sitometric evaluation of thin-layer chromatograms The whole chromatogram is ir-
radiated by a suitable light source of relatively homogeneous intensity and an image
1s taken by a Vidicon camera This 1s extremely fast and also reasonably accurate
and sensitive, and the rather sophisticated processing such as background subtraction
or spot integration 15 easy to carry out in an interactive mode

Generally, the HPTLC scanners available for photodensitometric 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
conventional TLC plate takes a few minutes, but scanming a two-dimensional 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-dimensional
gel electrophoretic analyses*®:4® and from the TLC of radioactive compounds®. In
both mstances an autoradiograph is obtained and then scanned with a very narrow
visible light beam (spatial resolution around 0.1 mm or below). Complete data ac-
quisition and processing systems have been developed by several groups*®73°. These
systems offer possibilities of data acquisition, filtering, background subtraction, cal-
ibration and data reduction, 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 used*’-3! 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 main
drawbacks are cost and complexity, 1t 1s still more attractive to the analyst than the
classical spectrodensitometer, the use of which is tedious and time consuming and
necessitates image reconstitution after hundreds of one-dimensional scans of a two-
dimensional plate.

Recently, Guiochon and co-workers®2:53 conceived the use of a detection de-
vice on-line with a two-dimensional liquid chromatographic system. Detection is now
performed in the elution mode, in 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 1s 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 simular to the line signal of an
autoradiography scan 1s recorded and processed through a data acquisition 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 in regular TLC

4 APPLICATIONS

The separations that have been accomplished using two-dimensional TLC are
classified in this section under lipids, pigments, alkaloids, protemns and their constitu-
ents, carbohydrates, glycopeptides, nucleic acids and their constituents, environmen-
tal pollutants, pesticides and miscellaneous We have tried to emphasize the pecu-
lanties of various assays by analysing the chromatographic behaviour of solutes.
The retention and chromatography of compounds may involve adsorption, partitton,
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. Lipids

“Lipids” is a term used to qualify various classes of compounds that are char-
acterized in general by solubihty in organic solvents and insolubility in water. In this
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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
1-5.

4.1 1. Fatty acids and thewr esters (Table 1)

Separations of various glyceryl acetates®** and of some fatty acids from pros-
taglandins and thromboxanes®®> have been achieved on silica plates owing to the
different selectivity of the solvent system 1n each direction. Fatty acid esters have also
been resolved on silica’®® with a more polar eluent in the second than in the first
direction.

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

El-Zeany and Ahmed?*# devised an original method to resolve fatty acid esters.
They first separated the mercury(1l) adducts of these unsaturated esters on a 3.7 silica
gel-Kieselguhr adsorbent with 1sobutanol -formic acid-water, based on the different
degree of solute unsaturation. Then, the plate was positioned in a hydrogen sulphide
chamber; mercury(Il) sulphide was deposited as black spots and the esters were lib-
erated. Chromatography in the second direction was accomplished after impregnat-
1ng the plate with paraffin. The esters partitioned between that phase and the formic
acid-acetonitrile-acetone eluent. Their mobility was a function of chain length
Whereas 1s this method mercury(Il) adducts of solutes were chosen to achieve sep-
arations based on different degrees of unsaturation, more commonly unsaturated
compounds are resolved according to their ability to form coordination complexes
with ions (such as silver) which impregnate the stationary phase Schmid er o/ %9, for
instance, after separating glycero! esters into four classes according to basic structure,
type and number of functional groups on plain silica gel, differentiated each class
according to the number and configuration of the double bonds 1n the constituent
compounds, on silica gel impregnated with silver mtrate (Fig 3).

4 1.2. Sterowds (Table 2)

This class of lipids, of which cholesterol 1s a common representative, includes
physiologically important compounds such as the bile acids, the androgens and the
oestrogens, and essential metabolic regulators, such as the adrenocortical hormones.
Thus, the separation of these substances and their quantitation in biological samples
are essential, especially for diagnostic purposes

Using silica, Bouillé e7 a/.®! first eluted the impurities associated with cortisone
in plasma and adrenal extracts Chromatography in the orthogonal direction was
achieved with a more polar mobile phase containing water, which resulted in the
nmugration of corticosterone from its original position on the plate. Also using a silica
phase, Bicknell and Gower%? succeeded 1s resolving a mixture of polar and non-polar
compounds. Two successive developments in the first direction with benzene-diethyl
ether (9:1) permitted the separation of the non-polar C,y 16-unsaturated steroids
Sx-androst-16-en-38-0l, 5f-androst-16-en-3a-0l, Sa-androst-16-en-3¢-ol, 1,3,5-
[10].16-0estratetraen-3-ol and Sz-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-dimensional chromatogram of a model mixture containing the following compounds: (A)
trialky! glyceryl ethers trioctadecyloxypropane, I,2-dioctadecyloxy-3-octadecenyloxypropane, 1-octade-
cyloxy-2,3-dioctadecenyloxypropane. trioctadecenyloxypropane, (B) dialkoxyglycenides, 2,3-diocta-
decyloxy-1-O-octadecanoylpropanol, 2,3-dioctadecyloxy-1-O-octadecenoylpropanol. 2.3-dioctadeceny-
loxy-1-O-octadecanoylpropanol. (C) alkoxydiglycenides, 3-octadecyloxy-1,2-di-O-octadecanoylpropane-
diol, 3-octadecenyloxy-1.2-di-O-octadecanoylpropanediol, 3-octadecyloxy-1.2-d1-O-octadecenoylpro-
panediol, 3-octadecenyloxy-1.2-di-O-octadecenoylpropanediol, (D) triglycerides tr1-O-
octadecanoylpropanetriol(tristearin), 1,2-di-O-octadecanoyl-3-O-octadecenoylpropanetriol (oledodistea-
rn), 1-O-octadecanoyl-2,3-di-O-octadecenoylpropanetriol (stearodiolein), tri-O-octadecenoylpropanetriol
(triolein) Solvents first direction, petroleum hydrocarbon diethyl ether (90 10), developed once on plain
silica gel G strip, second direction, petroleum hydrocarbon diethyl ether (90-10) developed twice on silver
mtrate-umpregnated silica gel G Indicator charring after spraying with chromuc sulphuric acid solution
Reproduced from ref 59 with pernussion

the separation of the more polar 4#-3-oxosteroids testosterone and progesterone and
of the A5-35-hydroxysteroids pregnenolone and 5,16-androstadien-38-ol.

Taylor®? separated thirteen polar A4-3-oxosteroids and oestrogens on silica
with chloroform methanol-water (94:6:0.5) in the first direction, followed by
cyclohexane—ethyl acetate (50.50) in the second direction (Fig. 4). Cavina et al.%*
achieved similar resolutions 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 deactivation of the stationary phase achieved by
use of water in the eluent are all factors that affect such assays.

Issaq®® resolved two 1someric pairs, namely 7x- from 7f-hydroxycholesterol
and 58.68- from 5a,6i-epoxycholesterol on a special plate with two different sorbents
coated side-by-side Chromatography in the first direction 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 silanized silica, with a non-polar
heptane- HMDS (98.2) as the mobile phase
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Similarly, Levitt and Touchstone®® separated six bile acids on a two-phase
plate where a 3 X 20 cm reversed-phase strip had been coated at the side of a 17
x 20 cm silica layer. Reversed-phase chromatography was carried out on the thin
strip with an acid-organic eluent mixture and resulted in the separation of the bile
acids into three classes: cholic, deoxycholic and chenodeoxycholic. Orthogonal de-
velopment with the mixed aqueous (acetic acid-water) and organic (chloroform-
methanol) solvent on the silica phase further separated the taurine from the glycine
conjugates in all three classes of compounds. It 1s important to remember that these
bile acids have functionalities that interact strongly with silica unless the adsorbent
is modified through bonding with alkyl chains (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.

Vidrine and Nicholas®? resolved two different lipid classes, viz., steroids and
unsaturated aliphatic hydrocarbons (terpenoids), on a mixed thin-layer plate coated
with a slurry of silica, silanized silica and calcium sulphate. The eluent was relatively
non-polar in the first direction, and retention could be attributed to adsorption In
the second direction, however, a more polar eluent was used, containing 25% of
water. Under these conditions, a partitton-adsorption mechanism 1s probably in
effect.

Finally, Curtius and Muiller®® achieved an orginal, truly two-dimensional
GC TLC separation 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 sihca plate which moved linearly with time. The devel-
opment of this plate with chloroform-ethanol (90:10) represented the second dimen-
ston and improved the resolution obtained with GC alone (Fig. §) 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. Phosphohpids (Tables 3 and 4)

This himd class includes the phosphoglycerides and sphingolipids, all important
membrane constituents. Chromatography of these compounds is often accomplished
on sihica gel, 1n its pure form or impregnated with either boric acid, ammonium
sulphate, magnesium acetate, magnesium silicate or magnesium 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 solution in the other 22773, Thus, the mobility of the molecules
in each direction 1s affected by the differing degree of ionization, i.e., the extent of
amine protonation and phosphate and/or carboxyl dissociation, as well as by the
competition of the acid or base in the mobile phase for adsorptive sites on the silica
plate. Moreover, Jain and Subrahmanyam” have reported that appropriate amounts
of ammonium sulphate in the stationary phase and acetic acid in the eluent are
tmportant for obtaining spots with no tailing and good resolution.

It is interesting that, on a phase containing boric acid”*, phosphatidylinositol,
which has vicinal ¢is-hydroxyl groups in 1ts sugar moiety, is retained the longest (Fig
6). This may exemplify the selective affimity of boric acid for eis-diol compounds.
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Fig 4 Two-dimensional thin-layer chromatogram of steroids on silica gel Solvent systems (1)
chloroform-methanol-water (94 6 0 5), (2) cyclohexane—ethyl acetate (50.50) | = Oestrone [3-hydroxy-
1,3,5(10)-estradien-17-one}, 2 = progesterone(4-pregnene-3,20-dione), 3 = oestradiol [1,3,5(10)-estra-
triene-3,17f-diol}, 4 = androstenedione (4-androstene-3,17-dione), 5 = 17a-hydroxyprogesterone (17x-
hydroxy-4-pregnene-3,20-dione), 6 = testosterone (178-hydroxy-4-androsten-3-one), 7 = deoxycorticos-
terone (21-hydroxy-4-pregnene-3,20-dione), 8 = 1l-deoxycortisol (17x,21-dihydroxy-4-pregnene-3,20-
dione), 9 = corticosterone (11f,21-dihydroxy-4-pregnene-3,20-dione), 10 = cortisone (172,21-dihy-
droxy-4-pregnene-3,11,20-trione), 11 = aldosterone (18,11-hemiacetal of 118-21-dihydroxy-3.20-dioxo-
4-pregnen-18-al), 12 = cortisol (118,17a,2[-trihydroxy-4-pregnene-3.20-dione); 13 = oestriol {1,3,5(10)-
estratriene-3,16¢,17f8-triol] Reproduced from ref 63 with permission

Pollet et al.”” achieved the separation of different lipid classes, namely choles-
terol, cerebrosides, sulphatides, phospholipids and gangliosides, on plain silica gel by
repetitive elution with chloroform-methanol solutions of varying polarity in orthog-
onal directions (Table 4). Radwan’® and Ikawa and Goto’® resolved mixtures of
fatty acids, steroids, phospholipids and other compounds on silica with an
organic -acidic phase in one direction and an organic-basic phase in the other. Hub-
mann8? was able to separate these various substances using different eluents for
successive developments in each direction, owing to the different selectivity of each
organic modifier with respect to the various solutes (Table 4).

4 1.4. Glycolpids (Table 5)

Glycolipids, such as the cerebrosides and the more complex gangliosides, are
sugar-containing membrane lipids The separation of such compounds was per-
formed on silica gel by Ohashi8!, who used chloroform-methanol-aqueous ammonia
to develop the plate mn the first direction and »n-propanol-aqueous ammoma in the
second. Ledeen et al 82, and subsequently Hunter er af #%, 1n assaying for bran gan-
gliosides, modified these conditions to a certain extent. ammonia was included in one
dimension only, while salt was added to either or both solvents.
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Fig 5§ Two-dimensional chromatography of twelve steroids (trimethylsilyl derivatives) using GC and TLC
in combination The lower part of the figure represents the gas chromatogram and the upper part illustrates
the TLC separation after plate elution It may be noticed that solutes 1, 2 and 3 are completely resolved
after the TL.C step. | = Allopregnandiol, 2 = pregrandiol, 3 = androsterone, 4 = etiocholanolone, 5
= dehydroepiandrosterone, 6 = pregnanolone, 7 = pregrantriol, 8 = 1l-ketoandrosterone; 9 = 11-
ketoetiocholanolone, 10 = 11-hydroxyandrosterone, 11 = 1l-hydroxyetiocholanolone, {2 = pregnan-
triolone St = starting point Reproduced from ref 68 with permission

Cardenolides, which are glycosides with a steroid moiety, constitute a different
category of sugar-containing lipids. Thirty-two cardenolides were separated by
Clarke and Cobbs®* on silica with a different solvent system for each direction. A
correlation between the chromatographic mobility of the compounds and their chem-
1cal structure was observed The number and position of the hydroxyl substituents
played an important role in solute retention (Fig 7).
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- BMP
U cL
g — PE
’ '
' ’ PC
b ’

SM
on @
,\‘ PS' ,LPC

Pl
o '

Fig 6 Two-dimensional thin-layer chromatogram of rat lung hiquids on silica gel impregnated with boric
acid Abbreviations NL = neutral ipids; Ul, umdentified. BMP. bis(monoacylglyceryl)phosphate, CL
= carcholipin, PE = phosphatidylethanolamine; PC = phosphatidylcholine, PG = phosphatidylglycerol,
SM = sphingomyelin, PS = phosphatidylserine, PI = phosphatidylhnositol, LPC = lysophosphatidyl-
choline; O = orgin The solvent for development in the vertical direction was chloroform methanol

water concentrated ammonia (70 30 3 2) and m the honzontal direction chloroform-methanol water
(6535 5) Reproduced from ref 75 with permission.

4.2. Pigments

This general group contains the various carotenes, xanthophylls, porphyrins
and anthocyanidins, we., 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 Livingston®® on a 1:4
magnesium oxide Celite strip 1n the first direction and a 1.6 silica gel G—alcium
hydroxide layer in the second Adsorbability increased with the number of hydroxyl
groups on the cyclic moieties of the solutes, the presence of epoxide functionalities
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 Tirimanna®’ and
Sherma and Zweig®® The hydrocarbonaceous carotenes exhibited the largest Ry val-
ues on silica Owing to its greater number of conjugated double bonds, zeaxanthin
was more retained than lutein®’

Porphyrin methyl esters were resolved by Elder®® on a silica gel plate. A quat-
ernary solvent system was used in the first direction. Retention was increased by
carboxylic acid substituents at positions 2 and 4 of the porphyrin ring, as witnessed
by the smaller Ry for coporphyrin in comparison with mesoporphyrn. Additional
ethanoic acid substituents at positions 1, 3 and 5, as in uroporphyrin, further en-
hanced the adsorption interactions of the solute with the stationary phase. Of all the
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Fig 7 Chromatogram of a mixture of cardesolide standards on silica gel 1 = Dhgitoxigenin, 2 = digi-
toxigenin monodigitoxoside, 3 = digitoxigenin bisdigitoxoside, 4 = digitoxin, 5 = a-acetyldigitoxin, 6
= facetyldigitoxin. 7 = lanotoside A 8 = gitaloxigenin, 9 = gitaloxin. 10 = gitoxigenin; 11 = gitox-
igemn monodigitoxoside, 12 = gitoxigenin bisdigitoxoside, 13 = gitoxin, 14 = f-acetylgitoxin, 15 =
lanatoside B 16 = strospeside, 17 = digitahinum verum, 18 = digoxigenin, 19 = digoxigenin monodig-
itoxoside, 20 = digoxigenin bisdigitoxoside, 21 = digoxin, 22 = digoxoside. 23 = a-acetyldigoxin; 24
= f-acetyldigoxin. 25 = lanatoside C, 26 = deacety! lanatoside C. 27 = z-anhydrodigoxigemn, 28 =
f-anhydrodigoxigenin, 29 = diginaugemn, 30 = diginatigenin monodigitoxoside, 31 = diginatigenin
bisdigitoxoside. 32 = diginatin Solvent 1n the first direction, ethyl acetate dichloromethane -methanol
water (120 72 7 4), and 1n the second direction dichloromethane methanol (9 1) Reproduced from ref 84
with permussion

compounds studied, haematoporphyrin was the only porphyrin with two hydroxyl
groups and it was retained the most on the silica plate (Fig 9)

Saitoh et al °° achieved the separation of various metal tetraphenylporphyrin
chelates on a reversed-phase plate. The first development was carried out with
acetone -propylene carbonate (20'80) and the second with acetone alone Retention
may be related to the ratio of the central metal electronegativity to 1ts 1onic radius,
En.,°' Larger En;, values correspond to more delocahized chelate-metal bonds and
smaller Ry values on the reversed-phase plate. In addition, chromatographic behav-
tour 1s affected by the configuration of each complex, whether planar, pyramidal or
distorted octahedral, and its stability in each of the eluents used

Anthocyamidins were resolved on cellulose by Mullick®? A methanol acid-
water solvent mixture did not differentiate between the methoxy and hydroxy group
substituents on the anthocyanidin aromatic ring. A formic acid-hydrochloric acid or
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II Development
2% Butano. benzene

<

D >
~

-

c

-

D

o

z
N
Sitica Ge. G-Ca{CH), f~O - N-5,8
S T S
Magnesium oxide -Ce e Ormgin®

{ ] |

-+—— ] Development hexane-acetone {7 3)

Fig 8 Two-dimensional, two-adsorbent TLC of a carotenoid muxture on a magnesium oxide Celite +
silica gel G Ca(OH), plate C = Carotenes, x = a-cryptoxanthm, § = f-cryptoxanthin, Zeino = zer-

noxanthin, L. = lutemn, Z = zeaxanthin, L, and L, = lutemn «s-1somers {corresponding to “neo-A” or
“V* and “neo-B” or “U”, respectively), V = violaxanthin, V; and V, = wiolaxanthin cis-1somers, Z,
and Z, = zeaxanthin cs-1somers, Luteo = luteoxanthin, N = neoxanthin, N-58 = neoxanthin 5,8-

epoxide The first elution 1s on the magnesium oxide Celtte strip using hexane-acetone (7 3) and the second
1s on silica gel G-Ca(OH), with 2% butanol 1 benzene Reproduced from ref 86 with permission

amyl alcohol-acetic 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.

Finally, 29 intermediates in the synthesis of tannin A or B were separated on
silica using an inorganic—-acidic solvent mixture 1n one direction and an organic-basic
eluent in the other. The migration sequence under alkaline conditions corresponded
to different degrees of solute condensation or methylation whereas that under acidic
conditions depended on the nature of the product®3

43 Alkalowds

Heterogeneous nitrogenous substances produced by plants have been grouped
under this heading. The two-dimensional chromatography of alkaloids pertaining to
the cocaine, harmane, ergot and other families 1s considered here (Table 7)

Early attempts to separate opium®*, Strychnos and curare®® alkaloids by two-
-directional paper chromatography were time consuming; development in one direc-
tion alone could require as long as 17 h

TLC enabled faster analyses to be achieved. Using a silica gel plate, Munier
and Meunier®® separated seven cocaine alkaloids Elution with a non-aqueous neu-
tral mobile phase was followed by an orthogonal development in an acidic solvent
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156 M ZAKARIA, M -F GONNORD, G GUIOCHON

containing 20% of water. Retention involved adsorption under the former conditions
and a mixed partition-adsorption mechanism under the latter. The mobulity of each
cocaine alkaloid was approximately inversely proportional to the number of func-
tional groups that can be adsorbed simultaneously on the silica gel, and also to the
strength of adsorption 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 Ry in both
directions Pseudococaine (2x-carbomethoxy-3f-benzoxytropane), with its adsorp-
tive functionalities in different planes although on the same side of the ring, was less
retained than cocaine (2f-carbomethoxy-3f-benzoxytropane), where both substit-
uents are co-planar in the f-position.

Munier and Meunier®® also achieved the separation of morphine, codeine,
thebaine, narcotine and papaverine, alkaloids of different polarity and structure, on
a sthica gel plate developed with a weakly polar solvent in one direction and a more
polar one 1n the other Earlier work by Viala and Estadieu®” imnvolved the resolution
of morphine, codene and their derivatives by chromatography on activated silica.
The first elution with methanol-chloroform-ammonia resulted 1n three spots, the
most retained containing both morphine and codeine, the next corresponding to

|
|

S |

1g 10 Two-dimensional separation of morphine. codeine and their derivatives on sihca | = Morphine,
= codeine, 3 = Q% monoacetylmorphine, 4 = diacetylmorphine, 5 = acetylcodeine, 6 = nalorphine,
= cocaine, 8 = quinine. 9 = nicotme, 10 = cotinine, 11 = methaqualone; 12 = diphenhydramine, 13
mecloqualone, 14 = hydrochlorobenzethylamine. 15 = N-dimethyldiazepam, 16 = oxazepam, 17 =
methadone, 18 = amphetamine, 19 = methylamphetamine Solvent m the first direction methanol
chloroform ammonia (85 150 7). and 1n the second direction hydrated diethyl ether acetone diethyla-
mine (858 7) Reproduced from ref 97 with permission
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heroin and the least retained to O°-monoacetylmorphine and acetylcodeine. Orthog-
onal development in a mixture of hydrated diethyl ether, acetone and diethylamine
differentiated all solutes (Fig. 10).

Harmane alkaloids®® and alkaloids from Rauwelfia, Corynantha and Pseudo-
cnchona®® were resolved on silica using a polar neutral mobile phase in the first
direction and a more polar, acidic solvent mixture orthogonally. Other than the
nature of the solvent itself, which selectively affects the retention order, the pH of
the eluent, which determines the 1onization state of the molecule as a function of 1ts
pK, value(s), also influences the retention behaviour. Whereas the first development
of the silica plate 1n a neutral solvent did not resolve harmane from norharmane®®,
the subsequent development in the acidic eluent provided such a differentiation; nor-

[
Re 100
-
i Ecoral /Ecr st
e Etamin,
cor I's
80— -
Ecris \ % N Ecrypti
~a
@ %@ LN Estini
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) serws
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20 @ Penm @ Pyro
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@ @ Costa
LN
Chano I
Q @, { L | 1 1 s | ¢
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T —»0C
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Fig 11 Two-dimensional chromatogram of ergot alkaloids separated on silica gel G Solvents: in direction
I, MC = methanol chloroform (2 8), in direction II, DC = diethylamine <hloroform (1 9) Agro =
agroclavine, Chano 1 = Chanoclavine-(I); Chano II = chanoclavine-(II), Costa = costaclavine, x-Di
= y-dihydrolysergol. Dialtry = pL-4-dimethylallyltryptophan, Elymo = elymoclavine, Ecor = Ergocor-
nine, Ecom = ergocorninne, Ecris = ergocristine, Ecristt = ergocristinine, Ecry = ergocrytpine, Ecrypti
= ergocryptinine, Emet = ergometrine, Emetrt = ergometrinine, Esin = ergosine, Esim1 = ergosinine,
Estin = ergostine, Estim = ergostinine, Etam = ergotamne, Etamim = ergotamimne, Festu = féstu-
clavine, Fum A = fumigaclavine A, Fum B = funmgaclavine B. Fum C = fumagaclavine C, 4-8,9-Lysac
= 6-methyl-A%.%-ergolene-8-carboxyhc acid. Lysene = lysergene, Lysac = p-lysergic acid, Lysam = b-
lysergic acid amude, [solysam = D-i1solysergic acid amude, Lyscaram = D-lysergic acid methylcarbmolam-
ide, Lysme = Lysergine, Lysol = lysergol, Isolysol = isolysergol. Lysval = p-lysergyl-L-vahine-meth-
ylester, Noragro = noragroclavine; Penmi = penniclavine, Isopenni = isopenniclavine, Pyro = pyro-
clavine, Seto = setoclavine, Isoseto = 1sosetoclavine Reproduced from ref 99 with permission



‘daio wool
‘KIp ‘1 WUBATOS Yum

Z
m (1.675¢9) dum [sem (00D ‘UIW ()f
O ww  poe oiwnoidoid-1a1em JulIqUIE (T'1'v) dwpuAd 3,001 ‘UL 9] x 07 (a1vsA[oIpAy
m 901 Sy OF -loueing-1 [ouepg Iy Uil 0§67 —I91EM- [OUBYION S1 ‘9909 SOF 3so[n[p)  umoxd) spor oUWy 71
©] Y9 Y g - dw
o) ¢ dwoy WOoOl ‘Wl § () ‘WD
o yg wool ysJ (1'1 £) 191eM -pDOE 07 x (T ‘[991AY ‘980[ (;esKjoapAy
muu S01 ‘wo 7Y (1°¢) 191em [ouayd ‘AIp Iy w71 J1jaor [oueing-{ ¢ [ -n{[99 aul[BISAId0INN  uidjoad) spior ouruy 0T
Z (s8 1 H) wd
o (s.1.v) 1918M ae AN [Z ‘poe dIIo) St x 8y ‘Ioded 1)y
Qe Y01 Y9l PLE d0B-[ouLIng-u Wriep\  um gL pIo® J1130% [BIOR|D) W £ ON UBUIIBYA SPIOE oUWy 81
&8
) apour
M. WOokj
=z wo 6§
&~ ‘a8pa
M Jaded
N 2.0k Vu 001 ‘AX 0T Buoj
. (S v 11) Io1eM [OUBY)D ‘e ‘(s8 1 Hd) 19ynq poe wol  urg x ;s ‘yoded-19)y
£01 ysyg —_UIpnNI-¢7/p'T ‘K1g Ul /  OWULIO)-D1)30R [eIdR[D) wo ¢ ] INJN £ ON UBRUIBUM SPIOP ounuy L1
lagng
1odea euowr (1€ HD w7 0 yum
(1 813) -We 1940 + ‘pruowt parerqumba (07 § |
01 “We 9% ¢ O oS-t Aep 1 (1 ¢ H) 10404 sy T O M) §TT qIeN09Z SpLor oty 61
IEREl Y
-131e ‘ouurieAusyd
fHN Sut Ul Zz  “SUI[BA ‘QUISOA] ‘3UIU
-urejuod arpydsoune x -B[B ‘QUIOAIY] JUID
001°¢ ut ‘joudyd 1es-INPA 47L8p auIpIfo,) {1 ‘109ys Joded-191114 -K13 ‘our1ds ‘ounsh) I
(u>)
oy /1 Z 1uanjog Swlaqg I [ 1uaajog dss asoyd Lavuonpls spunoduioy N

158

1 9|qe ], ul s® s3uIpeay uwn[o))

SAIDV ONIAV 0 NOLLVIVdIS
8 4T1dVL



159

APPLICATIONS OF TWO-DIMENSIONAL TLC

141

St

(43!

[

(€1 81)
011

LO1

ud ¢

wo g

wo ¢ 6
st

wd 91

urw (9

rre
12]PM-PIDE J1J0E
[ewe(d jouring-u

(szHd)
(01 T ov) 191eMm ploe
stuoj-jouedoidosy

(€T1S108)
Pide OIILIQ)- pIoP
211908 IdjBM JUO0J30Y

(07 9¢ ¥9)
ploe 01}008 [er

-p[d Ja1pm-jourdoad
-4 Ul uUpAquIY ¢47°(

(r1.2.8+9)
lojem [DH N
01 duipuAd [ouRylN

(0T T Ly 1)
J3tem PIOE DIULIO)

surpuAdiAylaw-7
ELTE) RINGERINGEIA

(<2 (0T 01 S£ $E)
I3lem _u_om 2M}0e

U0)3DP [ouPIng-u

Tl

dog.
urw (]
e
‘ut ([
D011
‘uru |

Iy un ¢
unu (¢

2.09 wo 8]
2501
‘pudea 1o
- dway
wool

qydu wo gl

-I9AQ qe

wd (g~

U (g

Vu 97|
‘A 09Y ‘THA (1 1)
Ispng proe JIULIO)

N 9( proeonaoe N 7

(@1 1Y) (sTot 01
I9JBM SUTWRIAYIAID
QUO10E [oueinyg-u

(S 1570700
eruownu®

-197em -Jourdoidost
-glejaoe AY1g

(€€ L9) pruow
-we 9 p¢ [ourdold-u

(STO1SL)
Iarem pIoE J1oe

jouedodosy

(07-6.6L) 1em-pov
onuioj jouedoig

(xD) (SIS 8ESE)
O'H-*HN
AuexoIp-dUIpUAJ

14

[4

Sl

Juoz
Jdueyd

-X9
uot uQ

wo
07 x 0T "D 1e3esary

wo
07 x 0T "28OM{RO

uo ¢ x
1 ‘(3areA®Yy) [OJOIIS

wu ¢g') "Wd 07 x
07 ‘(PPIvW) D 128 1§

wd 07 x 0T
(PIW) 250MIR)

u ¢z ( WO 07 x 0T
‘saIqy 1I0YS ‘3SO[N{3))

(paquiosap Junjes
-op) auoz afueysxd
YOI Wo T + 2SO[M{]3)

SpIoP ourry

$proe outmy

SPIOE OUIW®
(paAfosal [fe 10N)

SPIOE OUIUWLY

SpIdE oulWe
TeM-[[3o [eL1a3oeg

peyIpoOW + [EINjEU
‘rejod-uou + I1e[Od

(auun) SpIOP OUIUY

9t

[44

0l

¢l

9t

L1



160 M ZAKARIA, M -F GONNORD, G GUIOCHON

harmane, with the larger pK, value, exhibited a higher chromatographic mobility.

Finally, ergot alkaloids were separated on activated silica gel after elution with
chloroform-methanol 1n one direction, followed by an organic solvent diethylamine
in the orthogonal direction (Fig 11) The strong diethylamine base helped to desorb
the alkaloids by competing for adsorption on to silanols®?. Agurell®® also resolved
nine ergot alkaloids on silica by combining thin-layer electrophoresis in one direction
with chromatography in the other.

4.4. Proteins and their constituents

The two-dimensional chromatographic assays of amino acids, peptides and
protemns, 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 a/.3 and Martin and Synge!®® described the bi-
directional separation of several amino acids on paper The chromatographic behav-
1our 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 2-3 days. After the pioneering studies of Cohn on ion ex-
change!®!, shightly faster separations of amino acids were achieved on sulphonated
polystyrene resin-loaded paper, for instance!?2. In the assay reported by Knight!°2,
the first eluent was a 0.2 M buffer at a pH of 3.1 and cation exchange determined
the elution order' compounds such as lysine, arginine, ornithine, histidine, tryptopan,
cysteine, tyrosine and phenylalanine, which contain two amine groups, each proton-

1st solvent

Crigin
| X Cystine Glutamic acid  Aspartic acid
o
% OSemne
thl ~ ‘
2 Glycine O Trreonine
[
“ O Alanine

OOrmthme
L n
ysine Q OTyrosme
OArgmme
OH\st\dme
D\/Otme

Meth.on ne

Iso- O Pra
Tryotophuno leuc ne rene

Leucine
O Prienylalcnine

Fig 12 Two-dimensional separation of amino acids on cellulose Solvent used for the first development,
02 M buffer (pH 3 1), and for the second development, 0 3% ammomna 1n 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-
1on-exchange phenomenon was suppressed by the eluent, which consisted of 0.3%
ammonia in m-cresol. The amino acids were chromatographed in their anionic form
Aspartic acid and glutamic acid, solutes with two negative charges, had the smallest
Ry values (Fig 12). Nineteen proteinic amino acids were resolved.

Still faster amino acid separations on paper were achieved by electrophoresis
followed by chromatography with a hydro-organic eluent orthogonally!03.104,

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!®5~11! Munier et @/.1°%:11% achieved the separation of 22 polar and
non-polar amino acids. among which certain pairs that were previously unresolved
such as leucine isoleucine, arginine-lysine and serine -glycine. A high degree of reso-
lution 1s afforded owing to differences between alcohol-solute interactions in the first
direction and ketone -solute and tertiary amine-solute interactions 1n the second, and
to the 1onic equilibria created by using 2-methylpyridine together with formic acid
in the second eluent. The water content of the mobile phase, by affecting solute
partition, plays a determimng role in these assays {Fig. 13). Munier ef a/.!'° found
a 20% water content 1n both directions to be optimal. Smaller percentages did not
ensure the elution of the most polar amino acids and higher percentages led to de-
creased resolution.

Kraffczyk er al.1°7 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

L F p
Leu o
3 é
lieu - -’ 1C'ﬂ]t g
1 Tyr '
Met - Y C
P 5
- - &S |
- val |
=
e MeSO,
sro dii® Tar 5
ro
roal» @ O |
! G { MesO ‘
MeSO ex Met @ Fygq % SN
Gly ... Asph .CygoaH
i D
" ASE T rg :H. Cysscy
s
Direction ? CySSCy ex CysH . LS .
I - -————— X
i

Fig 13 Two-dimensional separation of amino acads on short-fibre cellulose. Solvent used i the first
direction, propanol formic acid-water (755 20), and in the second direction, methyl ethyl ketone-2-
methylpyndine-formic acid- water (31 47.2 20) Reproduced from ref 110 with permission
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APPLICATIONS OF TWO-DIMENSIONAL TLC 163

for urinary amino acids. Other separations on silica gel were reported''?-'13. An
organic-basic eluent was used in the first direction followed by an organic-acidic
mixture in the second Solute retention depended on the types of functional groups
and their degree of iomzation. Ionophoresis followed by chromatography on silica
gel has also been applied to the separation of amimo acids''*.

4.4 2 Dimethylammonaphthalenesulphony!l {Dns) and dinitrophenyl (DNP) amino
acids (Table 9)

Seiler!!® has reviewed the separations of various Dns-derivatives, among
which Dns-amino acids Two-directional TLC has been achieved on a polyamide
stationary phase!!7"11° (Fig. 14) and has recently been applied to the 1dentification
of human acidopathies in serum and urine!'® Although Dns-amino acids have also
been analysed on silical2®, assays on polyamide are preferred as they are less time
consuming, do not result in spot tailing and do not require previous detonization of
urine samples!!® An aqueous eluent 1s generally used i the first direction followed
by an organic eluent in the second. This change in the nature of the mobile phase
causes alterations n the sorbent properties such that the mechanisms for solute re-
tention are different 1n each direction. Polyamide is thought to act as a reversed phase
1n the presence of the aqueous eluent, and 1t behaves as a hydrophilic sorbent there-

18 o ¥ T

14

13 é? @wg @20

12@ @15 > 33
o Os

10@ @9 zg@é@% !
% 23@25@@?
@ “@70
| e - BO@‘
J

N

1 2

- -

-

Fig 14 Two-dimensional chromatogram of some Dns-amino acids on polyamide after autoradiography
1 = Starting pont, 2 = taurine. 3 = Dns-OH. 4 = cystine, 5 = n-serotonin, 6 = tryptophan, 7 =
bis-tyrosine, § = n-tyrosine, 9 = ormthime. 10 = bis-lysine, 11 = phenylglycine; 12 = phenylalanine. 13
= leucine and histidine, 14 = 1soleucine, 15 = methionne, 16 = norvaline, 17 = valine, 18 = prohne,
19 = GABA, 20 = d-amunolevulinic acid; 21 = alanine and Dns-NH,, 22 = glycine. 23 = glutamuc acid,
24 = aspartic acid, 25 = hydroxyprohne. 26 = glutamune, 27 = asparagine, 28 = threonine, 29 = serine.
30 = argimne, ¢-lysme and a-lysine, 31 33 = unknown dansylation products Solvent used in the first
direction. 4% formic acid, and 1n the second direction, benzene glacial acetic acid (8 2) followed by ethyl
acetate methanol glacial acetic acid (20 | 1) Reproduced from ref 118 with permussion.
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after'?!. Thus, whereas the Ry values for arginine and aspartic acid are relatively
large 1n the first direction, they are much smaller in the second!?7-119,

Explotting similar solvent changes with a reversed-phase plate, Macek er al.!?!
succeeded in resolving 19 Dns-amino acids. The RP-8 TLC plate behaved as a normal
phase 1n 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-glycine, -alanine, -valine and -leucine
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 1onization and hence
to increase solute retention on the reversed-phase plate

DNP-amino acids were separated under similar conditions on an RP-18 thin-
-layer plate34. It 1s interesting that the addition of a salt to the non-aqueous solvent
did not modify the solute behaviour, whereas 1t increased the retention when present
in the aqueous eluent, a true expression of reversed-phase solvophobic behaviour.
Separations of DNP-amino acids were also accomplished on polyamide!2? and cel-
lulose!?3:124 by development with an organic solvent in the first direction and an
aqueous solvent orthogonally. The efficiency of the chromatographic system required
judicious selection of the mobile phase components Munier and Drapier!2# included
a few drops of n-octanol 1n the first eluent 1n order to suppress the chromatography
of the solvent itself In addition, as impregnation of the plate with the organic mobile
phase caused irregularities in 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 Peptides and ohgopeptides ( Table 10)

Peptides'?® and oligopeptides!?® have been separated on cellulose with an
acidic solvent 1n one direction and a basic solvent in the other In addition to the
differences in solute 1onization which originate from the use of eluents at different
pH values, differences 1n 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 1n the organic portion
of the eluent. exhibit larger Ry values!?°

Other peptide assays on cellulose’?® have combined electrophoresis in 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 solution. Peptides mi-
grated according to their charge, the solute pK, values and the pH of the electrolyte.

4 4.4 Protemns

Although not related to TLC, the high-resolution, two-dimensional electro-
phoretic method developed by O’Farrel!?” and later by Anderson and co-work-
ers! 287136 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, protemns 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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APPLICATIONS OF TWO-DIMENSIONAL TLC 167

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 physiological flmds and tissues in normal and diseased individual 4239
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 corresponding software has been developed by Anderson ez al.#® and
Lester e a/.*°. A discussion of the problems of spot detection, segmentation, inte-
gration and pairing is beyond the sgope of this review

4.5. Carbohydrates (Table 11)

Sugars have been separated on cellulose'*! and Kieselgel G'#2, developed with
different water-organic solvents. Hotta and Kurokawa'#3 modified a silica gel plate
by dipping it in 0.2 M sodium dihydrogen phosphate solution, a procedure known
to enhance sugar retention 1n 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 chromatographic mechanisms can be illustrated by the
behaviour of rhamnose and fucose 1n each eluent. These sugars differ in the steric
arrangement of their functional groups' rhamnose has one pair of cis-hydroxyl
groups in a fS-position with respect to a bulky methyl group, compared with two
pairs of cis-hydroxyl groups in fucose, one f- and one x- 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 Ry values for rhamnose and fucose (Fig. 16).

Carbohydrates have also been separated on silica gel impregnated with sodium
tetraborate, sodium tungstate!'4* and boric acid!##. 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 silical4é. Other separations have been
accomplished on cellulose developed in different mobile phases!47.

4.6 Glycopeptides

Moczar'4® 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 10-20 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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Fig 16 Two-dimensional TLC of sugar muxture on stlica gel dipped 1n 0 2 M sodium dihydrogen phos-
phate Rha = rhamnose, Fuc = fucose, GlcNAc = acetylglucosamine, GalNAc = acetylgalactosamine,
Man = mannose, Glc = glucose, Gal = galactose, NANA = N-acetylneuraminic acid First direction-
two successive developments in butanol acetone water {4-5 1) Second direction two successive devel-
opments 1n phenol water (3 {) Reproduced from ref. 143 with permission

More recently, the soluble inhibitory factor (SIF), a molecule constituted of
both protein and glycolipid moieties, has been isolated from serum and purified on
a silica plate using chloroform-methanol-water in the proportions 60:38:8 in the first
dimension and 50:50'5 1n the second!4®,

4.7. Nucleic acids and thewr constituents

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

4.7 1 Bases, nucleosides and nucleotides { Table 12)
Randerath and Randerath!3® achieved the first rapid, bi-directional separation
of 23 rnbonucleotides on PEl-cellulose. Several mono-, di- and trinucleotides were
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resolved, as well as some nucleotide sugars Increasing concentrations of lithium
chloride solutions and formate buffer (pH 3.4) were used stepwise in the first and
second directions, respectively Compared with elution at constant concentration,
step-gradient elution resulted 1n sharper circular spots. Solutes were resolved accord-
ing to their charge: the most negatively charged trinucleotide species migrated the
least on the PEI amon exchanger (Fig 17). Similar conditions were later applied by
Santini &and Ulrich!5! to the separation of 2'- and 3'-adenine, guanine, uridine and
cytosine monophosphates, and by Barton e @/ 5% to that of nine pyridine and ad-
enine nucleotides

Various phosphate esters!$3.154 2’ and 3’-monophosphates’**, 2’,0-methyl
nucleotides!*¢, purine and pyrimidine bases?® and nucleosides!’” have also been
chromatographed on cellulose. The pH of the eluent, which affects the extent of
solute dissociation, plays an important role in these assays. Thus, in most instances,
development was accomplished with an acidic solvent n one direction and a basic
solvent in the other

The use of a basic solvent has been coupled with that of a salt in order spe-
cifically to affect nucleotide retention!s®13% A mixture of 44 bases. nucleosides,
deoxynucleosides, 2'-, 3'- and 5'-nucleoside monophosphates, nucleoside di- and tri-
phosphates and nucleotide sugars was resolved by Pataki'*® on cellulose. The eluents
were n-propanol-25% ammoma-water (53'1) in the first direction and
isopropanol-saturated ammonium sulphate -water (2:79-19) 1n the second. Triphos-
phates were retamed the most with the first eluent The second buffer system en-
hanced their migration whereas 1t hardly affected the position of nucleosides and
bases (F1ig. 18) Randerath and Randerath!%® had previously observed these 10nic
strength effects on the chromatographic behaviour of nucleic acid constituents.

Using a silica gel-cellulose plate with acidic and basic solvents, Munns and
co-workers!®1.162 resolved 22 methylated tRNA purine and pyrimidine bases Solutes
with primary amine groups such as adenmine, guanine and cytosine exhibited lower
Ry values 1n a formic acid than in an ammonia system These differences were found
to arise from mteractions with silica, the adsorption of the primary amines also being
decreased by their methylation. At a basic pH, both the bases and the silica phase
are negatively charged, which weakens adsorbent solute interactions.

Finally, Das?63 separated 13 bases, nucleosides and nucleotides on pure silica
by varying the solvent pH and composition in the second direction

4 7.2. Oligonucleotides and nucleic acids { Table 13)

Miller and Burgess!®* resolved five oligonucleotides on PEI-cellulose by means
of lithium chloride-EDTA solutton at pH 6 5 in the first direction and at pH 2.0 1n
the other. The charges on both the phosphate and base moieties affected the separa-
tion Also by varying the pH of the eluent, Mirzabekov and Gniffin'%* were able to
separate 18 oligonucleotides on PEI-cellulose. The first direction involved successive
developments with 1 4 and 1.8 M solutions of lithium formate at pH 3.4, the lower
concentration ensured the resolution of smaller oligonucleotides and the higher one
that of the larger solutes. The second eluent was 0.8 M hthium chloride solution in
Tris base at pH 8.0 The chromatographic assay was carried out at 60°C for sharper
spot formation. Migration in the first direction was according to charge and nucleo-
tide composition whereas in the second direction 1t was more a function of molecular
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Fig 17 Two-dimensional anion-exchange separation of nucleotides on PEI-cellulose First dimension-
successive developments 1n (a) 02 M LiCl, (b) 1 0 M LiCl, (c) 1 6 M LiC! Second dimension successive
developments 1n (d) 0 5 M formate buffer (pH 3 4), (e) 2.0 M formate buffer, (f) 40 M formate buffer
CMP = cytosine 5'-monophosphate, AMP = adenosine 5-monophosphate, CDPG = cytidine diphos-
phate glucose, UMP = undine 5-monophosphate, UDPAG = urnidine diphosphate-N-acetyl-glucosa-
mine, ADPG = adenosine diphosphate glucose. IMP = inosine 5'-monophosphate, GMP = guanosine
S'-monophosphate. GDPM = guanosine diphosphate mannose, CDP = cytosine 5'-diphosphate, ADP
= adenosine 5'-diphosphate. UDPGA = uridine diphosphate glucuronic acid, UDP = uridine 5'-di-
phosphate, IDP = inosine 5'-diphosphate, GDP = guanosine 5'-diphosphate, CTP = cytosine 5'-tri-
phosphate, ATP = adenosmme 5-triphosphate, UTP = undine 5'-triphosphate; ITP = inosine 5'-tri-
phosphate, GTP = guanosine 5'-triphosphate, DPN = nicotinamide adenme dinucleotide, TPN = ni-
cotinamide adenine dinucleotide phosphate Reproduced from ref 150 with permission

weight. More complex muxtures of half or whole 58-RNA molecules were resolved
by continuous gradient elution. The concentrations of the salt 1n the eluents depended
on the fragments to be separated, the chromatography of a whole 5S-RNA molecule
requiring 4.5 M hthium formate.

The separation of more than seven methylated mRNA 5'-termini, achieved by
Gross et al.'%° on cellulose, again involved different ionic equilibria 1n each direction
and their effect on solute migration patterns. Faster assays on cellulose have been
reported by Bergquist'®”, who separated 17 oligo- and mononucleotides by coupling
electrophoresis with TLC. The system described 1s extremely powerful, capable of
resolving tetra- or oligonucleotides of similar charge and chain length.

The combination of gel electrophoresis and TLC has more recently been ap-
phed to RNA sequencing studies!®® First, 3'-terminal RNA half-molecules are sep-
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Fig 18 Two-dimensional separation of nucleo-dertvatives on purified cellulose layers. First dimension,
n-propanol 25% ammorna water (63 1), second dmmension. isopropanol saturated ammomum
sulphate water (2:79 19) Absorption spots are hatched, fluorescence spots are surrounded by broken hines
Reproduced from ref 158 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 blotting and hydrolysed in situ with
takadiastase RNAase The thin layer is developed n a direction perpendicular to gel
electrophoresis with 15 mAMf 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. Environmental pollutants (Table 14)

It is of interest for the environmental chemist to identify and quantify poly-
aromatic hydrocarbons and aza heterocycles 1n air samples from different sources.
This was achieved by Sawicki and co-workers!7°-176 who analysed by two-dimen-
sional 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 airborne particulate, benzene-soluble, “oxy”
fraction, compounds with an aza nitrogen such as 9-acridone and 6(5H)-phenan-
thridone exhibited the longest retention on an alumina plate Substitution of the aza
nitrogen by an oxygen atom or sulphur weakened adsorption, xanthen-9-one and
thioxanthen-9-one migrating faster than 9-acridone!7°

In their assay on an alumina—cellulose (2 1) mixed sorbent plate, Sawick: et
al.t73 used an organic eluent for the first elution. Compounds were primarily retained
by adsorption; acridine had the smallest and pyrene the largest Ry values In the
orthogonal direction, the plate was developed with a solvent contaiming 65% of
water Water interfered with solute adsorption on alununa and also impregnated the
cellulose fibres, creating a partitoning medium. Under these conditions, acridine
migrated further than pyrene.

Similar mechanisms were effective in the two-dimensional separation of coal-
tar pitch aza heterocyclic on a silica-cellulose (2'1) plate Adsorption on to silica
prevailed on development with the organic eluent' owing to the steric hindrance of
1ts aza nitrogen, benzo(h)quinoline was less retained than benzo(f)quinoline (Fig
19) In the orthogonal direction, compounds were separated according to their par-
tition coefficients the bulky dibenz(a,j)acridine was retained the most whereas acri-
dine, benzo(/)- and benzo(f)quinoline had the largest Ry values, in general, retention
increased with the number of additional aromatic substituents!””.

Matsushita and Suzuki1’”® succeeded n resolving the polyaromatic hydrocar-
bons anthracene, phenanthrene, pyrene, benz(c)anthracene, chrysene, perylene, cor-
onene. benz(a)- and benz(c)pyrene, benzophenylene, dibenzanthracene and diben-
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 partition, those with the smallest num-
ber of rings migrating further than the others

Polyaromatic hydrocarbons have more recently been separated on acetylated
cellulose!’ and on an acetylated cellulose-silica gel alumina sorbent mixture!®°,
Other methods had involved the use of GC and TLC in combination!®'-182_ Janik!'82
and Kaiser!®3 reviewed 1n depth both the instrumentanion and the applications of
this technique.

4.9 Pesticides

Various pesticides, including aldrin and dieldrin'®®. DDE and DDT ana-
logues!'®#9, organophosphorus!®” and other compounds'#871°° have been separated
on silica plates developed with different solvents in two directions (Table 15).

From the chromatographic behaviour of Planavin and its substituted 4-meth-
ylsulphonylaniline derivatives, 1t could be seen that the propylation of a primary
amine weakens 1ts adsorption on to silica, whereas 1ts substitution by a hydroxyl
group increases the retention’®®. The chlorination of phenol or benzoquinone also
decreases their retention on a silica plate!°®°.

Yasuda’s'®® separation of various substituted benzenes, phenols and anilines
on a silica gel-zinc dust plate show that retention generally decreases in the order
phenol > aniline > N-methylaniline > benzene > chlorobenzene (Fig 20). In the
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e
@ © @

Solv | pentane -ether (9 1)

-
DMF - H,0 (35 65) solv 2

Fig 19 Two-dimensional thin-layer chromatographic separation on silica gel-celtulose (2 1) of basic frac-
tion equivalent to 2 mg of coal-tar pitch and the charactenzation of seven spots Standards: (1) acndine,
(2) benz[alacridine, (3) benz[clacridine, (4) benzo[fJlqunolne, (5) benzo[hlquinoline; (6) dibenz[a,/lacridine,
(7) 11H-indenof{1,2-b]quinohne The plate was sprayed with trifluoroacetic acid fumes and the fluorescence
colours were marked B = blue; Br = brown, G = green, | = light, P = purple, Pk = pink; R = red,
Y = yellow, O = orange, V = violet, = no fluorescence. so located by the quenching of the fluorescent
plate Reproduced from ref 177 with permission

second direction, differentiation was further made between meta-, ortho- and para-
1somers. The elution order may appear surprising at first, as m-nitroaniline, a 35-fold
stronger base than p-nitroaniline, 1s less retained on the acidic silica phase. Similarly,
3,5-dinitroaniline 1s less retamned than 2,4-dinitroaniline. This may be attributed to
the effect of zinc dust in the sorbent mixture.

Gardner’s!®7 assay of organophosphorus pesticides 1s one of the few that uses
solute derivatization prior to the second plate development This was accomplished
1n order to obtain, in the second direction, a widely different migration pattern from
the first. The resulting spots are then more separated, which allows better identifi-
cation of multiple pesticide residues. Thus, after the first development, the plate was
exposed to bromine vapour, which converted the thionate and dithioate pesticides
mnto their corresponding oxygen analogues The plate was then chromatographed
with a more polar solvent 1n a direction perpendicular to the first one.
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Fig 20 Two-dimensional separation of tetryl and related compounds on a silica gel G zinc plate (30 0 5,
wiw) 1 = 1-Chloro-2.4,6-trinitrobenzene (picryl chlonde), 2 = N,N-dimethylaniline, 3 = [,3,5-tnmtro-
benzene (TNB), 4 = 2.4.6-trimitroanisole, 5 = I-chloro-2.4-dinitrobenzene, 6 = N-methylaniline, 7 =
N-methyl-Z,6-dimitroaniline, ¥ = Z4.6-trimtroamline (picramide), Y = N Z 4 6-tetranitroaniline, [0 =
N-methyl-Z,4,6-tnnitroaniline, I'l = o-mitroaniline, 127 = | 3-dinitrobenzene (reference compound), 13
= N-methyl-N,2.4,6-tetranitroaniline (tetryl), 14 = 1-chloro-2,6-dinitrobenzene; 15 = 3,5-dimtroaniline,
16 = m-nitroaniline, I'7 = Z4-dinitroanisole, [§ = N-methiyl-Z,4-dimtroaniline, 1Y = Z4-dinitroaniline,
20 = p-nitroaniline, ZI = N-methyl-N Z 4-trimtroanthne, 27 = Z4-dinitrophienol, 7§ = Z4.6-trinitro-
phenol (picric acid) Solvent 1, chloroform. solvent II. ethyl acetate light petroleum (1 3) Reproduced
from ref 189 with permission

4.10. Inorganic compounds

Perhaps the most important apphcation of the two-dimensional separation of
inorganic compounds 1s shown in Fig. 21, where polyphosphates are separated ac-
cording to both therr type and their chain length. This is achieved by combining an
alkaline and an acidic solvent!9!

In the separation of metal ions, two possibilities have been explored, as follows.

(1) The separation is effected using different kinds of complex formation in
two directions. This 1s only feasible, however, if complexant I is volatile or does not
interfere with complexant I1. A typical example of the latter 1s shown in Fig 22. The
first solvent (methanol ethanol 2 N hydrochloric acid) separates metal ions mainly
according to hydration differences and complexation with hydrochloric acid at low
acid concentrations. The second solvent separates according to the extraction of
complexes at high hydrochloric acid concentrations as well as forming complexes
with hydrofluonic acid [mainly for Zr(IV) and Nb(V)]'?2,
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Alkaline solvent

Spot applied ———»@
here L 9

Acidic solvent ——a

Fig 21 Two-dimensional separation of oxyacids of phosphorus on paper Alkalin solvent 1 (Ebel) acidic
solvent 3 (Grunze and Thilo) [, orthophosphate, 2, pyrophosphate, 3, triphosphate, 4, tetraphosphate,
5. pentaphosphate, 6, hexaphosphate, 7, heptaphosphate, 8. octaphosphate, 9. Graham’s salt, 10, trime-
taphosphate, |1, tetrametaphosphate: 12, hypophosphite, 13, phosphite, 14. hypophosphate Reproduced
from ref 191 with permussion

(2) Itis also possible to separate in one direction by partition chromatography
(butanol 2 N hydrochloric acid) and in the other by 1on exchange (1 N aqueous
magnesium chloride) on phosphorylated cellulose paper (Fig. 23). In the presence of
hydrochloric acid (in the first dimension) the 1on-exchange groups remain practically
unionized and the metal 1ons move as on ordinary cellulose paper The butanol
hydrochloric acid solvent cannot be removed entirely by evaporation and the re-
mamning hydrochloric acid 1s neutralized with ammonia vapour!®3

4.11 Miscellaneous

Several reports have discussed the two-dimensional chromatography of organ-
1c acids on paper®7-1°4 and cellulose'?%, of indole derivatives!?8-1°7 and catechola-
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I
Solvent ' Sn++ 1'2
ogl. Methanol 30°/o +++<9
Ethanol 30°/a Sb O
asl__HCL2N 40°/s 4
T Rh SeC 3
o) A O
La-Ce / ~\~l’/,/
06 ! —
RF Sr T903
05 O O
04 —C
Ba s Solvent
03} O i Butanol 100 mt
HCl conc 50mi
oal H,C 30 ml
‘ HF 2N 20 mi
01
J Zr Nb
Ol J T SRS P LA ] Y 1 -
02 ~----- on T 05 o8 >~ 10 12

Fig 22. A two-dimensional chart showing the distribution of the major fission products when chroma-
tographed first with methanol-ethanol 2 ¥ HCI (30 30 40) and then with butanol-conc HCl water conc
HF (100 50:48 2). Reproduced from ref 192 with permission

-

Cd

0
cC
- -

Butanot-HCI

MgCl, !

- - R

Fig 23 Two-dimensional separation of metal 1ons on a 14-in square of phosphorylated cellulose paper
containng dihydrogen phosphate groups in the monoammonium salt form Development 1s by the down-
ward flow of the organic phase of a mixture of n-butanol saturated with 2 ¥ HCl (partition chromato-
graphy) followed by 1 N magnesium chlonde (1on-exchange chromatography) After the first run, the
sheet 1s dried over ammomnia to neutrahize excess acid and to convert the paper to the ongnal form
Reproduced from ref. 193 with permission

L
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Fig 24 Diagrammatic representation of the two-dimensional separation of dimtrophenylhydrazones {(di-
rection of solvent travel indicated by arrow) (a) Stage 1. class separation, (b) stage 2. first concentration,
{c) stage 3, second concentration, (d) stages 4 and 5. impregnation and marker application, {¢) stage 6.
cham length separation K = ketones, A = anals, E = enals, D = dienals Reproduced from ref 208
with permussion

mine metabolites!2° 198 on silica and cellulose, of barbiturates!®®, streptomycins?°9,
benzodiazepine?°!-2°2 and chlorpromazine?®® drugs on silica and of phthalodini-
triles2%4 on a mixed plate, where a silica—cellulose strip had been coated at the side
of an acetylated cellulose layer. In addition, aflatoxins?°3-2°7, carbonyldinitrophen-
ylhydrazones?©®, dithiocarbamate complexes?®® and some B4 vitamers?'® have also
been resolved by two-dimensional TLC. Detailed chromatographic conditions for
these separations are given mn Table 16.

Craske and Edwards?°® developed an original two-dimensional technique for
the separation of carbonyl dinitrophenylhydrazones (Fig. 24). Solutes were first re-
solved 1nto different classes (alkanones, alkanals, alk-2-enals and alka-2,4-dienals)
by adsorption, and next on the basis of chain length by partition. Whereas 1nitial
class separation required a small sample to prevent overloading, secondary chain
length separation following Carbowax 400 impregnation required a large sample to
facilitate solute detection. This problem was solved by streaking the sample across
the width of the plate, developing in the first solvent and subsequently performing
a chromatographic concentration step Orthogonal elution in chloroform-SVR
(80:20) concentrated the spots on one side of the plate. The layer was then impreg-
nated with 20% Carbowax 400 in chloroform The plate was rotated through 180°
and chain resolution was effected by development 1n light petroleum.
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5 CONCLUSION

In summary, two-dimensional TLC applications 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
dictates retention in a given direction;

(3) coupled layers where two different sorbents are coated side-by-side, each
effecting a separation according to a different retention mechanism;

(4) modification of the plate (impregnation) prior to the second development;

(5) derivatization of the solute prior to the second development;

(6) coupled separation techniques (TLC-GC, TLC-electrophoresis).

Sample purification may be achieved 1n one direction and separation 1n the
other The main advantage of the techmque lies in its efficiency, as a large number
of spots may be resolved on the chromatographic plate?!, provided that the 1nitial
spot size 1s 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 in quantitating a significant number of spots, the difficulties
of predicting Ry values obtained from the second plate development, as these are
generally affected by the previous elution, 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-
ment?!? As for the prediction of Ry values, a blank plate could be developed in the
first eluent prior to spotting the various reference solutions and chromatography in
the second direction

Thus the problem of measuring 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 1s extremely powerful and rapid. With a total analy-
sis time of about 1 h, a spot capacity well exceeding those currently achieved n
conventional 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 bi- and tri-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-
1c system allowing the complete separation in one HPLC run If the mixture 1s more
complex (several hundred components) they offer the only possibility of a simple,
total analysis,

Accordingly, instrumentation for two-dimensional chromatography will be the
subject of intense development work 1n 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 1s an
extremely powerful and rapid separation technique. This paper presents a review of
the literature up to early 1982 on the analytical apphcations 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 derivatization, coupling with other analytical techniques), together with effec-
tive mechanisms of solute retention are discussed Available methods for spot detec-
tion and quantitation are reported. Future trends of two-dimensional TLC are com-
mented. Over 200 references are cited.
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