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EHB 
ERR 
FAB 
HPLC 
HPTLC 
PAS 
PHB 
R.S.D. 
SERS 
SIMS 
TLC 

Ethyl p-hydroxybenzoate 
Emission response ratio 
Fast atom bombardment 
High-performance hquid chromatography 
High-performance thin-layer chromatography 
Photoacoustic spectroscopy 
Propyl p-hydroxybenzoate 
Relative standard deviation 
Surface enhanced Raman spectroscopy 
Secondary ion mass spectrometry 
Thin-layer chromatography 

1 INTRODUCTION 

Progress m planar chromatography m the last decade resulted from a syn- 
ergistic interaction of developments that took place in layer technology, sam- 
ple apphcation, development methods, and quantitation by densitometry [l- 
91. It IS the latter aspect of planar chromatography that we will focus on here 
Without the commercial availability of reliable mstrumentation for in situ 
quantitation of planar separations there is no doubt that planar chromato- 
graphy would not have made the progress and attained the acceptance that it 
has as a major analytical tool for quantitative analysis of mixtures. Earlier 
methods of quantitation such as visual comparison of colored or chemically 
vlsuahzed zones or excising of separated zones from the layer followed by elu- 
tlon from the sorbent and spectrophotometrlc analysis are too insensitive, too 
imprecise, too labor-intensive, and too tedious for acceptance m a modern an- 
alytical laboratory Detection had to be as convement and as reliable as other 
competmg chromatographic methods for planar chromatography to survive 
and prosper This it has done, and numerous apphcations of quantitative thm- 
layer chromatography (TLC ) to a diverse range of biomedical problems have 
been developed, particularly in the areas of ammo acids, peptides, antibiotics, 
carbohydrates, lipids, pharmaceuticals, nucleic acids, steroids, toxms, and vi- 
tamins, analyses in all kinds of sample matrices. Some contemporary examples 
of the practical utility of quantitative TLC will be discussed m Section 8 

Separations in planar chromatography occur because of differential mlgra- 
tlon velocities through the sorbent layer m a fixed separation time The sample 
zones are fixed m space at the completion of the separation allowing off-hne 
momtormg. The separation step and detection process could thus be optimized 
separately increasing the flexibility of methods development and choice of mo- 
bile phase, etc However, at the detection step the sample and stationary phase 
remam unseparated. The zone matrix is optically opaque and strongly light 
scattering so that photometric measurements of separated substances are much 
more difficult than equivalent measurements in solution The Beer-Lambert 
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law is mvahd and an alternative relationship between the sample amount and 
the amount of light absorbed (or emitted m fluorescence) must be sought 

2 QUANTITATIVE ANALYSIS BY OPTICAL SCANNING DENSITOMETRY 

2 1 Theoretical conszderatwns 

All optical methods for the quantitative evaluation of planar chromatograms 
are based upon measuring the difference m optical response between blank 
portions of the medium and regions where a separated substance is present 
When monochromatic light falls on an opaque medium some light may be re- 
flected from the surface, some may be absorbed by the medium and dissipated 
m some way such as by conversion to heat, and the remainder will be diffusely 
reflected or transmitted by the medium. Specularly reflected hght is important 
when the surface is smooth but is of little interest chromatographlcally as it 
conveys no useful mformation of the sample distributed wlthm the sorbent 
layer It can, however, contribute to the associated noise signal in scanning 
densltometry as the specularly reflected component cannot be dlstmgmshed 
from the diffusely reflected component For quantitatlon it is the diffusely re- 
flected/transmitted light which is of importance and we must assume that the 
specularly reflected component from the sorbent surface is very small The 
propagation of hght wlthm an opaque medium is a very complex process that 
can only be solved mathematically if certain slmphfymg assumptions are made 
[lo-121 The most generally accepted theory is due to Kubelka and Munk 
which assumes that the transmitted and reflected components of the mcident 
light are made up only of rays propagating inside the sorbent m a direction 
perpendicular to the plane of the plate surface All other directions lead to 
much longer pathways and, therefore, much stronger absorption Conse- 
quently they contribute only neghglbly to the total amount of transmitted or 
reflected light The restriction to propagation m only the forward and reverse 
direction does not apply to light exiting the medmm and at the plate air bound- 
ary light is distributed over all possible angles with the surface 

In formal terms the Kubelka-Munk model can be described as follows The 
sorbent layer is of thickness 2 and the propagation of light m an mfmlteslmal 
portion, dz, parallel to the plate surface is considered. The sorbent layer is 
lllummated with monochromatic light m the -2 direction The radiation fluxes 
m the layer dz m the direction of -2 and +Z are I and J, respectively This 
approach leads to two differential equations describing the propagation of hght 
m parallel and opposite directions normal to the plate surface, eqns 1 and 2 

dl 

dz 
- - (K+S)I+SJ (1) 
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dJ 
-&= - (K+S)J+SI (2) 

S is the coefficient of scatter per unit thickness and K the coefficient of ab- 
sorption per unit thickness. In physical terms, eqn. 1 states that the intensity 
of light travelling m the direction of transmission is decreased by absorption, 
K, and scattering, S, and reinforced by scattering from light travelling m the 
opposite direction, J Eqn. 2 is subJect to similar mterpretatlon but this time 
for light moving m the opposite direction, reflection. An exponential solution 
to the pair of simultaneous equations was derived by Kubelka and Munk, eqn 
3, that has become the fundamental law of diffuse reflectance spectroscopy 

K (l-Rm)* 
-= 
S 2Roo 

(3) 

where Rco 1s the reflectance for an mfimtely thick opaque layer By assuming 
that the scatter coefficient of the sorbent is unchanged by the presence 
sample, eqn 3 can be written in the more generally useful form 

(1-Rc0)~ 2.303 

2Rco 
=-‘E-c 

S 

of the 

(4) 

where E is the extmctlon coefficient of the sample and c the molar concentra- 
tion of the sample. Although eqn 4 relates the mtensity of reflected light to 
sample concentration it cannot be considered ideal for chromatographic pur- 
poses as it assumes a sorbent layer of mfimte thickness For a thm layer of 
thickness 2 the explicit hyperbolic solution for reflectance and transmission, 
also derived by Kubelka and Munk, are more meanmgful 

R= 
smh [ bSZ] 

a*smh[bSZ] +bcosh[bSZ] 
(5) 

b 
“,.smh [bSZ] + b-cash [ bSZ] (6) 

where R 1s the intensity of reflected light, T the intensity of transmitted light, 
a= (SZ+KZ)/SZ, and b= (c~~-l)‘/~. The apphcatlon of eqns 5 and 6 to 
quantitative analysis of thin-layer chromatograms is still quite complex as will 
be demonstrated later 

Contmuum theories of absorption m opaque media, such as the Kubelka- 
Munk theory, provide a reasonable description of the absorbing and scattermg 
properties of the medium One weakness of these theories is that they fall to 
account for the interaction of light with m&vldual particles of the layer Mul- 
tllayer models solved by using the mathematical theory of Bodo or Markov 
chains have been suggested [6,13-161 In general, these equations do not offer 
any improvement from a practical standpomt except in one respect, they can 
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accommodate concentration gradients m the sorbent layer that Kubelka-Munk 
theory cannot. In the derivation of the Kubelka-Munk theory it was assumed 
that the sample was homogeneously distributed throughout the sorbent sample 
zone. A discrete step model to simulate the transmission of light by chroma- 
tographic media by computer has been proposed [17]. Good agreement was 
obtained with experimental observations and it was claimed that this new model 
provides a more exact solution to the problem of light propagation in a thm- 
sorbent layer than the Kubelka-Munk theory. 

Many approaches can be used to calculate the fluorescence intensity of a 
sample m a thin opaque layer [l&-20]. The simplest phenomenological ap- 
proach is based on the Beer-Lambert law If I0 is the intensity of the incident 
beam and 11s the intensity of light at the non-lllummated side of the plate then 
(&-I) is the light flux absorbed by the layer. The intensity of the transmitted 
light is given by eqn. 7 and the amount of light absorbed by eqn 8 

I=lO-e-abc (7) 

(IO-I)=lO(l-e-“bc) (8) 

where a is the absorption coefficient, b the thickness of the TLC layer, and c 
the sample amount. Only a fraction of the absorbed light is re-emitted as flu- 
orescence due to energy loss to the sorbent, This is taken into account by the 
quantum yield, @ The fluorescence emission is, therefore, given by eqn 9. 

F=@lO(l-e-“b”) (9) 

where F 1s the fluorescence flux (emission) For low sample concentrations the 
simplifying assumption eFabc = 1 -abc can be made and eqn. 9 rearranged to 
give 

F = @IO abc (10) 

Smce all terms in eqn. 10 are constant or fixed by the experiment the fluores- 
cence emission IS linearly dependent on the sample amount The fluorescence 
intensity is also independent of the spot shape provided that the spot is com- 
pletely contained within the measuring beam Experience supports the above 
equation m spite of the fact that it was derived without consldermg the affect 
of absorption and scatter by the medium on both the excitation and emission 
wavelengths Similar results can also be derived from the Kubelka-Munk 
equation which mcorporates absorption and scatter by the chromatographlc 
sorbent [ 191. 

2 2 Practccal conslderatcons 

Reflectance and transmission measurements are particularly sensitive to 
small changes m experimental technique and materials. Variations m the layer 
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thickness, layer quahty (particle size and particle size distribution), spot shape 
and spot size, and umformrty of the sample development will affect the accu- 
racy and precision of quantitative measurements [ 211 To improve precision 
calibration standards should be run on each plate used for analysis Calibration 
standards should be prepared m different concentrations and spotted as a fixed 
constant volume [ 22,231. Multiple spotting of a single standard solution to 
generate a calibration curve is not acceptable as this practice invariably results 
m the formation of a group of developed spots with different sizes It should be 
noted that there is no simple correlation between signal response for a constant 
amount of substance and spot size m scanning densitometry [ 241. Thus, stan- 
dards and samples must have the same spot size for accurate quantltatlon 

Either peak-height or peak-area measurements can be used for calibration. 
Peak-height measurements are easier to determme with high accuracy and 
provide more reliable data for fused peaks. However, they are considerably 
influenced by chromatographic parameters that affect spot shape and position 
m the chromatogram [ 241 The shape of calibration curves for absorption mea- 
surements has caused some concern since they are generally mherently non- 
linear m accordance with theoretical considerations based on the Kubelka- 
Munk theory, As illustrated m Fig 1, calibration curves are mdivldual m shape, 
generally comprise a pseudohnear region at low sample concentration curvmg 

NANOGRAM 

Fig 1 Some typlcal cahbratlon curves for several substances measured by absorption m the re- 
flectance mode Substance Identlfxatlon 1 =practolol, 2 = azobenzene, 3 = dlphenylacetylene, 
4 = alprenolol, 5 = estrone, 6 = pamatolol 
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towards the concentration axis at higher concentrations and eventually reach- 
mg some asymptotic value where signal and sample concentration are no longer 
correlated The extent of the mdlvldual ranges or sections of the cahbratlon 
curve are frequently very different for different substances and, while m some 
mstances the pseudolmear range may be adequate for most analytical pur- 
poses, m others no reasonable linear range may exist 

Several transformation techniques have been described to hnearlze the nor- 
mally non-linear cahbratlon curves The simplest of these mvolves the con- 
version of the sample and/or slgnal into reciprocals [ 21, logarithms [ 2,211, 
squared terms [ 25,261, or use of the Mlchaehs-Menten function [ 26-311 In 
general, each approxlmatlon 1s only successful for lmearlzmg part of the cah- 
bratlon curve and the region linearized 1s frequently different for the different 
methods [ 261 However, the prmclpal problem with all of these hnearlzatlon 
methods 1s the manner m which errors associated with the experlmental mea- 
surements become propagated [27,31] Errors m the original data are also 
transformed m the above methods leading to mhomogeneous variances m the 
transformed data and unreliable regresslon analysis This occurrence can be 
detected quite simply by using the regression equation to recalculate the orlg- 
ma1 experimental data By this method It has been shown that large errors can 
be introduced m some cases requiring that these methods should be used with 
due care or not at all [26,31] Alternatively, non-linear regresslon methods 
based on second-order polynomials described by eqn lla [ 2,321 or eqn llb 
[ 33,341 can be used wlthout disturbing the error dlstrlbutlon 

lnR=AO+A11nM+A~(lnM)2 (lla) 

R=Ao +A,M+A,M’ (lib) 

For TLC purposes only the second- and third-order polynomials are useful 
Higher-order polynomials can introduce invalid maxima or mmlma into the 
approximated cahbratlon curve De Splegeleer et al [ 321 compared six cah- 
bratlon methods for the determmatlon of methyl mcotmate m pharmaceutical 
creams They concluded that the best fit was obtained using second-order poly- 
nomials while reciprocal transformation was the best of the linear 
approximations 

The contmumg mtroductlon and use of personal computers m the analytical 
laboratory should make the use of non-linear regression a more widely used 
technique favoring this approach for cahbratlon m quantitative TLC How- 
ever, more work 1s required to select the best regression models and, m all 
likelihood, no single model will be best for all cahbratlon curves Several models 
should be tested for each data set (compound-plate type combmatlon) using 
statlstlcal tests to select the best model 

The statlstlcal vahdlty of using least-squares linear regression m conJunc- 
tlon with the linearized data sets for TLC cahbratlon has been questioned 
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[35] For least-squares hnear regresslon the mdependent variable should be 
known with high accuracy and it 1s assumed that all the measurement errors 
are contained m the dependent variable Because of spotting and chromato- 
graphic errors this 1s not the case for TLC calibration data. For TLC data the 
quality coefficient for the confidence mterval may represent a better statistlcal 
test of the accuracy of the hnearlzatlon methods [ 2,271. Despite sound theo- 
retlcal considerations Ebel [ 271 found very httle difference m the results ob- 
tamed by using hnear regresslon or hnear correlation methods. 

Some modern densitometers of the ‘flying spot’ kmd using either software 
or electromc tuning provide for hnearlzatlon of absorption measurements utl- 
hzmg some mathematical solution of the Kubelka-Munk model such as those 
given by eqns 5 and 6 [2,36-391. To Implement this procedure the sample 
track 1s scanned by a spot or rectangular beam of small &menslons relative to 
the spot size m a saw tooth or square wave pattern by fixing the measurmg 
beam m one posltlon and mechamcally moving the plate in the x and y dlrec- 
tlon to generate the desired pattern. An advantage of flymg spot scanning 1s 
that the quantitative mformatlon obtamed is Independent of the spot shape 
and the sample concentration dlstrlbutlon within the spot 

In the Shlmadzu (Columbia, MA, U S A ) CS-900 Series scannmg densl- 
tometers hnearizatlon by the flying spot method 1s achieved electromcally The 
signal produced durmg each swing of the measurmg beam across the spot 1s 
converted to an absorbance value usmg eqn 12 

D=log(&lR,) (12) 

where D 1s the observed response (absorbance) R, the reflectance determined 
by eqn 5, and R. the reflectance determmed for K=O. It 1s further assumed 
that the sorbent layer does not adsorb hght and, therefore, the value of KZ 
represents the absorbance due to the sample Electromc hnearlzatlon of the 
slgnal 1s then possible by estlmatrng the scatter component of the layer SZ. 

4 
0 5 IO 15 20 25 30 

KZ 

Fig 2 RelatIonshIp between the absorption slgnal (II) and sample amount (Kz) for different 
values of the plate scattermg parameter (SZ) This relatlonshlp IS used m conJunctlon with eqn 
5 to perform cahbratlon curve hneanzatlon 



This can be done from plots of the kind shown m Fig. 2 m which values for the 
absorbance D can be converted to values of KZ as a function of the scatter 
component SZ. Values for SZ are determined empirically for different sorbent 
media Once a value of SZ is established the value of KZ is obtained from the 
Kubelka-Munk equation and the total absorbance by integration of the values 
for each swing of the measuring beam across the spot. In the absence of the 
scatter term the relationship between KZ and sample concentration is linear 
while the absorbance term, D, shows the expected curvature observed for nor- 
mal calibration. To test the hnearizer several standards covering a reasonable 
calibration range should be scanned A lack of lmearlty in the cahbratlon curves 
mdicates the wrong value for SZ, the scatter component, and a different value 
should be selected from the range of allowed values available. 

Calibration m fluorescence rarely produces any problems. Calibration curves 
are usually linear over two to three orders of magmtude. At higher sample 
amounts self-absorption becomes a problem and the cahbration hnes curve 
over towards the weight axis An alternative method of cahbratlon, designed 
for use m screenmg studies where several analytes are to be quantrfied m mul- 
tiple samples has been suggested [40-421. Known as the two-point cahbration 
method it requires only a single standard for each substance to be determined 
and only a single track for all cahbratlon standards It is based on the obser- 
vation that there is a linear relationship between the fluorescence signal and 
slit width dimensions m fluorescence densltometry [43] and that the slope of 
the detector response versus slit width curve is proportional to the sample 
amount [ 401 Combimng these two observations yields the calibration eqn 13 

(13) 

where Mu is the unknown sample amount, M, the known amount of sample 
(standard), and S, and S, the slope of the detector response versus sht width 
curve for the unknown and standard, respectively. The values for S, and S, are 
determined from two measurements of the signal response at sht widths of 0 4 
and 0.8 mm Thus, m practice, calibration is performed by scanning each sam- 
ple and the lane occupied by standards twice at the selected values for the 
optimum sht widths The two-pomt cahbratlon method cannot be used to re- 
place normal calibration when the highest degree of accuracy is required (see 
Table 1) , but it is a very useful method as a scoutmg technique to determine 
approximate sample amounts. 

On occasion it will be observed that the fluorescence response for a sub- 
stance m TLC will be far less than expected from measurements made in so- 
lution, will occur at dfferent excitation and emission wavelengths, and may 
dimmish at varying rates over time [ 18,20,44]. Two phenomena, fluorescence 
quenching and catalytic degradation of the sample, are responsible for this 
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TABLE 1 

COMPARISON OF CALIBRATION STANDARDS AND CALCULATED AMOUNTS AT 
DIFFERENT SAMPLE SIZES (n=15) 

The reference standard for the two-point cahbratlon was 10 ng (Reproduced with permlsslon 
from ref 40 ) 

Cahbratlon standard Calculated amount by two-point 

(ng) cahbratlon (ng) 

20 0 1745il30 
150 1397io90 
50 52OkO30 
20 222+019 
15 178kO14 
10 114+020 
050 055+009 
020 024kOO5 
015 017+005 

The first is largely physical and generally reversible The most common fluo- 
rescence quenching agent is oxygen. Fortunately its effect is generally small 
and can be masked by displacing air with nitrogen from the measurement re- 
gion of the densitometer [ 451. Often a more convenient method is to impreg- 
nate the sorbent layer with an antioxidant such as 2,6-dl-tert.-butyl-4-meth- 
ylphenol (BHT) [46-481 The fluorescence signal m many cases can be 
enhanced by a post-chromatographlc treatment of the TLC plate with a vis- 
cous solvent such as hquld paraffin [ 49,501, glycerol [ 511, cyclodextrm [ 521, 
trlethanolamme [ 53,541, Triton X-100 (Cole-Parmer, Chicago, IL, U S.A ) 
[23,40,44,55], or Fomblm H-Vat (Montedlson, New York, NY, U S A ) 
[ 23,44,47,48]. The extent of fluorescence quenching often depends on the sor- 
bent medium and is frequently more severe for slhca gel than for bonded-phase 
sorbents In favorable cases apphcatlon of fluorescent enhancing reagent can 
increase the signal response as much as lo- to 200-fold. The mechanism of 
mechanisms of fluorescence quenching are not known with certainty, but It is 
generally assumed that adsorption onto silica gel provides additional non-ra- 
diative pathways for dissipation of the excitation energy that is at least partly 
relieved when sihca gel is impregnated with a viscous liquid [ 18,561. Viscous 
liquids are employed to muumlze diffusion-induced zone broademng of the 
sample m the wet layer during the time required to scan all the samples on the 
plate. An example of fluorescence quenching and the use of fluorescence en- 
hancing reagents is shown in Fig 3 for a sample of naphthylpiazselenole (a 
fluorescent derivative used to determine selenium) on a silica gel plate [53] 
The response of the derivative IS increased by impregnating the silica gel plate 
with hquld paraffin (peaks b and c ) and Triton X-100 (peaks d and e ) In both 
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lel 

Fig 3 Fluorescence enhancement of naphthylplazselenole on (a) s&a gel HPTLC plate, (b) 
HPTLC plate dipped mto paraffin-n-hexane (2 l), (c) measurement of (b) m a nitrogen at- 
mosphere, (d) HPTLC plate dipped mto Tnton X-lOO-chloroform (1 4), and (e) measurement 
of (d) m a mtrogen atmosphere (Reproduced with permlsslon from ref 53 ) 

cases measuring the response m a nitrogen atmosphere (peaks c and e) pro- 
duces a small enhancement m the response compared to the value measured 
m an (peaks b and d) For complex sample extracts matrix mterferences may 
also cause e&her enhancement or quenching Zennie [ 573 observed more than 
100% recoveries of aflatoxms from spiked corn samples when usmg TLC for 
their determmatlon This was shown to be due to co-elutlon of free fatty acids 
with the aflatoxms that behaved as enhancing reagents, mcreasmg the fluo- 
rescence response of the aflatoxms by 14-36%. This problem was solved by 
modlfymg the mobile phase so that the aflatoxms were separated from the 
fatty acid contaminants 

The most common chemical reactions causing an unstable fluorescence re- 
sponse are substrate catalytic oxldatlons or photolytrc degradation. Selfert [ 581 
observed the oxtdatlon of polycychc aromatic hydrocarbons on slhca gel plates 
to produce new products of low fluorescence yield These chemical reactions 
often exhibit a specific time dependence which makes quantitatlon difficult 
This was observed to be the case for the fluorescamme derlvatlves of cepha- 
losporms on slhca gel plates [59] and 1-ammopyrene on different sorbents 
[ 46-481 In instances of this kind impregnating the plate with an antloxldant 
and/or shleldmg the sample on the plate from exposure to room hght may 



substantially reduce the rate of reaction although it may fail to eliminate it 
entirely. 

2 3 Instrumental conszderatmns 

Instruments for scannmg densitometry usmg absorbance or fluorescence 
measurements in the reflectance, transmission, or combmed reflectance- 
transmission mode first appeared in the middle 1960s and since then have 
undergone contmuous change with the introduction of new technology 
[ 2,5,8,11,18,20,23,37,60,61]. The most obvious technical change has been the 
greater use of computers and microprocessors which have revolutionized data 
handlmg and permitted a greater degree of automation of the scanning process. 

Commercial mstruments for scanning densltometry share many features m 
common Different lamps must be used as light sources in order to cover the 
entire UV-visible range from 200 to 800 nm Halogen or tungsten lamps are 
used for the visible region and deuterium lamps for the UV region. High-inten- 
sity mercury or xenon arc sources are preferred for fluorescence measure- 
ments To select the measuring wavelength either a monochromator or filter 
is used. Filter densitometers usually employ a mercury line source and filters 
to pass only light corresponding to mlvldual wavelengths available from the 
source. Their advantage is their low cost, otherwise broad spectral sources and 
gratmg monochromators offer greater versatility for optimizing sample ab- 
sorption wavelengths and are generally preferred For fluorescence measure- 
ments, a monochromator or filter is used to select the excitation wavelength. 
A cutoff filter, which transmits the emission wavelength envelope but atten- 
uates the excitation wavelength, is placed between the detector and the plate. 
Interference filters can be substituted for the cutoff filters if greater selectivity 
is required, albeit with some sacrifice m sensitivity. Photomultlphers or pho- 
todlodes are generally used for signal measurements. Instruments employing 
a laser as the primary source or as an accessory have recently appeared largely 
for use in scannmg electrophoretic gels Laser beams can be colhmated to much 
smaller beam sizes (a few microns ) than is possible with conventional sources 
and optics Such spatial resolution may be needed for scanning two-dlmen- 
slonal electrophoretic separations but is generally unnecessary for TLC sepa- 
rations Lasers can be used as sources for fluorescence measurements where 
their high power and small beams widths could be used to enhance sensitivity 
[ 62-641 Selectivity might also be improved by exploring so-called non-linear 
fluorescence processes, such as two-photon excited fluorescence and sequen- 
tially excited fluorescence, which only become feasible when laser sources are 
used However, to date, laser-based densitometers have not demonstrated any 
sigmficant improvement in sample detectability over densitometers employmg 
conventional arc sources Apart from the additional equipment costs, lasers 
generally have a smgle or a limited number of useful wavelengths for detection 
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(particularly m the UV), whrch limits then use for general apphcatrons The 
high power of the laser source may also cause sample decomposltlon which can 
influence the reproduclblhty of quantitative measurements 

Three optical geometries are predommantly used m contemporary scannmg 
densitometers. The smgle-beam mode is the simplest optical arrangement and 
1s capable of producmg excellent quantltatlve results, but spurious background 
noise resultmg from fluctuations m the source output, inhomogeneity in the 
distribution of extraneous adsorbed lmpurltles, and lrregularltles m the plate 
surface can be troublesome These problems can be muumized by good analyt- 
ical practices and through software correction Background disturbances can 
be compensated for to some extent, by double-beam operation The two beams 
can be either separated in time at the same point on the plate or separated m 
space and recorded simultaneously by two detectors 

The double beam in space optical arrangement divides a smgle beam of 
monochromatic light into two beams that scan different positrons on the plate 
One beam scans the sample lane while the other traverses the blank region 
between sample lanes The two beams are subsequently detected by matched 
photomultlphers and a difference signal is fed to the recorder, fluctuations in 
the source output are corrected m this way As the two beams impinge on dif- 
ferent areas of the plate, however, small l_regularrtres in the plate surface and 
undesired background contrlbutlons for lmpurlties m the sorbent layer may 
still pose problems 

In the smgle-beam dual-wavelength mode, fluctuations caused by scattering 
at a light absorbing wavelength (3Li) are compensated for by subtracting the 
fluctuations at a different wavelength (3L2) at which the spot exhibits no ab- 
sorption but experiences the same scatter. The two beams are altered by a 
chopper and combined into a single beam to provide the difference signal at 
the detector As the scatter coefficient 1s to some extent wavelength-dependent 
the background correction 1s better when ;1, and A2 are as nearly identical as 
possible This requirement 1s often difficult or impossible to meet as absorption 
spectra are usually broad and it may be impossible to find two similar wave- 
lengths at which absorptron occurs for one wavelength and not for the other 
In favorable circumstances background correction m this mode can be very 
good as illustrated by Fig. 4 [ 651 

For technical reasons the sample beam 1s fixed and the plate 1s scanned by 
mounting it on a movable stage controlled by stepping motors. The most com- 
mon method of scanning is slit scannmg m which the sample beam 1s shaped 
into a rectangular area on the plate surface through whrch the plate IS trans- 
ported m the drrectlon of development (Fig 5) Each scan, therefore, repre- 
sents a lane whose length is defined by the sample mrgratlon distance and 
whose width is determined by the sht dimensions Some mstruments have a 
turntable-type scannmg stage for peripheral and radial scanning (see Fig 5) 
used for chromatograms developed m the circular or anticircular mode As well 
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Fig 4 Use of background correctlon to Improve baseline stablhty m the analysis of a mixture 
contammg the drug metoprolol and some potential contammants (A) Single-wavelength mode, 
1= 280 nm, and (B) smgle-beam dual-wavelength mode, L I = 280 nm and I, = 300 nm The back- 
ground contnbutlon resulting from spunous absorption by plate contammants 1s ehmmated m 
(B) (Reproduced with permlsslon from ref 65 ) 

E F 

Fig 5 Methods of scanning thm-layer chromatograms A = linear slit scannmg, B = radial scan- 
ning, C and D = penpheral scannmg, E = zig-zag scannmg of an mdlvldual spot, F = meander scan- 
nmg of an mdlvldual spot The arrows indicate the dlrectlon of plate movement 

as slit scanmng point scanning can also be used The measurmg beam IS shaped 
into a spot or rectangle ofdlmenslons much smaller than the chromatographlc 
zones to be scanned By moving the scanmng stage m the x and y &rectlon a 
zig-zag or meander scan 1s possible (Fig 5) Zig-zag and meander scannmg 
allow zones of any shape to be accurately quantified using computer algorithms 
to perform the mtegratlon. For very small spots errors may arlse because the 
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scannmg beam dimensions cannot be made sufficiently small to permit a suf- 
ficient number of samplmg points for the spot The method employed for base- 
lure correction is also important. 

For linear slit scannmg densitometers it is well established that chromato- 
graphic resolution and sample detectability can be impaired by the choice of 
sht dimensions defining the area of the measuring beam on the plate surface, 
the scan rate, and the total electronic time constant of the densitometer and 
recording device [ 20,23,43,66-681 In the absorption mode the ratio of the slit 
height to spot diameter has a large influence on sample detectability. Slit heights 
less than the diameter of the spot produce the highest sensitivity but unless 
position scanmng (see later) is used, may lead to unacceptable errors due to 
mcorrect alignment of the sample beam and spot centers throughout the track 
Generally a slit height equivalent to the diameter of the largest spot to be 
scanned is selected as a compromise In fluorescence the signal increases lin- 
early with mcreasing slit width and shows a general increase with increasing 
sht height until a slit height as large as the spot diameter is reached For slit 
heights greater than the spot diameter there is little further change in sensi- 
tivity In both absorption and fluorescence there is a reciprocal relationship 
between the signal and the scan rate At high scan rates resolution can be 
degraded and the signal may be attenuated if the time constant of the signal 
processmg device is inadequate 

Little progress has been made towards developing effective protocols for 
comparing the performance of different densitometers The spatial resolving 
power of a densitometer can be ascertained by scannmg photographic test pat- 
terns or some similar standard [ 67,691 As these test patterns generally consist 
of narrow-width, equal-density squares or lines they bear little resemblance to 
actual chromatographic separations Commercially available densitometers 
have spatial resolving powers of between 10 and 200 ,um but this term is not 
quantitatively related to chromatographic resolution. As a practical, although 
imperfect measure of densitometer performance, the perceived resolution mea- 
sured from a strip chart chromatogram for a pair of partially separated spots 
with the resolution calculated from mdividual stands run in different lanes can 
be used [4,23,67] Test plates of chosen separations can by used for side-by- 
side comparisons of mdividual densitometers [61] A standard protocol has 
been suggested for comparmg the sensitivity of slit scannmg densitometers 
based on the use of standard substances, chromatographic conditions, and m- 
strument parameters [20,70,71] 

The principal sources of error m scannmg densitometry have been identified 
as the reproducibihty of sample application, the reproducibihty of chromato- 
graphic conditions, the reproducibility of posxtionmg the spot m the center of 
the measuring beam, and the reproducibihty of the measurement [ 72,731. Ths 
measurement error can be determined by repeatedly scanning a single track of 
the TLC plate without changing any experimental variables between scans It 
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is composed of errors due to the optical measurement, electromc amplification, 
and the recording device The measurement error is dependent on the signal- 
to-noise ratio but for a properly adjusted instrument typical values fall mto 
the range 0 2-0.7% [ 2,721. The error of positionmg the spot m the measuring 
beam and the sample apphcatlon error should be controlled by good analytical 
practices The chromatographic error is generally easily the most significant 
error and is only reduced by mnnmizmg the varlabihty in the development 
process The data pair techmque can be used to minimize errors due to mlgra- 
tion differences as a result of edge effects, deviations m layer thickness, non- 
linear solvent fronts, etc [74] In this technique an internal compensation 
approach is used by pairing up the measurements of two spots on the same 
plate In modern scannmg densltometry with high-performance thin-layer 
chromatography (HPTLC) plates the relative standard deviation from all er- 
rors can be mamtamed below 2% making it a very reliable quantitative tool 
The densitometer is not the principal source of most of the experimental error 
which can only be controlled or reduced further by paymg adequate attention 
to the sample apphcatlon and chromatographic development steps 

First- and second-order derivatives of the analog signal can provide a rapid, 
direct, and simple means of verifying the homogeneity of any given spot, and 
m many mstances, enhancing the resolvmg power of the chromatographic sys- 
tem to a point where the quantitative assay of severely overlapped components 
becomes a possiblhty [ 75-791 When the chromatographic resolution exceeds 
10 there is little difficulty m quantitatlon, for resolution decreasmg to 0 7 
either peak height measurements or derivative recording should be equally 
reliable, for resolution values less than 0 7 only derivative recording can pro- 
vide accurate results As a practical example consider the separation of ethyl 
(EHB ) and propyl (PHB ) p-hydroxybenzoates shown m Fig 6 [ 771 From 
the analog signal it would be difficult to extract any useful quantitative mfor- 
mation, particularly from Fig 6B However, the two components are well re- 
solved m the derivative recording and can be quantified from the peak heights 
of the satellites marked OA and OB m Fig 6 The discrimmatmg power of the 
derivative spectra 1s such that the component of interest can be quantified m 
the presence of a relatively large excess of resolved interfering components as 
may occur m minor component analysis [76] Only first- and second-order 
derivatives are useful for densitometrlc recording as higher-order derivatives 
produce poor signal-to-noise characteristics [ 781 When using electronic dlf- 
ferentiation optimization of the operating variables for the densitometer is 
critically important [ 761 

It should be noted that although derivative recordmg is not a new technique 
m analytical chemistry its apphcatlon to densitometric measurements m TLC 
is still relatively novel There are two general approaches available The use of 
analog electrical devices contammg RC circuits combined with operational 
amphfiers sold as accessories for spectrophotometers Alternatively, through 



555 

Fig 6 First-derivative measurement of unresolved ethylp-hydroxybenzoate (EHB) and propyl 
p-hydroxybenzoate (PHB) at resolutions of 0 70 (A) and 0 30 (B) (Reproduced with permlsslon 
from ref 77 ) 

software dlfferentlatron 1s possible after first approxlmatmg the experimental 
data by a polynomial function [ 75 ] This method 1s convenient when comput- 
erized instruments are used, partrcularly as the raw data can be manipulated 
off-line without loss of the orlgmal signal mformatlon. However, both pro- 
cesses may lead to unreliable results if the chosen condrtlons are less than 
optimum Analog devices may cause damping and distortron of the signal due 
to selection of mapproprlate time constants A variable trme constant dlffer- 
entlator for chromatographlc purposes was recently described which might also 
f5nd use in scannmg densltometry [80] Dlgrtal methods may also produce 
errors dependmg on the number of data points taken and the order of poly- 
nomial used to fit the experimental data 

2 4 Automation through computer control 

TLC 1s a data-intensive technique The operatrons of scannmg, cahbratlon, 
and quantltatlon can be both time-consummg and tedious when performed 
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manually These procedures are also prone to variable errors such as that due 
to positioning of the spot in the measuring beam and estimating the correct 
shape of the calibration curve. A further advantage of computers 1s that they 
simplify report-writmg by combimng graphIcal, statistical, and word process- 
ing capabilities and simplify the archival process of data storage Digital data 
stored on floppy disks can be reassessed and recalculated numerous times as 
the goals and Interests of the analysis change wIthout having to rerun the chro- 
matogram These and other considerations have been reviewed m the apph- 
cation of computers to TLC [ 2,11,60,81]. 

The computer can be used as an intelligent integrator performmg all the 
calculations and smoothmg of the digital data received from the densitometer 
without communlcatmg to the densitometer in other respects [ 11,81,82]. The 
hnk between the computer and the densitometer IS made via an analog-to- 
dlgltal converter In more advanced mstruments the densitometer 1s a slave to 
the computer which controls the scan function, selection of the measuring 
wavelength and other optlonal experimental variables [ 7,11,24,60,83 ] These 
variables are usually established m a pre-run &alog with the operator m ac- 
cordance with a fixed menu of available options. These options might mclude 
the method used for scannmg, the number of tracks and their length to be 
scanned, whether internal or external standards, or both are to be used for 
cahbratlon and, if so, m which tracks this mformatlon is to be found, which 
spots are to be quantified based on preselected RF values, the cahbratlon and 
calculation methods to be used, whether spectral plots or multiple-wavelength 
scannmg 1s needed., and the format for the final report. 

Automation of the scannmg function 1s one of the more obvious parameters 
to control as when this is achieved the only operator mterventlon reqmred 1s 
to posltlon the plate m the densitometer and to remove It at some time later 
when all the data have been recorded. In simple instruments a microprocessor 
1s used for this purpose Normally, the first track to be scanned 1s manually 
positioned in the measurmg beam and then the values for track length, dls- 
tance between tracks, and number of tracks to be scanned 1s entered. The 
densitometer then scans the plate followmg the established geometric pattern 
without further Intervention by the operator The disadvantage of this method 
IS that If the samples migrate irregularly then the spot may become mlsahgned 
with respect to the beam posltlon and erroneous data generated. More sophls- 
tlcated programs may recenter the measuring beam for the first spot of each 
track prior to scanning in a linear manner, execute a meander or zig-zag scan 
function, or optimize the beam spot co-ordmates for each spot m the chroma- 
togram The latter option called posltlon scanning is shown dlagrammatlcally 
m Fig 7 [60] In this mode the spot 1s detected first by makmg large-search 
steps m the dlrectlon of chromatography, the peak maxima are then found by 
making smaller steps, the plate 1s then moved away from the estabhshed max- 
Ima In the dlrectlon perpendicular to the dlrectlon of chromatography, and the 
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Fig 7 Example of the use of computer-controlled scanning densltometry to locate the exact center 
of a spot by posltlon scannmg (1) The spot center IS searched for, (2) the beam returns to a 
prespot posltlon, (3) a second poskonmg 1s made to confirm the spot center location (Repro- 
duced with pensslon from ref 60 ) 

posltlonmg repeated. This process 1s contmued until the true peak maxima are 
located. Each spot, in this way, 1s optimally located m the measuring beam 
independent of the irregularities in the chromatographic development 

Automatic scanning routines combined with video integration allow the cor- 
rect determination of the baseline under each peak. During the scan mode the 
background signal before and after each spot 1s acquired and used to compute 
the baseline posltlon The baseline m TLC may vary at &fferent positions m 
the chromatogram due to matrix interferents and impurity gradients m the 
sorbent media These can be ehmlnated from the signal by software control or 
with the intervention of the operator by video integration of the chromato- 
graphic data displayed on a monitor Some progress has been made in subtract- 
ing the entire background contrlbutlon of the plate to the analytical signal with 
the intent of lmprovmg detection hmlts [ 71 With complete computer control 
of data acqulsltlon and manlpulatlon the reproduclblhty of densltometrlc mea- 
surements can be lowered to below 1% relative standard deviation (R S D ) 

3 ELECTRONIC SCANNING DENSITOMETERS 

The detection process m TLC can be considered static as the sample zones 
are stationary when the development process IS terminated All mformatlon 
concerning the chromatographlc experiment can be made available as a three- 
dlmenslonal array in which the x and y co-ordinates define the spot posltlon 
and the z direction the sample amount using image analysis techniques. Scan- 
ning takes place electronically and the plate IS stationary Detectors used for 
this purpose are either vacuum tube sensors or solid state devices which can 
be subdivided into line and area (matrix) sensors [7,84-M] The equipment 
requirements for Image analysis are a computer with video dlgtlzer, light source 
and appropriate optics such as lenses, filters, and monochromators, and a VI- 
dlcon tube or charged-coupled video cameras [ 89-951 Suitable arrangements 
for image analysis In the transmlsslon and reflectance mode are shown m Fig. 
8 [85] The plate 1s evenly lllumlnated with (monochromatic) light and the 
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Fig 8 Component layout for electrome scannmg of TLC plates m the transmlsslon (top) and 
reflectance (bottom) mode (Reproduced with permission from ref 85 ) 

reflected or transmitted light focussed as a scaled image of the plate directly 
onto the active element of the vidmon To obtain wavelength dlscrlmmatlon 
for spectroscopic identification or selective detection with overlapping spots a 
second monochromator between the plate and the camera is needed. Similarly, 
for fluorescence analysis either a filter or monochromator is required to shield 
the vldicon from light origmatmg from the source The vidlcon functions as a 
two-dimensional array of unit detectors contmuously scanned by an electron 
beam These unit detectors are periodically discharged by the electron beam 
and the signal digitized for analysis by computer Image resolution is limited 
by the number of detectors, known as picture elements or pixels, forming the 
array This is typically 512x512 pixels for commercially available vldlcon 
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cameras which translates to the smallest spot that can be distmgulshed on a 
10x 10 cm plate of about 0 6x0 6 mm [87] This is Just about adequate for 
many TLC applications. 

For analysis the captured images are collected, stored, and transformed by 
computer mto chromatographic data To a large extent the number of images 
that can be stored, and the type of calculation algorithms used, is a function of 
the capacity of the computer. Image analysis is a data-mtenslve technique and, 
although many of the simpler systems described employ personal computers 
for data analysis, their faclhtles for image storage, image subtractron, filtermg, 
thresholdmg, and the use of false color for image enhancement are greatly 
restricted. Common to all techmques of data handlmg is background subtrac- 
tion m which the accumulated images of a blank plate are subtracted from the 
analytical plate on a pixel by pixel basis Thresholdmg is also routinely used 
to ensure that negative values for the plate lummance do not occur In only a 
few cases are exact detarls of the procedure used to convert images mto 2c and 
y co-ordmates and optical density given [ 951 

The mam advantages of electronic scannmg are the fast acqulsitron of data, 
the absence of moving parts, simple mstrument design, and compatlbihty with 
two-dimensional chromatograms which are very difficult to scan usmg con- 
ventional slit-scannmg densitometers On the other hand with today’s tech- 
nology electromc scanners cannot compare with slit-scannmg densitometers 
m terms of cost, sensitivity, available wavelength measuring range, and dy- 
namic signal range Technology changes rapidly m the field of image analysis 
and it is not mconcelvable that electromc scanners ~111 be more widely used m 
the future, particularly for scannmg two-dimensional TLC plates and electro- 
phoretlc separations. 

4 RADIOISOTOPE IMAGING SYSTEMS 

The prmclpal methods for quantifying radioactive substances after separa- 
tion by TLC are autoradiography, liquid scmtlllatlon counting, and direct 
scannmg with radiation detectors [96-991 Autoradiography is the least ex- 
pensive mvolvmg exposure of the chromatogram to an X-ray film which can 
then be converted mto intensity measurements using a photodensitometer 
Autoradiography is generally slow and has poor accuracy and precision For 
scmtillatlon countmg spots or bands are removed from the plate, mixed with 
a scmtlllatlon fluid, and then counted m the usual way Sensitivity and quan- 
titative accuracy are good but the process is time-consummg and spatial res- 
olution is often compromised Direct scanning IS the method of choice when 
many samples are to be scanned on a routme basis. Earher mstruments com- 
merclahzed for this purpose used radiation-sensitive detectors such as the 
Geiger counter and operated m a manner similar to optical scannmg densitom- 
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eters [ 1001. However, they were slow and very msensitive. Modern densitom- 
eters employ windowless gas-flow proportional counters as imaging detectors 

TLC imagmg systems count the amount of radiation emanating from each 
track simultaneously utlhzmg a rectangular proportional counter positioned 
directly over the track to be counted The imaging process is thus static for 
each track and the scan function is used for lane changes only The propor- 
tional counter is filled with argon-methane gas which is ionized locally by col- 
lision with /? or y rays produced by decay of the radioisotopic sample zones 
The proportional counter contains a high-voltage anode wire runnmg the length 
of the detector. This causes the local bursts of iornzed gas molecules to be 
accelerated and registered as a pulse upon collision with the anode. A delay 
lure is used to mlcate the position on the wire at which the pulse occurred and 
this mformatlon is digitized, counted, and stored m the memory location of the 
computer Pulses corresponding to specific locations along the wire are counted 
mdividually and stored m the computer for display m real time on a video 
monitor The spatial resolution is primarily limited by the relatively large vol- 
ume of the detector and the energy of the emitting particle. For currently avall- 
able mstruments this corresponds to about 1 mm for 14C sources and 0 5 mm 
for 3H sources. The absolute sensitivity is hmlted primarily by self-absorption 
of low-energy pparticles by the sorbent medium A good account of the various 
processes that effect calibration lmearly and analytical precision is given m 
ref 96 

5 FLAME IONIZATION DETECTION 

In this technique samples are separated on thm rods and the separated zones 
detected by movmg the rods through a flame ionization detector [ lOl-1031 
The rods are 0 9 mm m diameter and 15 cm long coated with a 50-100 pm layer 
of powdered glass and sorbent fired onto the quartz core at 900°C [ 1041 The 
sample is applied to the rod about 2 cm from one end; typical loadings are 
volumes of 0 l-3 ,~l contammg l-50 +ug of sample. The rods are developed m 
the normal way, usually held m a support frame that also serves as the scan 
stage after the rods have been removed from the development chamber and 
excess solvent evaporated away in a drying oven. Several rods can be held m 
the support frame which are then automatically scanned m order. The rods are 
moved at a controlled speed through a hydrogen flame and the signal processed 
m a similar manner to the flame ionization detector used in gas chromato- 
graphy The flame is a good deal larger than detectors used m gas chromato- 
graphy and considerably more noisier so that detection limits are not compa- 
rable The linear workmg range of the detector is about 3-30 pg for most 
substances and the response nearly umversal Recently, a thermiomc detector 
has been mtroduced for the specific detection of nitrogen-contammg 
compounds. 



561 

There are substantial hfferences of opmlon as to the quantltatlve rehablhty 
of the techmque Several authors have noted rod-to-rod, run-to-run, and com- 
pound-to-compound response varlatlons [ 103,105] The scan rate and um- 
formlty of the development process are crltlcal parameters for obtammg re- 
producible quantltatlve data [ 103,106] It has been postulated that one source 
of varlablhty 1s radiant heat transfer along the rod that causes evaporation of 
volatile samples prior to the sample zone entermg the flame [103,107,108] 
This obviously affects volatile and thermally labile substances more so than 
others TLC with flame lomzatlon detectlon has been used prlmarlly for the 
analysis of heavy solutes lackmg a chromophore for optlcal detectlon such as 
oils, tars, hplds, surfactants, resms, etc [ 1031 

6 PHOTOTHERMAL DEFLECTION DENSITOMETERS 

Photothermal deflection spectroscopy mvolves the measurement of the re- 
fractive mdex gradient formed m the gas phase over a sohd sample heated by 
a laser If light 1s absorbed by the sample some of this radlatlon IS converted to 
heat by radlatlonless transltlons m the sample producmg thermal gradients 
wlthm the sample and refractive index changes m the layer of an m contact 
with the sample This refractive mdex change 1s detected by the deflection of 
a low-power laser beam propagating parallel to the plate surface Operation of 
the photothermal densitometer 1s somewhat &fficult as the response 1s a func- 
tion of several complex variables, and, for high sensltlvlty, a close match be- 
tween the absorption maxima of the sample and the operatmg wavelength of 
the laser 1s required [ 109-1121 Dlstrlbutlon of the laser energy over the total 
sample surface 1s necessary m order to mmlmlze or avoid thermal damage to 
the sample which was a problem m early densitometer designs One solution 
1s the use of masks (Hadamard encoding) to spatially distribute the laser beam 
across the lmagmg area and then to back transform the slgnal by software 
procedures [ 113-1151 In favorable cases detectlon hmlts similar to conven- 
tional optical scanning densitometers m the absorption mode have been 
achieved 

7 QUALITATIVE SAMPLE IDENTIFICATION 

A prerequlslte for quantitative analysis 1s the certain ldentlficatlon of the 
analyte to be determmed and the certamty that the observed signal resulted 
only from the desired analyte One general weakness of TLC methods 1s that 
they provide msufficlent quahtatlve mformatlon to remove any doubt that a 
substance having a specific RF value could not be mcorrectly ldentlfied This 
1s a problem common to all chromatographlc techmques that 1s usually solved 
by interfacing the chromatographlc system to a detector capable of yielding 
structural mformatlon from the sample The techmques avallable m TLC are 



562 

optical spectroscopy, infrared and Raman spectroscopy, and mass spectrom- 
etry Coupling of TLC to these techniques m an on-line manner has been 
achieved with various degrees of success. With the exception of optical spec- 
troscopy many of these techniques are still too insensitive to yield complete 
spectral features at sample loads typical of modern TLC or suffer from spectral 
or physical interferences resultmg from the presence of the sorbent medium 
However, real progress has been made m the last few years to overcome or 
circumvent many of these problems 

7 1 Optzeal spectroscopy 

Most scanning densitometers make some provision for either manually or 
automatically recording the m situ spectra of any desired number of spots For 
automatic spectrum recording a motor-driven monochromator controlled by a 
computer is used For manual recording of spectra the spot is scanned repeti- 
tively while the monochromator position, or fluorescence emission filter for 
recording the fluorescence spectrum, is changed by fixed-wavelength mcre- 
ments between scans A lme connectmg the mdividual peak maxima gives the 
substance-characteristic absorption or fluorescence emission envelope The 
absorption spectra are rarely sufficiently characteristic for substance identi- 
fication except by direct comparison with a standard measured on the same 
plate The correspondence between solution spectra and m situ absorption 
spectra can be quite poor m part due to the fact that the m situ spectra are 
usually measured under low-resolution conditions To maximize light through- 
put the band pass of most monochromators used m scanmng densitometry is 
m the range lo-30 nm There may also be some contribution to the measured 
spectra from plate absorption or scatter which may in itself change with the 
measurmg wavelength In the case of the fluorescence spectra, the solution and 
m situ spectra may show little correspondence due to the concert of energy loss 
and energy conversion mechamsms available to the adsorbed sample 

It is less time-consummg to scan a separation sequentially at several char- 
acteristic wavelengths than to record the full spectra of each spot [ 21,116,117] 
The ratios of the response values obtained at these characteristic wavelengths 
can be used to confirm the similarity between samples and standards or to 
mdicate contammation of a sample spot with other components The wave- 
length selected for identification should emphasize the spectral characteristics 
of the substance of Interest, for example, wavelengths correspondmg to peaks 
and troughs m the spectra, etc If standards are run on the same plate with the 
samples then the reproducibihty of absorbance ratios is reasonable, R S D = 
l-6% [ 1171 Otherwise, the reproducibility of the absorbance response ratios 
will depend on how accurately the monochromator can be reset to a particular 
wavelength between measurements For the same reason, the accuracy is im- 
proved if all samples and standards are first scanned at one wavelength and 
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Fig 9 Plot of emission response ratios for some polycychc aromatic hydrocarbons at a relatively 
non-selective excltatlon wavelength (313 nm) and a more selective excltatlon wavelength (266 
nm) (Reproduced with pensslon from ref 118 ) 



564 

then the monochromator adJusted to the next position and the scanmng re- 
peated. Combmlng the mformatlon from comcldence of migratron properties 
of samples and standards m the same chromatographic system and acceptable 
agreement between the absorbance or fluorescence emission response ratios is 
the most widely used technique for m situ substance identification m HPTLC 

Spectroscopic selectivity is much higher m the fluorescence mode because 
two different wavelengths, an excitation wavelength and an emission wave- 
length, are used for each measurement. Addrtlonally, the maJority of organic 
compounds are not naturally fluorescent, but of those that are, several are of 
environmental or biological importance The fluorescence emission properties 
as a function of the excitation wavelength for polycychc aromatic hydrocar- 
bons can be expressed on a standardized scale using eqn. 14 [41,118]. 

PAH (ex,em) 1 /ng 
ERR(ex,em) = [per(ex,em)]/ng* x100 (14) 

where ERR (ex,em) is the emission response ratio at a given excitation and 
emission wavelength, PAH (ex,em) the peak area of a test compound at a given 
excitation and emission wavelength, Per(ex,em) the peak area for perylene at 
the given excitation and reference emission wavelength, ng the amount of PAH 
in nanograms, and ng* the amount of perylene m nanograms For sample 
amounts that remain withm the hnear response range of the densitometer, the 
emission response ratios can be reproduced with an R SD =3% from day to 
day 

The ERR values can be used m several ways Plotted m three dimensions as 
a function of compound type and emission wavelength at a fixed excitation 
wavelength (Fig 9) they can be used to select optimum conditrons to maximize 
sample detectablhty or selectivity The product obtamed by dividing any com- 
bmation of ERR values by each other and normahzmg the ratios provides a 
substance-specific ratio suitable for quahtatlve identification of polycychc ar- 
omatic hydrocarbons m environmental samples [40,41] The ERR values were 
developed for the ldentiticatron of polycychc aromatic compounds but there is 
no fundamental reason why the same approach could not be apphed to other 
fluorescent compounds 

7 2 Infrared and Raman spectroscopy 

Infrared spectra of separated TLC spots have been recorded by three dlffer- 
ent techmques [ 1191 The off-lure method mvolves the m situ elution of the 
spot using a commercial device, EluchromTM, mto a small amount of powdered 
potassium bromide followed by evaporation of the solvent The sample and 
potassium bromide powder are then pressed into a micro pellet that is suitable 
for recording spectra using a beam condenser and a standard gratmg infrared 
spectrometer [ 1201 About 5 pg of sample is needed to obtain a useful spectrum 
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A commercial device is available for the m situ recording of infrared spectra 
of TLC spots by diffuse reflectance Fourier transform infrared (DRIFT) spec- 
troscopy [ 1211 For this purpose the spots are positioned manually below the 
probe beam of the attachment. The beam diameter is 10 mm. To obtain rea- 
sonable infrared spectra all solvents must be scrupulously removed prior to 
measurement and background correction made for absorption by the plate. 
The plate background correction was made by developing two identical plates 
simultaneously One plate contamed the sample and the other acts as the blank 
Blank spectra are then subtracted from sample spectra at the same position 
on both plates. Even with background subtraction a maJor disadvantage of this 
technique is that all common TLC media have regions of strong infrared ab- 
sorption whrch prevents reliable spectral data being measured m these regions 
[ 1221. For silica gel, for example, it is difficult to obtain any useful information 
m the regions 3700-3100 and 16504300 cm-‘. At least 1 ,ug of material is re- 
quired to detect individual functional groups and at least ten times this amount 
for partial spectral recording Also, compounds bind differently to different 
sorbents and this is usually reflected m changes in band positions which make 
spectral mterpretatlon less reliable without reference spectra obtained on the 
same sorbent. 

An alternative to m situ measurement is to perform the measurement after 
transfer of the chromatogram to an infrared transparent substrate without loss 
of the chromatographic resolution [ 123-1261. In this way detection limits can 
be lowered by an order of magmtude and loss of spectral mformatlon due to 
absorption by the TLC sorbent ehmmated The ChromalectTM device contains 
a long metal strip with 58 sample cups, 1 mm m &ameter, and 1 6 mm apart 
Each cup contains a wick and is filled to the top with an infrared transparent 
powder The metal strip is placed along one edge of the TLC plate orthogonal 
to the direction of chromatographic development. The separated spots are 
transferred to the metal strip by elution with a stronger solvent than used for 
the chromatography When the solvent reaches the wicks the sample is trans- 
ferred into the infrared transparent powder and the solvent removed by con- 
trolled evaporation with a stream of air After the transfer is completed, the 
metal strip is placed m an automated diffuse reflectance sampler for measure- 
ment Spectra of the analytes are identical to pubhshed reference spectra m 
contrast to the case of in situ measurements and full spectra are easily obtained 
from about 20 ,ug per component 

Infrared spectra have also been recorded using photoacoustic spectroscopy 
(PAS). PAS spectra are usually measured by enclosing the sample m a fixed 
volume cell The sample is then illuminated through a window with chopped 
monochromatic radiation The radiation energy absorbed by the sample is con- 
verted to heat which flows to the surroundmg gas and generates a pressure 
pulse that 1s detected with a microphone connected to the sample chamber 
The output from the microphone is fed to a lot-m-amplifier referenced at the 
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frequency of the source radiation The PAS absorption spectra are then gen- 
erated by plotting the lock-m-amplifier signal as a function of the wavelength 
of the incident radiation. Samples were applied to small discs of silica gel or 
spots cut out from plastic-backed TLC plates and mounted in a standard PAS 
cell [ 127,128], Srmilarly to the DRIFT method discussed above rt 1s difficult 
to extract any meanmgful information m those regions of the spectra where 
sihca gel shows strong absorption Also, it is necessary to purge the cell of 
vapors from the TLC plate, carbon dioxide, water, etc , that can easily swamp 
the PAS srgnal arrsmg from the condensed phase. After background subtrac- 
tion for the absorption due to slhca gel a detection limit of 1 ,ug of caffeme 
(carbonyl absorption band) was obtained [ 1271. PAS has also been used to 
measure vrslble spectra of TLC spots In early experiments the sample spot 
was scrapped from the plate and sealed m the PAS cell [ 1291 It was very 
difficult to obtam reproducible signals by thus method as the signal generated 
was mfluenced by both the particle size and amount of srhca gel sealed into the 
cell In later experiments 7 mm2 portions of a flexible TLC plate were cut from 
the chromatogram and mounted onto the tip of a quartz rod by double-sided 
adhesive tape which was then positioned in the PAS cell [ 1301. A detection 
limit of 0.1 ng of cobalt and nickel and 0 4 ng of copper as their l- (2-pyridyl- 
azo)-2-naphthol chelates was obtained. A complete visible spectrum could be 
obtained from 10 ng of chelate. Fishman and Bard [ 1311 developed an open- 
ended cell for PAS that could be attached to different regions of the TLC plate. 
The illuminated area on the plate was 0 35 cm2. With this movable cell a de- 
tection limit of 0 4 ,ug of rose bengal dye was obtained 

Surface enhanced Raman spectroscopy (SERS) is unaffected by the prob- 
lems due to moisture and background absorption that plague m situ infrared 
measurements [ 132,133] The sensrtrvrty and spatial resolving power of the 
technique are compatible with the modern practrce of TLC. Resonable spectra 
can be obtamed from as httle as lo-60 ng of sample per spot, Compared to 
solution spectra changes m band lntensrtles and positions are sometimes ob- 
served for the sorbent adsorbed species Further work is required to define the 
optimum parameters for recording spectra, for example, whether a post-chro- 
matographrc treatment with a silver collold is needed as claimed in one report 
[ 1331 Not withstanding these procedural dlfficultles, the method holds a great 
deal of promise for the future. 

7 3 Mass spectrometry 

Four methods have been described for obtanung mass spectra of TLC spots 
The spot can be scrapped from the TLC layer and the sample eluted with sol- 
vent and then evaporated to a residue for insertion into the mass spectrometer 
or the sample plus sorbent can be inserted directly into the mass spectrometer 
[134-1361 The direct msertlon of sample plus sorbent mto the ion source 
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generally requires relatively high temperatures for desorption and large sample 
amounts to give usable mass spectra Polar and high-molecular-mass samples 
are not easily desorbed and separation of the sample from the sorbent is gen- 
erally preferred for these samples 

A direct interface for obtannng chemical lomzatlon mass spectra from spots 
on various types of TLC plates has also been described [ 137,138] A scannmg 
device is used to move the TLC plate past a source of desorption energy, either 
a low-power pulsed carbon dioxide laser or tungsten filament incandescent 
lamp The chemical lomzatlon gas is then used to sweep the desorbed materials 
through a heated inlet system into the ion source of a quadrupole mass spec- 
trometer. The laser method provides very httle bulk heating of the plate and 
is preferred to the incandescent filament when thermally unstable and mvol- 
atile compounds are to be examined. From studies of model compounds it was 
shown that polar and high-molecular-mass compounds are only poorly trans- 
ferred to the mass spectrometer This may be due to mefficient desorption from 
the plate or recondensation on colder zones within the scanner unit Com- 
pounds with molecular masses greater than 200 showed a considerable de- 
crease m sensitivity compared to lower-molecular-mass compounds and few 
compounds with molecular mass greater than 300 could be detected at all. In 
favourable cases detection limits of about 10 ng were obtained by single ion 
momtormg and about 10 ng when a small mass range was scanned However, 
the precision was very poor when attempts were made to make quantitative 
measurements of TLC spots 

Fast atom bombardment (FAB ) mass spectra of thermally labile and mvol- 
atile samples can be obtained directly from TLC plates [ 139,140]. The stan- 
dard FAB probe is covered with a strip of double-sided masking tape and the 
tip of the probe pressed against the TLC spot to lift it from the plate Small 
volumes of solvent and FAB matrix solution, a few mlcrohters, are then added 
to the sorbent and the probe introduced into the mass spectrometer to acquire 
mass spectra m the usual way Useful mass spectra were obtained from samples 
in the 10 ng-1 fig range 

Novak and Hercules [ 1411 have demonstrated that mass spectra can be ob- 
tamed from mvolatile samples without removal from the TLC plate using the 
laser microprobe mass analyzer This mstrument is designed for surface anal- 
ysis and uses a laser beam for ablation and ionization of the surface species 
under high-vacuum conditions. Good-quality mass spectra were obtained from 
lo-ng samples for a number of ionic dyes on TLC plates The use of a laser 
provides high spatial resolution and single spots could be sampled at several 
positions to determine sample homogeneity and to mass-resolve mcompletely 
separated components. Both the availablhty of the apparatus and the sample 
requirements (very low volatihty) make this procedure more specialized than 
the others we have discussed in this section 

Liquid secondary ion mass spectrometry (SIMS) has recently been dem- 
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onstrated as a suitable techmque for obtaining mass spectra of in situ samples 
on TLC plates [ 142-1471. The mass spectra obtained by SIMS typically con- 
tam even-electron ions of the same type observed m chemical lomzatlon mass 
spectra and the fragmentation processes observed are analogous m many cases 
In the SIMS experiment the scrupulously dry plate in a vacuum chamber is 
scanned through an ion beam using a motor-driven scannmg stage similar m 
prmclple to optical scanning densitometers. The primary ion beam, usually 
argon or cesmm, is accelerated to high energy and collides with the surface 
transferring its energy in a collision cascade to atoms and molecules in the 
surface region Neutral molecules, ions, electrons, and photons are eJected from 
the surface. The ions of mterest are drawn into the mass spectrometer by an 
extraction potential where they are analyzed. The sensitivity of the technique 
can be improved by using a phase transition matrix and time averaging [ 143- 
1461 Since ions are removed only from the surface the bulk of the sample is 
not ionized by the primary ion beam unless a mechamsm can be found to ex- 
tract and cycle the maJor portion of the sample to the surface m a continuous 
manner Impregnating the chromatogram with a viscous hqmd or low-meltmg- 
point solid such as glycerol or 1,2,3,4butanetetrol extracts the sample from 
the sorbent and allows its vertical movement to the surface when ionization 
occurs (the primary ion beam provides sufficient energy to melt the solid ma- 
trix in the neighborhood of its point of impact, this provides extraction without 
zone broadenmg) By using a phase transition matrix a steady signal can be 
obtained for several hours permlttrng extended data collection and lowering of 
the sensitivity of the techmque to the lo-ng range More usual sample sizes for 
obtaimng full mass spectra without averaging are m the microgram range. 

8 BIOMEDICAL APPLICATIONS 

Biomedical applications of TLC are far too numerous to survey m detail 
Some examples of separations using scannmg densitometry will be given m 
this section to indicate the scope and analytical utility of quantitative TLC m 
the life sciences. Citations to compound type may be found m the Bibliography 
Section of the Journal of Chromatography, Fundamental Reviews Section of 
Analytical Chemistry, and m the Camag Bibliography Service (Camag, Mut- 
tenz, Switzerland) The book edited by Trelber [ 111 contams chapters on the 
quantitative analysis of steroids, vitamms, alkaloids, antibiotics, bloactlve ma- 
terial m plant extracts, and proteins by TLC Fried and Sherma [97] have 
reviewed the application of TLC to the separation and analysis of lipids, ammo 
acids, carbohydrates, natural pigments, vltamms, nucleic acids, steroids, and 
pharmaceuticals. More recent sublect reviews published since the above com- 
pilations mclude the analysis of foods [ 1471, surfactants [ 1481, drugs m for- 
mulations and biological fluids [ 149-1521, lipids [ 153-1551, polyammes [ 1561, 
ammo acids [ 1571, carbohydrates [ 1581 and mycotoxms [ 154,159] by TLC 
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Separations by high-performance liquid chromatography (HPLC) and TLC 
occur by essentially the same physical methods The two techniques are fre- 
quently considered as competitors when it would be more realistic to consider 
them as complementary to each other By HPLC it is easier to generate large 
numbers of theoretical plates and simpler to automate the analytical procedure 
than is the case for TLC. On the other hand TLC offers a much higher sample 
throughput due to the possibility of performing separations simultaneously 
and can handle cruder samples since the separation medium is used only once 
and then discarded. There is no possibility of column contamination which 
decreases the practical sample throughput of HPLC due to the delay in restor- 
mg the column to its origmal separation comhtlon. The detectlon process m 
HPLC is dynamic while m TLC it can be consldered to be static. The TLC 
plate is a storage detector which can be evaluated at intermediate times during 
the separation, as is commonly done m multiple development, or can be eval- 
uated sequentially by different detection techniques at the completion of the 
separation It is relatively simple to apply chemical reagents to enhance detec- 
tion selectivity and sensltlvity m a manner unrestricted by the time con- 
straints that must apply to a dynamic detection system. This enhances the 
flexibihty of detection and makes possible the routine analysis of substances 
contammg weak chromophores. 

In hght of the above discussion we would anticipate TLC methods being 
most widely used for the cost-effective analysis of simple mixtures where the 
sample load is large, for the rapid analysis of samples requiring minimum sam- 
ple cleanup, for the analysis of samples contaimng matrix components that 
remain sorbed to the separation medium or contain suspended microparticles, 
and for the analysis of substances with poor detection characteristics that re- 
quire post-chromatographic treatment for their determmatlon Examples of 
the above points will follow. Several studies have demonstrated that when the 
above constramts apply TLC methods have a substantial economic advantage 
compared to HPLC methods [ 2,149,150,160-1621. There is no doubt that TLC 
methods could be more widely used than they are. There seem to be two prl- 
mary reasons for this. Modern TLC is equipment-mtensive and less likely to 
be available to the analyst than a liquid chromatograph. Thus analytical meth- 
ods become automatically developed around HPLC even if there are substan- 
tial economic and practical reasons to use TLC. It is often overlooked that a 
densitometer can serve several projects with muumum reconfiguration and 
vutually no down time between projects while a high-performance liquid chro- 
matograph usually has to be dedicated to a particular assay and multiple assays 
generally require the availability of several instruments Samples which are 
analyzed only occasionally become a problem using HPLC due to the time 
required to establish the new operating conditions for the sample. The second 
problem is part psycholoBca1 and educational Most analysts have been tramed 
by conventional TLC practices where low separation efficiency and seml- 
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quantitative analysis are accepted m return for simplicity, low cost, and speed. 
This establishes their horizons for TLC. Few analysts are knowledgeable about 
developments that have occurred in modern TLC and have no hand-on expe- 
rience of the techmque. Their evaluations are often made using faulty and 
biased mformatlon form the collectively larger HPLC marketing strategists 
who do not want to loose sales to a competing product lme m which they have 
no representation 

High-volume samples can be simple mixtures such as formulations of ap- 
proximately known concentration or complex mixtures where it is desired to 
identify and quantify only a few substances or to obtain a fingerprint charac- 
teristic of the sample. Formulations may be analyzed for quality control apph- 
cations, for forensic identification, or for stability evaluation In the U S.A. 
seven ethynyl steroids are currently permitted for use as oral contraceptives 
or used to control menstrual disorders. Individual ethynyl steroids m any tab- 
let formulation can be identified with a single TLC system and the ratio of the 
components used to identify the make of tablet (Fig. 10) [ 341. The concentra- 
tion of mdivrdual active mgredlents can be determined with an RS D of be- 
tween 1 and 15% with mnumal sample cleanup. The tablets are simply &s- 
solved by somcatlon m a suitable solvent and, after centrlfugation to precipitate 
msoluble carrier substances, apphed directly to the TLC plate 

Fig 10 Separation of ethynyl steroids on slhca gel 60 HPTLC plates using two 15-mm develop- 
ments m the solvent system hexane-chloroform-carbon tetrachlonde-ethanol (7 18 22 1, v/v) 
and the determmatlon of D- ( - )norgestrel (arrow) m Lo-Ovral contraceptive tablets Steroid 
ldentlflcatlon 0 =methyl green (lane marker), 1 = 17a-ethynylestradlol, 2 = norethmdrone, 
3 = norgestrel, 4 = norethynodrel, 5 = norethmdrone acetate, 6 = mestranol, 7 = ethynodlol dlace- 
tate, 8= solvent front (Reproduced with permlsslon from ref 34 ) 
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TLC is frequently used for purity determination of pharmaceutical products 
m which, generally, the contammants represent only a small fraction of the 
extractable sample An example is shown in Fig. 11, for the determination of 
D-tyrosme m L-tyrosine at the 0 1% contammation level [ 1631. The separation 
of enantiomers based on hgand exchange (largely for ammo acids, a-hydroxy 
acids, peptides and their derivatives) [ 163,164] and of diverse small molecules 
(drugs, metallocenes, crown ethers, nicotine derivatives, etc ) by host-guest 
complexation with soluble P-cyclodextrins [165] are now well established 
techmques The limit of determination for minor components ~111 depend on 
the sensitivity of the contammant to detection, the operation of the densitom- 
eter, and the selectivity, both chromatographic and spectroscopic, of the 
method. Fig. 11 provides an example of the determination of mmor contami- 
nants m the solvent-extractable fraction of a metoprolol tartrate tablet as part 
of a stability study [65] Two sample loadings were used, a 200-nl sample to 
determine l- (isopropylammo) -3- [ 4- (2-hydroxyethyl)phenoxy ] -2-propanol 
(II) and 10 ~1 for 4- (2-methoxyethyl)phenol (III) which is present m lower 
concentration At the higher sample loading component II is inadequately re- 
solved from the maJor component and, therefore, both components cannot be 
determined m a single sample apphcation. In the example shown the average 
amount of II was 0 78% (w/w) and of III 0.06% (w/w). The TLC identlfica- 
tion of minor components m street heroin can be used to identify potential 
sources of the ilhcit drug [ 1661 A quantitative TLC method has also been 

I 

\ 

Fig 11 Determmatlon of mmor component contammants m pure substances On the left the 
detection of D-tyrOSlne m L-tyrosme on a Chlralplate (Macherey-Nagel, Duren, F R G ) after 
vlsuahzatlon with nmhydrm and right the determmatlon of compounds II and III m aged tablet 
formulations of metoprolol tartrate (I) after separation on a Whatman KCll reversed-phase plate 
for 10 mm m the solvent system 10% aqueous ammoma-methanol (3 7) and detectlon m the 
dual-wavelength smgle-beam mode at I 1 = 280 nm and 1, = 300 nm (Adapted with permission 
from refs 65 and 163 ) 
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described for accelerated stab&y studies for prediction of mherent sensltlvlty 
of drugs toward oxygen [ 1671. 

Other examples of stability and impurity analysis by quantitative TLC m- 
elude the determination of nlcotmlc. acid esters in pharmaceutical creams [ 321, 
lmpurltles m mebeverme hydrochloride tablets [168], and lmpurltles in the 
antlblotlc erythromycm [ 1691 

Quantltatlve TLC 1s ideally suited to large-scale screening programs smce 
costs can be mmlmlzed using parallel separations and certain kinds of matrix 
interferences can often be tolerated to a higher level than 1s possible with HPLC. 
Recreational drug use contmues to be a major natlonal problem m the U S A 
as evidenced during the past several years by extensive drug-testing programs 
launched by the Armed Forces and industry. Most drug-testing programs con- 
tam two elements, a preliminary urine screen to target samples for further 
analysis, and a second, more specific confirmatory analysis. For screening pur- 
poses either immunoassays or TLC are used [ 151,152,170-1721 Since TLC 
mcorporates a separation step m the ldentlflcatlon it 1s generally more speclflc 
than the lmmunoassays (cross-reactions are a problem m immunoassay) and 
for screening urine for unspecified drugs TLC has a greater potential for Iden- 
tlficatlon (many lmmunoassays are specific for an mdlvldual drug) Various 
estimates place the number of urine samples currently submitted for drug 
screening at about 18 million annually m the U.S A., a number that 1s antlcl- 
pated to increase in future years [ 1711 The principal drugs of abuse are am- 
phetamines, barbiturates, benzodazepmes, cannabmolds, cocaine, methaqua- 
lone, opiates, and anorexlcants. The detection sensitivity required for drug 
screening 1s not too stringent predicated by the desire to avoid certlfymg as 
posltrve passive or accldental exposure to illicit drugs 

Detectlon limits vary substantially for individual drugs and the specifics of 
then metabohsm, but m general, mmlmum detection requirements m the range 
20-300 ng/ml 1s presently accepted as adequate For most drugs, this level 1s 
easily reached by scanmng densltometry Parallels exist for drug abuse m sports 
for the purpose of lmprovmg athletic performance. Fig 12 shows a separation 
of a series of performance-enhancing drugs by forced-flow TLC [173] The 
average time required for a smgle urme analysis mcludmg extraction, sample 
apphcatlon, development, and detection was about B-10 mm for these drugs 
Other large-scale screening programs are employed m pharmacognosy to lden- 
tlfy mdlvldual plant species and their blologlcally active components. Some 
recent apphcatlons include the fingerprinting of crude gensengs from various 
sources [ 1741, the characterlzatlon of tropane alkaloids [ 1751, coumarm ISO- 
mers [ 1761, lridold glycosldes [ 1771, and gensenosldes [ 1781. Recent pubh- 
cations on the identlficatlon of mdivldual drug groups include sulfonamides 
after conversion to then fluorescamme derlvatlves [ 1791, adrenerglc &block- 
ers wlthout derlvatlzatlon [ 1801 and as their dansyl derlvatlves [ 1811, dmret- 
ES [ 1821, steroids [ 1831, and macrohde antibiotics [ 184,185] 
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Fig 12 Separatlor of doping agents and a urme extract by forced-flow TLC’ on a sAca gel 60 
HPTLC plate with the mobile phase n-butanol-chloroform-methyl ethyl ketone-water-acetlc 
acid (25 17 8 4 6) at a linear velocity of 0 85 cm/mm Identlficatlon of standards 1 =strychnme, 
2 = ephedrme, 3 = methamphetamme, 4 = phenmetrazme, 5 = methylphemdate, 6 = amphetamine, 
7 = desoplmon, 8 = coramm, 9 = caffeine (Reproduced with permlsslon from ref 173 ) 

The quantltatrve analysis of drugs m blood and blologmal flurds is comph- 
cated by the low concentratrons normally encountered and by Interferences 
from metabolic products which may closely resemble the parent drug Quan- 
tltatlve TLC methods have been used for bloavallabllity studies in man and 
animals, for metabohsm and pharmacokmetlc studies, and for therapeutic 
monitoring. 

Chlorpromazme 1s a widely administered psychopharmacologic agent m 
mental health facrhties. Estimates of the amount of chlorpromazme present 
m blood serum during therapy range from about 10 to 300 ng/ml Chlorprom- 
azine and other trmyclic antidepressants can be determined at therapeutic lev- 
els after extraction of 1 0 ml of serum at high pH, back-extraction into acrd, 
and re-extraction after adjustmg the pH [186,X37]. After solvent reduction 
the extracts can be applied directly to the TLC plate for separation and quan- 
trtatlon (Fig 13 ) The recovery and reproduclbllity of the assay were improved 
by adding internal standards, butaperazme for chlorpromazme and loxapme 
for the trlcychc antidepressants, as well as carrier substance, perphenazme, to 
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Fig 16 Separation of 11pKls from a mouse sclatlc nerve extract fortefied with lysophosphatldyl- 
choline, lysophosphatldylethanolamme, phosphatldlc acid, phosphatldylglycerol, dlgalactosyldl- 
acylglycerol, and monogalactosyldlacylglycerols Solvent system, methyl acetate-n-propanol- 
chloroform-methanol-O 25% aqueous potassium chlonde (25 25 28 10 7) on a slhca gel HFTLC 
plate Identlficatlon 1 = lysophosphatldylcholme, 2 = sphmgomyehn, 3 = phosphatldylchohne, 
4 = phosphatldylserme, 5 = lysophosphatldylethanolamme, 6 = phosphatldylmosltol, 
7 = phosphatldlc acid, 8 = cardlohpm, 9 = phosphatldylglycerol, 10 = plasmalogen, 1 1 = plant plas- 
malogen, 12 = dlgalactosyldlacylglycerol, 13 = hydroxysulfatldes, 14 = non-hydroxysulfatldes, 
15 = hydroxycerebrosldes, 16=non-hydroxycerebrosldes, 17 = monogalactosyldlacylglycerol, 
18 = neutral lipids merged with the solvent front The hpld zones were vlsuahzed by charring with 
copper acetate-phosphoric acid and scanning at 366 nm m the absorption mode (Reproduced 
with permlsslon from ref 199 ) 

lustrates the potential of modern TLC to obtain climcally useful characterlstlc 
profiles of complex extracts [ 1991 

9 CONCLUSION 

Optical scannmg densltometry 1s now a mature mstrumental techmque 
Those changes which have occurred m recent years have largely been assocr- 
ated with the matching of conventional optlcal and mechanical desrgns to the 
enhanced capacrty of computer control for optlmizatlon, automatron, and data 
handling These changes have made optical scannmg densltometry more con- 
venient for the user whrle srmultaneously reducing experimental errors. There 
1s little evidence that the performance of modern scanning densitometers de- 
grade the chromatographlc resolution and in terms of accuracy and precrslon 
chromatographlc and sampling errors seem to be more important m contem- 
porary practice than errors associated with the operatron of the densitometer. 
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Electronic scanmng densitometers have improved rapidly m performance m 
recent years and may one day rival sht scannmg densitometers for routine 
quantitative analysis. They will be most important for recordmg chromato- 
graphic information from two-&menslonal separations that are &fficult to scan 
mechanically Electronic scannmg densitometers cannot compete with me- 
chamcal scannmg densitometers at present m terms of cost or performance 
but these considerations can change rapidly as new technology develops and 
competes m the market place Improvements can also be expected m deriving 
structural information from separated zones on TLC layers without the need 
of overloading the separation layer and degradmg resolution and, where ap- 
propriate, without having to separate the sample from the sorbent. Spectro- 
scoplsts are startmg to appreciate the unique flexibility of TLC to provide 
static separations slmphfymg mterface design, to tolerate crude samples slm- 
phfymg sample preparation, and to separate multiple samples srmultaneously 
providing a high sample throughput 

10 SUMMARY 

The principal methods for obtannng quantitative mformatlon from sepa- 
rations performed by planar chromatographlc techniques are reviewed. Recent 
advances m obtaimng structural mformatlon for sample ldentificatlon of sep- 
arated components are also discussed Reasonable expectations concernmg fu- 
ture developments m densltometry are made. 
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