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1. INTRODUCTION

Cells and extracelular fluids of all living organisms contain a complex mix-
ture of compounds containing amino groups such as amino acids, peptides,
amines and zlkaloids. The study of structural, metsholic and functional rela-
tionships between these compounds frequently requires the determination
of several individual compounds in biological samples. For instance, the study
of the metsbolism of tryptophan in the brain normally involves analytical
moniforing of tryptophan, 5-hydroxytryptophan, tryptamine, N ,N-dimethyl-
tryptamine, 5-hydroxytryptamine, bufofenin (N Ndimethyl.5-hydroxyirypt-
amine}, melatonin {(N-acetyl5-methoxytryptamine}, indolylacetic acid and
5#ivdrosyindolylacetic acid, and frequently also metabolites of the kynur-
*Present address: Centre de Recherche Merrell Internationat, 16 Rue d’Ankara, 6760 Stras-
bourg, France.



enine pathway of tryptophan, conjugates (sulphates, acetates, glucuronides,
etc.) of the tryptophan metabolites and peptides. A recent frend in analyt-
ical biochemistry was therefore the development of methods that allow the:
determination of functionally and metabolically related compounds from
the same sample. However, although in certzin instances interest may be
focused exclusively on a single amine, one must devise methods that allow
the determination of the individual amine in the presence of many other
related compounds of comparable concentration. In methods of this type
chromatography is particularly useful.

The concentration of biogenic amines in tissues is, with few exceptions, low,
i.e., generally lower than 10 nmole per gram of wet tissue. The necessity for
the determination of low concentrations of biogenic amines in discrete areas of
the brain, in small cell populations and in single cells stimulated the improve-
ment of the sensitivity of the methods. The possibility of achieving the quanti-
tative determination of picomole or even femiomole amounts of amines, amino
acids and peptides is a major criterion for the suitability of a method in neuro-
chemistry. Less sensitive methods may be applied successfully to urine analysis.

Many naturally occurring amines and amino acids have been identified and
quantitated in tissues and body fluids in the last 20 years. The application of
more advanced methods to their assay frequently revealed, however, that their
actual concentrations were sometimes lower than was originally thought by
several orders of magnitude. g-Hydroxy-y-aminobutyric acid [1,2], choline and
acetylcholine [ 3], piperidine [4] and putrescine [ 5,6] in the brain are examples
of compounds for which revisions of their concentration in tissues were made
of the basis of advanced methods. Improvements in the specificity of the
methods was as important as an increase in sensitivity. The still increasing
application of mass spectrometry in combination with other separation
methods in analytical biochemistry is one of the latest trends aimed at im-
proving specificity. The exploitation of the specificity of enzymic reactions,
mostly combined with the use of radioactive substrates, and immunological
methods are alternatives to separation methods for increasing sensitivity and
specificity [7,8]. Radioenzymic assays have heen established for catechol-
amines [9—12], serotonin [13,14], §-phenylethylamines [15,16], histamine
[17—19], choline and acetylcholine [20--25] and putrescine [8], among
others, and radioimmunoassays are available for a few important biogenic
amines [26—29]. 3

Further insight into the molecular events associated with metabolic aber-
rations enormously increased the demands for routine assays of an increasing
number of amines and amino acids for diagnostic purposes, and for the mon-
itoring of therapeutic measures. Automated methods had to be developed to
meet the special requirements of clinical analysis. Automated methods, with
few exceptions, do not include separation steps, but utilize specific structural
features of the amines for determination. They are normally of hmxﬁed specific-
ity and applicable only under thomugnly defined circumstances.

In addition to automation and the increase in sensitivity and spec:ﬁctty,
further trend became apparent. After two decades of nearly exclusive con-
sideration of a small number of physiologically and pharmacolagically impor-
_tant amines, the catecholamines, sezotonm, mstamme and acetyicho!me, in-
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terest was extended to other amines of biological origin for which the physio-
logical significance is less apparent or less well established. Methads for the
determination of these amines are being developed. The term “biogenic amine®
has gradually seemed to regain its literal sense, which was originally used, for
instance, by Guggenheim in his now classic book “Bie biogenen Amine” [30].
Comprehensive reviews of analytical procedures for the assay of biogenic
amines do not seem to exist, if we neglect the short chapters in standard books
on thin-layer chromategraphy (TLC) and gas—liquid chromatography (GLC),
and the author’s shori reviews {31,32]. The reason for this is clear: most
papers reviewing anzlytical methods for biogenic amines are devoted either to
a special method or to a specizl approaeh [7 8,33—45] or a certain compound
[46—57]. Furthermore, established, generally accepted and generally appli-
cable chromatographic methods for the determination of amines are, with few
exceptions, not available. Any given sample of biological origin poses different
problems, depending on iis complexity and the concentration of the amines
in the sample. It is not possible, by using 2 single method, to establish a com-
plete profile of all important amines in a given biological sample. Most methods
are in principle not suitable for such an analysis: with the exception of the
completely non-specific detection methods used mainly in GLC, the flame-
lonization detector and the more specific nitrogen-sensitive alkali defector,
and the mass spectrometer, virtually no sensitive method exists for the defer-
mination of tertiary amines. They are normally not recognized, provided that
the molecule has specific features for sensitive detection, as is the case, for in-
stance, with bufotenin. Colour and fluorescent reagents for teriary amines do
not meet the requirements of the sensitivity needed for tissue analysis.
Disregarding these limitations, methods exist that are sufficiently versatile
to be adapted to a given analytical problem. Existing methods have been im-
proved sueccessfully during recent years by the application of refined chro-
matographic procedures or by increasing the sensitivity of detection by suitable
derivative formation. It is the purpose of this paper to review these methads.

2. GENERALLY APPLICABLE METHODS

Aliphatic mono-, di- and polyamines do not exhibit structural features that
permit their sensitive or specific detection. Interference refractometry was sug-
gested for the determination of amines after elution from thin-layer chroma-
tograms, but its low sensitivity (ug amounts of amphetamine [58]) is one of
several reasons for the restricted application of this method.

Disregarding detection with non-specific flame-tonization detectors, in all
methods currently in use for the assay of primary and secondary amines the
amino groups are utilized for the formation of derivatives suitable for sensitive
determination and/or improvement of separation. While the sensitivity of
detection depends on the derivatization reaction, the specificity is limited
solely by the quality of the separation procedure. In practice, nearly all de-
tection reactions have heen combined with alt separation procedures.



“ogd -

A P&pe_r and thin-layer chromatography and paper and thin-layer electro-
phoresis of free amines

‘A large number of solvent and buffer systems suitable for the separation of
non-derivatized amines on paper [53—74] and thin layers by chromatography
{80—106] or electrophoresis {63—65, 88,107—114] have been proposed. In ad-
dition to the usual layers (cellulose, alumina and silica gel), ion-exchange paper
and thin layers [88, 115] have been considered, and also separations by ligand
exchange [116]. The references cited in this paragraph mainly describe sep-
arations of aliphatic amines. Although the reference list is incomplete, it dem-
onstrates the wide application of amine separations in analyticzl biochemis-
try. Chromatographic separations of underivatized S-phenylethylamines, cate-
cholamines, histamine, indoleamines and a.cetylcholme will be discussed in a
subsequent paper.

For the detection and determmatxon of separated primary and secondary
amines, ninhydrin has most commonly been used, and Dragendorff reagent for
tertiary amines [117]. A number of other generally applicable detection reac-
tions are available [105]. Colour reactions of primary amines with 2,5-di-
methoxytetrahydrofuran plus p-dimethylaminobenzaldehyde [118], and the
more generally applicable reactions with 2,6-dichloroquinone 4-chlorcimide
{1191 or potassium permanganate {77}, or the fluorimetric procedure of Segura
and Gotto [120] for the detection of organic compounds on thin-layer chroma-
tograms, may prove useful in certain amine analyses, as well as the reaction of
tertiary amines with «,y-anhydroaconitic acid to give coloured products [121].
Considerable progress in the detection of primary amines was made, however,
by using fluorescamine as spray reagent [122—124], which can reveal pico-
mole amounts. The reaction of fluorescamine with primary amines is illustrated
in Fig. 1. Although there are certain difficulties, quantitative evaluation of
chromatograms sprayed with or dipped in fluorescamine is possible. An alter-
native method is the application of the o-phthaldialdehyde reaction in the
presence of thiol-containing compounds (2-mercaptoethanol) [125] for the
fluorescence staining in TLC, thin-layer electrophoresis (TLE), paper chroma-
tography (PC) or paper electrophoresis (PE). The sensitivity of this method
[126] in our hands was not as good as that of the reaction with fluorescamine,
but was useful.

Fig. 1. Reaction of fluorescamine with 2 primary amine.

Despite considerable experience, there is no generally accepted approach to
the analysis of the free amines in a biological sample. Disregarding the com-
plexity of the mixture and the varying concentrations of its components, there
is an additional difficulty inherent in their structural feature: the salts and the
_ free bases of many natural aliphatic amines and g-phenylethylamines are



225

readily soluble in water. Homogenization with acids [0.2—0.4 M HCIO.; 10%
trichloroacetic acid; acetone—0.1 & HCI (35:5)}] is effective for their extraction
from tissues, but it is difficult to concentrate large volumes of the acidic
solutions without losses of trace amounis of the amines. Some of the low-
molecular-weight amines are volatile. On the other hand, certain conjugates (for
" instance acetates) may be hydrolvzed during evaporation, and evaporation of
neutralized solutions causes heavy losses. In fact, water-vapour distillation of
alkaline solutions was used until recently for the separation of volatile from
non-volatile amines and amino acids [62,63,127,128].

Aromatic amines and some §-phenylethylamines can be extracted from al-
kaline solutions with ethyl acetate, diethyl ether and similar solvents. The
polyamines spermidine and spermine were mostly extracted with n-butanol
[86,108] before chromatographie separation. A generally applicable solvent-
extraction procedure for amines does not exist and, moreover, scme biological-
ly important amines are unstable in alkaline solutlons. Not only catecholamines
and related compounds but even simple aliphatic diamines may Be partially lost
due to decompaosition in alkaline solutions.

A method known as ion-pair extraction may form a basis for future develop-
ment. Ammonium compounds (cho!me acetylcholme ete.}, primary, second-
ary and tertiary amines and amino acids form ion pairs with anions. The ion
pairs with tetraphenylborate [129]. Hgl; 2~ {130}, anthracene-2-sulphonate
[131] and di-(Z2-ethylhexyl)phosphate [132], among others {133—137], can
be extracted with organic solvents.

fon-pair extraction has proved useful in drug analysis [137, 138] and the
determination of acetylcholine [139] and of enzymes involved in acetylcho-
line metabolism [129, 133,140]. Ion pairs are suitable for separation by par-
tition chromatographic methods. Column chromatographic separations utilizing
this principle for the assay of some biogenic amines have recently been pub-
lished [141—143].

Among the aliphatic amines, a group of di- and polyamines {Fig. 2) deserves
special mention. These amines are uvbiquitous in the natural world and prob-
ably play basic roles in cell biology [144,145]. Moreover, they might be useful
as markers of neoplastic growth and indicators of the effectiveness of eancer
chemotherapy [146—148]. These amines can serve as a typical exampie of the
present situation in the analysis of amines in tissues and body fluids, and to

(D HN-{CH2)3-N&2

@ HN-(CH) -NH

@ HN-(CHls-Nif2

‘© HN-{CHa}3 -NH-(CHZIz ~HH2

© Ho~(CHiads- K- (C)c -NH-(CHz, -NHz

Fig. 2. Structurzi formulse of the naturat di- and polyamines. 1 = 1,3-Biaminopropana;
‘2 = putrescine (% 4<lmmxnobu:ane), 2 = cadaverina {1,5-dizminopentzne}; 4 = spermidine;

5=spermme.
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demonstrate the various strategies applied to the solution of a most important
analytical problem.

The theoretical and practical importance of the polyamines has stimulated
the establishment of a large number of analytical methods. Bachrach [145]
summarized about 30 solvents for PC, 11 solvents for TLC and 12 different
buffers for PE of the non-derivatized polyamines. Most workers used extrac-
tion of alkaline solutions with r-butanol in order to accumulate the polyamines
and to separate them from amino acids. It should be emphasized that the
chromatographic systems used for the separation of aliphatic amines are also
generally suitable for amino acid separations. Ninhydrin was nearly always
used for detection and determination. Some laboratories preferred, however,
to determine spermidine and spermine by staining with amido black [108].

Most of these methods never gained much attention, but certain versions
of PE [107,108] found wide application until recently. It turned out, however,
that the urinary spermine concentrations, as measured with the PE method,
were higher than those found with other procedures [148] . Putrescine concen-
trations in tissues were even higher by an order of magnitude than the results
obtained with more advanced methods [5,6,149]. Therefore, virtuzlly all of
these methods have been abandoned as far as tissue, blood and urine analysis
are concerned. For the.establishment of metabolite patterns of radioactive
precurscrs, PE and preferably TLE {150, 151] are, however, the most suitable
techniques. For this purpose, it is advisable to apply trichloroacetic acid or
neutralized perchloric acid extracts (neutralized with KHCO;, in order to
remove perchlorate) instead of n-butanol extracts on the chromategraphic
plates. Putrescine, and probably other diamines, might form degradation
products in alkaline solutions, as was mentioned before.

A recent version of TLC, namely separation on silicagel sintered-glass plates
combined with in situ fluorimetry after reaction with fluorescamine, was sug-
gested as an improvement of the determinstion of polyamines on a microscale
[123] . N-3-Aminopropylheptane-1,7-diamine was used as the internal standard.
The sensitivity of detection with this method is of the order of 100 pmole. its
specificity and applicability in tissue and body-fluid analysis have not yet been
established. However, this example shows that the TLC of free amines is still
under development.

B. Ion-exchange chromatogrephy of amines

. The ion-exchange column chromatographic pre-separation of complex bio-
logical! mixtures, and subsequent determination of amines in the fractions by
using specific methods, has a long history. This approach is still one of the most
important in the chemical analysis of biogenic amines.

The construction of automated devices for amino acid analysis following the
work of Spackman et al. {152] suggested the utilization of these devices for
amine analysis in the same way as for amino acid analysis. The work of Perry
and co-workers [67—T72,153] is exemplary in this respect. This group, and
others [154—160], used almeost exclusively columns packed with sulphonated
_ polystyrene resins and either pH or salt gradients, or combined pH and salt
'+ gradients, for the successive efution of the different amines. As aromatic amines
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in particular show considerable interactions with the polymer matrix, the
elution patterus do not follow exactly the ion competition equilibria. The com-
plete dissolution of a complex mixture of biogenic amines cannot be expected
with this method, but starting from large tissue samples it was possible to iden-
tify a number of aliphatic amines and phenylethylamines in the brain if addi-
tional separation methaods (PC, PE} were applied [72,153,154]. The same ap-
proach was successful for the detection of amines in urine [68,71,155,161]
and cerebrospinal fluid §69]. On of the drawbacks of this approach is that
identification of the amines is based exclusively on chromatographic criteria,
which are insufficient in principle and may lead to errcnecus conclusions.

Technical improvements to commercial amino acid analyzers have been con-
siderable during the last decade. The development of spherical resins and
polymer-ceated glass spheres with a narrow range of diameters of 10 ym and
less increased the resolufion and sensitivity. Even with ninhydrin as the detec-
tion reagent, the sensitivity is now in the nanomole range. An improvement in
sensitivity came from the application of continuous fluorescence monitoring,
using fluorescamine [162,163] or o-phthaldialdehyde [164,165] as reagents.
Under favourable conditions, these methods allow the measurement of pico-
mole amounts of amines eluted from columns with diameters of 1—3 mm.
Nevertheless, the routine measurement of aliphatic amines or of S-phenyl-
ethylamines in tissues and body fluids plays only a negligible role, and even the
clinically important catechol- and indoleamines and their metabolites are norm-
ally not determined by automated ion-exchange methods. However, as will be
discussed in a subsequent paper, some procedures meet the reguirements of
routine clinical analysis.

The inferest in polyamines as possible markers of malignancy induced
methadical developments, which are briefly summarized here. They illustrate
the general trends of the current development of ion-exchange column chro-
matography.

Ion exchangers for the separation of di- and polyamines from amino acids
and other amines have been in use for 20 years {166} and almost all types of
commercizal resins have been applied{ 145] . Elaborate separations were achieved
using cellulose phosphate columns [167]1. The amines were eluted by salt or
pH gradients, and were determined in the collected fractions using dinitrophe-
nylation {166,168,169], enzymatic methods [169,170] or condensation with
o-phthaldialdehyde [167,169,171]. The tediousness of these procedures was
surmounted by the automated modifications. Commercizal amino acid analyzers
were adapted in several laboratories for polyamine separations.using, with one
exception 172}, reaction with ninhydrin and colorimetry at 570 nm for quan-
titation [173—181a]}. Separations are achieved by two-or multi-step gradient
elution using pH and/or sodium chloride gradients. An example is shown in
Fig. 3. Recently, an attempt was made to apply ligand-exchange chromato-
graphy to the separation of polyamines [I182}]. Celiulose ion exchangers and
different polystyrene sulphonated resins were loaded with Cu®’, Zn®* and
Ni?*, but the results were not adequate to meet current standards.

The sensitivity of detection was increased from about 500 to 0.2 nmole
when fluorescamine was used [172}. The standard deviation of the procedure
is of the order of + 5% and the recovery is better than 90% [177—179].
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Fig. 3. Elution pattern of amines from a sulphonated polystyrene ion-exchange column
using a two-step buffer system with an exponential pH and NaCl gradient in the second step.
For details, see ref. 176. Buffer flow-rate, 70 mi/h. 1 = Ammonisa; 2 = monoacetyi-1,3-dia-
minopropane; 3 = monoacetyl-1,4-diaminokutane; 4 = monecarhamy!-1,4-diaminobutane; 5
= arginine; 6 = 1,4-diamino-2-hydroxybutane; 7 = diaminopropane; 8 = N!-monoacetyl-
spermidine; 9 = N°-monoacetylspermidine; 10 = 1,4-diaminobutane (putrescine); 11 = 1,5-
diaminopentane (csdaverine); 12 = N-(3-aminopropy!)-1,3-diaminopropane; 13 = spermidine;
14 = agmatine; 15 = N, N'-bis-{3-aminopropyl)-1 3-d|ammopropane 16 = spermine (20 nmol
of each amine). Accordmg to Tabor et al. {176].
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Fig. 4. Separations of serum -and cerebraspinal fluid polyamines using an automated high-
performance liquid chromatographic technique in combinatiorn with the reaction of amines
with o-phthaldialdehyde.” (After acid hydrolysis the equivalents of 1.25 ml of serum and
cerebrospinal fluid were separated). According to Marton and Lee [183].

Recently, small high-pressure columns were- utilized in combination with
highly developed fully automated equipment with computerized peak-area cal-
culation. This device allows the routine determination of 3—6 pmoles of pu-
trescine and spermid;ne and 12—15 pmoles of spermine if the o-phthaldial-
dehyde method is adapted to the system [183]. Fig. 4 shows separations of

- polyamines from 1.25.ml serum and cerchrospinal fiuid samples. Further

*f;;:mprovemenes can be expected from nnprovem.enfs f:o the xon-excha-.ge resins.
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C. Coloured derivatives of amines for thin-layer ckromatographic separation

A reagent suitable for the analysis of small amounts of amines (and amino
acids) should fulfill the following criteria: (2} Rapid quantitative reaction under
mild conditions in water or water<ontaining media; (b) specificity for primary
or secondary zmino group; {c) high sensitivity of detection; (d) favourable
chromatographic properties of the derivatives; and (e} low polarity of the reac-
tion produets in order te permit the accumulation of the reaction products by
solvent extraction.

Several compounds are available that react either with primary amino groups
or with primary and secondary amino groups, but no reagent is known to be
specific for secondary amino groups, nor is there a derivative-forming reaction
known for tertiary amines that is suitable for quantitative analysis.

The reagents summarized in Fig. 5 react, with one exception, with primary
and secondary amines in weak alkaline solutions to give coloured derivatives
in high yields. The derivatives are stable, can be extrzcted from the reaction
mixture with organic solvents and are suitable for chromatographic separation
and spectrophotometric determination in the nanomole range. Hence they
meet at least partiaily the above-mentioned criteria.

Solvent systems for the TLC (and PC) of these derivatives have been for-
mulated for only a few amines. Only 2,4-dinitrofiucrobenzene (Dnp-F), the
well known end-group reagent of Sanger [184,185], and the more specifical-
ly reacting 2,4-dinitrobenzenesulphonic acid [186], which leads to the same
derivatives, have been used extensively, both for the determination of certain
urinary and tissue constituents. PC [187,188] and TLC {1885, 183—194] were
used for separation, and it was shown that the derivatives are also suitable for
ion-exchange column and GLC separation [190}. As was mentioned before,
dinitrophenylation was utilized for the determination of amines in column
eluates [195}. The mass spectra of the Dnp derivatives have been studied to
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Fig. 5. Structural formulze of reagents recommended for the formation of coloured deriva-
tives with primary and secondary amines I = 2,4-Dimitroflucrobenzene [184}; 2 = 2,4-
dinitro-5-flucroeniline {197}: 3 = 3 S5-dinitrobenzoyl chloride 75}; 4 = 4-dimethylamino-
3 Mnitmbenmyi chloride {198,189]; 5 = 44 -nitrophenylazc)benzenecarbony! chioride
f2o0a}. 6 = §{4" N N-dimethylaminophenylazo)henzenecarbonyt chloride £2011;7 = 4phe-
nylazolhenzenesuiphony! chioride [2021; 8 = 4-(4-N,N-dimethylaminophenylazajbenzene-
phony[ chfonde {233.204; g= gm H-&-&cdobenzen&xlphony! chloride [196}].



show the usefulness of this method for the unambiguous identification of
amines [1911.

Restriction of the sensitivity of defection to the nanomole range is the main
reason for the limifed use of coloured derivatives for the analysis of amines in
tissues, and for the preference for fluorescent reagents of similar reactivity and
separation characteristics. In order to make use of existing experience, and to
increase the sensitivity of detection, tritiated Dnp-F was introduced for tissue
amine analysis [ 128} . With this reagent, a few picomoles of 2 compound can bhe
detected ; however, these amounts are invisible and it is difficult, therefore, to
cornitrol the quality of the separations on the thin layers. If the specificity of
the separations is not adequately controlled, erronecous results might be ob-
tained.

Increase of the sensitivity of detection by utilization of radicactive reagents
is not new. ['*'I]p-lodobenzenesulphonyl chloride has been known for 30
years [{196], but it was never generally applied, for the above reasons.
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Fig. 6. Struciural formulae of reagents recommended for the formation of flucrescent deriv-
atives with primary and/or secondary amines. 1 = 5-Dimethylaminonaphthalene-1-sul-
phonyl chloride (Dns-€1): 2 = 5-di-n-butylaminonaphthalene-i-sulphonygt chlaride (Bns-
Cl); 3 = S-methylanilinonaphthalene-2-sulphonyt chloride (Mns-Cl); 4 = 2-p-chlorosuipho-
phenyl-3-phenylindone (Bstl); §= 4-€Eﬂom~7omtmbenzo fc}-1,2,5-oxadizzole (Nbd-Cl); 6
= 4-phenylspiroffuran-2(3H), 1 -phthalan{-3,8 dicne (fluorescamine}; 7 = 4-dimethylamino-
naphthalene-1-isothiceyanate; 8 = S-isothiocyznatoscridine; 8 = fluorescein uthxocganste,
. 10 4-d1methy!nmxnocmnama!dehyde it cpyndoxa! 12 =o-phthaldxaldehyde. o
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B. Fluorescent dertvatives of amines for thin-lgyer and cofumn chromato-
graphic separation

In Fig. 6, reagents currently used for the fluorescence labelling of amines
(and amino acids) are summarized. The same reactive groups (activated halogen,
sulphonyl chloride) are used both for fluorescence and colour Iabelling. Isothio-
cyanates and aldehydes are used only for special purposes. The specificity of
the reactions and the formation of side-products during derivative formation
are, in principle, the same for coloured and fluorescent derivatives. The abvious
advantage of fluorescence labelling is the increased sensitivity of -detection. An-
other advantage is the wide range of linearity between amount of substance and
fluorescence intensity (i.e., photometer response), which simplifies and im-
proves the in situ evaluation of TLC separated fluorescent compounds [205—
208] and the continuous monitoring of column effluents.

The use of coloured and fluorescent reagents involves the same strategies:
either the total tissue extraets or body fluids are made to react first, and sep-
aration procedures are applied exclusively to the derivatives, or a certain
compound or a group of reiated compounds is pre-separated by solvent extrac-
tion, ion-pair extraction, column chromatography, etc., and the detection
reaction is applied to the pre-separated compounds. In no case is a step in-
volving purification of the derivatives dispensable, because normally side-
products are formed during derivative formation; hydrolytic cleavage of the
reagent is the most common side-reaction.

The information available does not permit a thorough comparison of the
advantages of the different reagents. The amounts of information about the var-
lous reagents differ considerably and for some reagents is only fragmentary.
Fluorescent reagents are briefly surveyed in the following sections; for a more
detailed description, see ref. 209.

a. £-Chloro-7-nitrobenzofc] -1,2,5-oxadiazole

As an aryl halogenide with activated halogen (see Fig. 6, Na. 5), 4-chloro-7-
nitrobenzo{c}-1,2,5-oxadiazole (Nbd-Ci) is closely related to Dnp-F. It reacts
readily in agueous solutions [210,211] or in organic solvents [212—-214} with
primary and secondary amines, and less readily with phenols and thiols at pH
3. "‘hiol-containing compounds, however, react rapidly at pH 7 {215]. Usually
1—20 pg of amine dissolved in 25—500 pl of solution is mixed with four
volumes of a 0.05% solution of Nbd-Cl in methanol, and 50—100 ul of 0 1 M
NaHCO, solution are added. Completion of the reaction is achieved by heating
at 55° for 60 min, and the yields are mostly > 85% [210}. Separation of the
reaction product from excess of reagent is usually achieved by silicz-gel column
chromatography.

A thorough study of the chemical and physical properties of Nbd deriv-
atives has not been published. They are stable in sofution and on thin-layer
plates, if protected from frradiation. In contrast with maost other fluorescent

Iabels, the absorption maxima of Nbd derivatives are in the visible region
{Amax(A) = 460—470 nm), so that absorption and emission bands (Amax(E)
= 510530} overlap E210,215,216I According to Klimisch and Stadler, about
50 pmol of Nbd-dimethylamine was measurable per millilitre of ethyl acetate.
- By direct (in situ) fluorescence measurement, direct proportionality between
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the recorded curve areas and amounts of substance was observed with 76—T00
pmoles [210]. Nbd derivatives are suitable for mass specirometric identifica-
tion [217].

b. Fluorescent sulphony! cklorides '

Four sulphonyl chlorides are currently in use for the fluorescence labelling
of amines and amino acids: 5-dimethylamino naphthalene-1-sulphonyl chloride
(Pns-Cl), 5-di-n-butylaminonaphthalene-1-sulphonyl chloride (Bns-Cl), 6-meth-
ylanilinonaphthalene-2-sulphonyl chloride (Mns-Cl) and 2-p-chlorosulpho-
phenyl-3-phenylindone (Dis-Cl) (see Fig. 4, Nos. 1—4). These reagents react
with primary and secondary amino groups under the same conditions. Their
modes of application differ only insignificantly, the differences being confined
to the optical and chromatographic properties of the derivatives.

Sulphonyl chlorides react with primary and secondary amino groups even
under slightly alkaline conditions, and with phenols imidazoles [44,45] and
even with some alcohols at higher pH. For instance, a method for the sensitive
detexmination of choline has been devised {218]. Thiol compounds form the
corresponding disulphides [44,45,219]. The reaction of sulphonyl chlorides
with amines, phenols, alcohols and thiols is shown in Fig. 7.

R R\
R;:NH *+ Ar-50,-C1 ——oR;)N-soz-Ar + HCl
R=0H * Ar-S0,~0l ——=R - 0-50,-Ar * HCl
2R ~SH * Ar-50,-C1 —=R-S5-5-R + Ar-50-0H *+ HCl

Fig. 7. Reaction of sulphony! chlorides with amines, phenols alcohols and thiols.

In acetone—-water (3:1) saturated with socdium carbonate or, in favourable
circumstances, with sodium hydrogen carbonate, it is possible to obtain stoi-
chiometric amounts of reaction products of primary and secondary amines if
the reagents are applied in excess. Polyfunctional molecules, such as polyamines
and aminophenols, react under these conditions with all functional groups,
i.e., one obtains O,N-bis-Dns-tyramine, NyNy;-bis-Dns-histamine, tri-Dns-sper-
midine, tetra-Dns-spermine, tri-Dns-dopamine and tri-Dns-norepinephrine with
excess of Dns-Cl.

Amino acids react first with the amino group. With excess of reagent, how-
ever, mixed anhydrides are formed, especially at elevated pH. The anhydrides
of a-amino acids are partially fragmented under the usual reaction conditions
to carbon monoxide, the aldehyde with one carbon atom less than the parent
amino acid and the ammonia derivative [220]. Under the same conditions
v-amino acids form substituted y-lactams, as was shown with Dns-Cl as reagent.
This reaction is the basis for a sensitive and specific methed for the determina-
tion of the biologically important y-amincbutyric acid 11,57,221). TFertiary
amines may be attacked to a significant extent, especially at elevated pH and
temperature, forming the derivative of a secondary amine by eiunmatxon of an
alkyl! or aryl group [{222].

Increasmg reaction velocities are normaily para!ieied by . mcreaseti tates of :
hydro!ysxs The formatmn of the correspcndmg suiphomc acid as &8 by-pméuct
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of the reaction is inevitable and methods applied for the further separation of
the fluorescent derivatives have-to take this into account. In the amine analyses
the separaticn of the bulk of the sulphonic acid can usually be achieved by sol-
vent extraction from alkaline solution.

The reaction of amines with sulphonyl chlorides in water-free organie sol-
vents is possible [223], but has rarely been applied. This possibility of deriv-
ative formation deserves more attention.

Virtually all types of chromatographic pracedures can be applied to the
separation of the fluorescent sulphonamides. The most effective separations
were performed on active surfaces, which have the advantage of the appli-
cability of a wide range of separation methods, from pure adsorption systems
to pure partition systems. In fact, there are few separation problems that can-
not be solved on this basis by the selection of appropriate solvent mixtures,
especially if the possibilities of tweo-dimensional separations by TLC are uti-
lized. Numerous solvents for Dns-amide separations on thin layers have been
published {44,45,209]. Bns derivatives are less polar than the corresponding
Dns derivatives, but the general experience gained with Dns derivatives can be
applied to their separation [224]. Less experience with other fluorescent
derivatives exists. In fact, Mns and Dis derivatives, with few exceptions, have
heen only used for amino acid determinations [225,226] . In addition to active
surfaces, polyamide sheets have been used for the separation of small amounts
of amino acids and amines [40,41,43]. The high sensitivity of detection for

" fluorescent spots on polyamide sheets is mainly a consequence of the small
diameters of the spots that can be obtained owing to the small particle size
of the polyamide layers. This advantage is offset by the restriction to partition
chromatographic systems, the relatively high background fluorescence of
commercial sheets and especially the low capacity of the layer. This low
capacity seriocusly limits the separation of complex mixtures with widely varv-
ing concentrations of the components, such as urine samples and tissue ex-
tracts. The recently developed high-performance thin-layer plates with silica
gel layers combine the advantages of polyamide sheets with those of eonven-
tional active layers. They are especially useful for the detection of micro-
amounts of biclogical amines in the form of fluorescent derivatives [227—
228]. Fig. 8 shows an example of the separation of the Dns derivatives of the
perchloric acid extract of mouse liver. The sensitivilty of the method is shown
by the fact that 5-pmole amounts of spermidine and spermine were measur-
able in 5 pg of liver tissue.

For the improvement of separations and especially to allow automated
procedures to be introduced, column chromatographic methads have more
recently been suggested for the separation of Pns derivatives of amines [223—
233}]. According to umpublished resulfs in our laboratory, Dns and especially
Bns derivatives are suitable for reversed-phase high-performance liquid chroma-
tographie separstion. About 3 pmoles of the polyamines spermidine and sperm-
ine in tissutes were measurable within 30 min with repeated separstions by
using flucrescence monitoring of the column effluent.

For the quantitative dssay of fluorescent sulphonamides, at least four dif-
ferent methods are available: absorptimetry, fluorimetry, quantztatxve mass

-spectrometry and the apphcatxon of radioactive reagents.
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By-products

— Ammonia
Putrescine
Spermidine
Spermine
Ethanolamine

5cm

Origin

1 2 3 4 5

Fig. 8. One-dimensional separation of dansylated perchloric acid extracts of mouse liver on
a 5 X 5 cm high-performance thin-layer plate (E. Merck, Darmstadt, G.F.R.). 1 = Bis-Dns-
putrescine (reference sample); 2, 3, 4 and 5 = Dns derivatives corresponding to 5, 10, 50 and
100 ug, respectively of mouse liver tissue (about 5, 10, 50 and 100 pmoles of spermidine and
spermine). Solvent, eyclohexane—ethyl acetate (1:1) (two runs). According to Seiler and
Knddgen [228].

The high molar extinction of the fluorescent sulphonamides [MnsNH, :
€155 = 4.2+10%; €34, = 2.3-16* (in n-propzanol) [225]; BnsNH, 6,5, =1.3-10%;
€3:: = 0.43-10°% (in methanol)] {44 234} allows their sensitive detection by
absorptimetry, for instance in column effluents {232,235,236] . However, the
most obvious method for their determination is fluorimetry. Dns derivatives are
excited most effectively at 350—355 nm and the fluorescence is measured at
510---540 nm, depending on the structural features of the compound [44.,45,
234]. The excitation maximum of the Bns derivatives nearly coincides with
the 365-nm mercury line [224], which has considerable practical advantages
as the xenon arc lamp can be replaced by the more intense and stable mercury
arc lamp for fluorescence excitation. The fluorescence maxima of Bns deriv-
atives occur at shorter wavelengths than those of the Dns derivatives (500—
530 nm); their fluorescence quantum yields are comparable. Mns derivatives
are excited at about 320 nm and their fluorescence maxima oceur in the range
440—460 nm [225]. Dis derivatives form orange-red spots on thin-layer chro-
matograms, and can be detected with about the same sensitivity as Dnp deriv-
atives, namely in the nanomole range. In strongly alkaline solutions, Dis deriv-
atives are rearranged to strongly green fluorescing i-phenyl-3-p-sulphophenyl-
isobenzofuranic derivatives (Fig. 9), allowing their detection in the 0.1--1.
pmele range on thin-layer plates {237]. Direct (in situ} fluorescence measure-
ment of these spots, however, was not feasible, in contrast with alt other
fluorescent ' sulphonamides. It was therefore recommended {238} that the
separated Dis derivatives be extracted with acetone,'the acetone solution
mporated and the rearrangement induced by the addxtmn of 5miof asolution ‘
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Fig. 9. Rearrangement of 2-p-sulphophenyl-3-phenylindone (Dis) derivatives to 1-phenyi-
3-p-sulphophenylisobenzofuranic derivatives with sodium ethoxide [237].

of sodium ethoxide in ethanol. For the determination of pyridoxamine, the
fluorescence is activated at 410 nm and emission measured at 480 nm.

Extraction of the fluorescent derivates of the adsorbent layer and in situ
fluorescence scanning of the chromatograms are equally suitable procedures
for the quantitative evaluation of thin-layer chromatograms [44,45,208,2341.
Amounts of 100 pmoles of amines of biological origin can be determined
without difficulty with a standard deviation of less than * 5%. _

In order to simplify measurements in small volumes of solvent and thus to
increase the semsitivity of routine fluorescence measurements, an extraction
procedure has been developed that allows the elution of TLC separated com-
pounds with a solvent volume of about 50 ul [1,228]. In order to prevent de-
compaosition of the Dns derivatives on the active surface, the plates are sprayed
with triethanolamine—propanol-2 (1:4) immediately after chromatographic
development [234]. The fluorescent spots are marked under 2 UV lamp {(365-
nm mercury line), then scraped out either using a glass capillary with a con-
striction [1} or a PTFE tube of about 1 mm I.D., with a cotton-wool plug
fixed in the constriction (with the PTFE tube, constrictions are made with
tweezers) [228]. The adsorbent is collected in one of the two compartments
of the capillaries by suction with a suitable vacuum pump. For elution, the end
of the tube containing the adsorbent is dipped into the solvent, and the solvent™
is moved through the capillary by gentle suction or, preferably, the adsorbent-
filled side of the tube is connected with a motor-driven syringe, which is fill-
ed with solvent. A defined solvent volume is pumped through the capillary,
the eluent being collected in the other capillary compartment, or else it is
transferred directly into a small vessel, which is capped and stored at 0° until
fluorescence measurements are carried out. If a spectrofluorimeter with an
8—10 ul flow-through cell or a fluorescence flow detector of a high-pressure
column equipment is used for quantitative fluorimetry, an eluent volume of
50-75 pl is suitable. A few picomoles of the Dns and Bns derivatives of the
polyamines spermidine and spermine can be determined routinely by using
this technique, especially if high-performance thin-layer plates are used for the
separations [228].

Elution of TLC separzted compounds with small solvent volumes is of great
importance for subsequent mass spectrometry: impurities can be kept to a
minimum in the sample, and small solvent volumes simptify the transfer of the
samples into the prabe capillaries of the mass spectrometer. The abave elution
techniques, however, without prior spraying of the plates with triethanol-
amine, have been used in many mass spectrometric determinations of putres-
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cine [149,233], piperidine [4] and serotonin [240] and for the preparation
of mass spectra of TLC isolated compounds. The selection of the appropriate
solvent is important. Elution should be carried out with a solvent with as low
a polarity as possible, in order to minimize elution of contaminants in the
adsorbent. For the elution of Dns- and Bns-amine derivatives from silica-gel
plates and similar active layers, ethyl acetate is normally suvitable. For sub-
sequent radioactivity measurements, dioxan may be preferable. For deriva-
tives of higher polarity, acetone or even methanol can be used. Dns-amino
acids are extracted with methanol—25% ammonia solution (95:5) [44,234}.
Silica gel G plates are preferable to plates with organic binders. If mass
spectra of compounds separated on polyamide sheets are prepared, it is advis-
able tc wash the sheets with methanol—acetic acid (3:1) before use as the spec-
tra otherwise exhibit high backgrounds [241].

Usually molecular ions are observed in the electron-impact mass specira of
Dns and Bns derivaiives and other fluorescent derivatives. The quantitative
evaluation of a molecular ion or a typical fragment ion is much more specific
than is fluorimetry or any other quantitative method that is currently avail-
able. Although underivatized compounds can be determined by the integrated
ion current technique {242}, it is advaniageous to use fluorescent derivatives:
(a) all separation steps in advance of the quantitative evaluation can be con-
trolled visually; (b) owing to the high molecular weight of the derivatives, the
background at the mass range cf the molecular ions is normally low; and (c¢)
erroneous peak identification is much less probable than with low-molecular-
weight free amines owing to the low background.

Usually, the sample eluted from a thin-layer chromatogram is evaporated
together with a suitable standard (generally the corresponding derivative of a
homologue of the amine to be determined [243] or a deuterated sample
[244]) from the direct probe of the mass spectrometer. The ion current of
the molecular ion (or fragment ion) of the sample and standard are recorded
alternately during evaporation and subsequently integrated. The ratio of the
integrated ion currents of the sample and standard is 2 measure of the amount
of sample, and is nearly independent of changes in instrumental sensitivity
during the measurement. Fig. 10 shows the recorded ion currents of the molec-
ular ions of varying amounts of bis-Dns-putrescine {m/e 554) and constant
amounts of the intemnal standard bis-Dns-hexamethylenediamine (m/e 582),
It is one of the pre-requisites of the method that the sample and standard
should have similar evaporation profiles. The integrated ion current technique,
using Dns or Bns derivatives, allows the precise determination of picomole or,
in favourable cases, even of femtomoie amounts of biogenic amines. The sen-
sitivity of the method is dependent on the instrumental sensitivity. -

Among the currently available fluorescent derivatives, Bns derivatives are
especially suitable for qualitative and quantitative mass spectrometry. Dns deriv-
atives form the ion corresponding to dimethyiaminonaphthalene (m/e 170 or
171) with the highest shundance [244—2481. In contrast, Bns derivatives are
split preferentially in the n-butyl sidechain, forming a fragment ion {M—43}"
that still contains the complete information of the derivatized malecule {224} .
Because, in addition to the (M—43)" ion, the moléculsr ion {M'} is observed

®ith about the same relative intensity as that of Dns derivatives, derivative
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Bis-Dns-putrescine
Fig. 10. Ion current curves of mixtures of 25 pmoles of bis-Dns-hexamethylenediamine
(m/e 582) with 10—40 pmoles of bis-Dns-putrescine (m/e 554). The numbers are calculated
peak-area ratios. Evaporation time, 30 sec. (Schematic drawing of two channel recordings
from a2n electrostatic recorder). (For details see ref. [243]).

formation with Bns derivatives not only permits the determination of smaller
amounts, but also facilitates the identification of molecular ions in the mass
spectra of mixtures of compounds by means of the ¢{wo characteristic ions
M* and (M—43)*, the intensities of which are observed in a2 fixed ratio. In
addition to electron impact, field desorption may provide useful ionization
methods. In combination with multiple-ion detection it may allow the quan-
titative analysis of complex mixtures of amines in the form of their Bns deriv-
atives, without prior separation. A method calles metastable defocusing was
recently suggested as being applicable to mixtures of Dns derivatives [249].
At a low electron beam energy (12 eV), Dns derivatives form almost exclusively
the fragment ion at m/e 171. The instrument is focused on this fragment
ion and the acceleration voltage is then varied while the analyzer voltage is
kept constant. This procedure has the effect of focusing sucecessively on the
collector, during the travel from the source to the analyzer, the precursor
ions that give rise to the formation of this fragment ion. Hence the method
uses the determination of ions formed by metastable decomposition in the
field-free region of the mass spectrometer. Applications of the method to
biological samples have not yet been published.

An increase in specificity is the main characteristic of mass spectrometric
methods, apart from their sensitivity. An increase in the sensitivity of detec-
tion, although not of specificity, is obtained by using radioactive reagents. N-
Methyl-[ ¢ C] Dns-Cl (specific radioactivity 10—30 Ci/mole) and [G->H] Dns-
Cl (specific radioactivity 3—10 Ci/mmole) are commercially available. The la-
belled reagents can be applied in a similar manner to the unlabelled reagent,
but they are normally restricted to applications with small reaction volumes
(1—50 ul) beeause of their high cost. Their application allows the replacement
of fluorescence measurements with automated liquid scintillation counting.
The intense fluorescence of the derivatives is used only to reveal the separated
spots on the chromatograms. If the reagent with the highest available specific
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radioactivity is used, the sensitivity of the method allows the determination
of a few picomoles. A further increase in the sensitivity of detection is gained
by the preparation of autoradiographs from the chromatograms, which can be
evaluated by microscope photometry [250]. Uniortunately, this method has
disadvantages: high costs and erroneous interpretation of the autoradiographs
and quantitaiive measurements owing to the presence of non-fluorescent but
radioactive impurities and degradation products. The application of labelled
reagents is improved by using double-isotope methods:

A known amount of the compound to be determined is added to the sample
in the form of its '¥C-labelled analogue as an internal standard (in analogy
with the use of deuterated standards in quantitative mass spectrometry). After
derivative formation with the 3 H-labelled reagent, the derivative is extensively
purified. Incomplete derivative formazation, or losses during the purification
steps do not affect the quantitative result, provided that sufficiently large
amounts of the purified sample are isolated to allow precise radioactivity mea-
surements. The amount of the non-radioactive compound present in the sample
can be calculated from the H/f' C ratio. The coefficient of variztion of this
method is of the order of 6% [251].

c. Isothiacyenates

Isocyanates and isothiocyanates react with primary and secondary amines to
give urea and thiourea derivatives, respectively. Several isocyanates have been
suggested in the past as fluorescence probes [209]. However, as they react
readily with water and alcohols to give urethanes, they were replaced with the
less reactive isothiocyanates.

At present, three main fluorescent labels are in use for the labelling of low-
molecular-weight amino-containing compounds that bear the isothiccyanate
moiety: 9-isothiocyanatoacridine [252] (Fig. 6, No. 8), fluorescein iscthio-
cyanate [253] (Fiz. 6, No. 9) and 4.dimethylaminonaphthalene-1-isothio-
cyanate [254] (Fig. 6, No. 7). The last two compounds seem to have been
used only for end-group analysis of peptides and for the detection of free
amino acids.

9-Isothiocyanatoacridine leads to the formation of several fluorescent prod-
ucts, and the fluorescence of one of these products could be related to the
amount of amine present in the sample [252]. On chromatographic evidence,
the fluorophore is a cyclization product that is formed by photo-oxidation
from the primarily formed thioureaz derivative (Fig. 11} [255). A few thin-
layer chromatographic separations hava been carried out with isothiocyanato-
acridine derivatives. A linear relationship has been observed between fluores-
cence intensity and amount of cample on the plates (excitation of fluorescence
at 295—310 nm; emission measurement at 500—525 nm). The usefulness of 9-
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isothiocyanatoacridine as a reagent for the assay of small amounts of biogenic
amines has not yet been demonstrated convincingly.

d. Fluorescamine

Fluorescamine (4-phenylspiroffuran-2(3H),1 -phthalan]-3,3'-dione) (Fig. 6,
No. 8) reacts with compounds that contain nucleophilic functional groups
{primary and secondary amines, alcohols, water, etc.). However, only primary
amines form fluorescent products according to Fig. 1. Fluorescamine is there-
fore a specific reagent for compounds with primary amino groups [256]. For
the reaction of aliphatic amines, a pH of 8—8.5 is adequate [257,258].

Fluorescence measurements are normally carried out in the range of maximal
stability of the fluorophore between pH 4.5 and 10.5. In this range the ahsorp-
tion maximum is at 390 nm and the fluorescence maximum at 475 nm {257].

Fluorescamine is normally used for the assay of amines, amino acids and
peptides in column effluents [162,163], or as a spray reagent for the detection
of these compounds on thin-layer chromatograms [122—124]. However, in
preliminary work, Imai et al. [259] ran the fluorophores of some amines {(dopa-
mine, norepinephrine and their corresponding 3-O-methylation products, poly-
amines) on silica-gel plates. They showed that about 250—500 pmoles of these
compounds could be detected. Nakamura and Pisano {260] suggested that the
compounds should be derivatized with fluorescamine at the origin of the thin-
layer plates, prior to separation. As the quantitative evaluation of the fiuores-
cent spots did not seem to be completely satisfactory, high-performance
liquid chromatographic systems have been devised for the separation of these
amines [261,262]. The fluorescamine derivatives were measurable at the 100-
pmole level. Furthet experience will be necessary in order to evaluate the use-
fulness of this promising reagent fully.

e. Pyridoxal and pyridoxel-5-phosphate

Pyridoxal (Fig. 6, No. 11) and pyridoxal-5-phosphate form Schiff bases with
primary amino-ceontaining compounds. Complete reaction is usually achievad at
pH 9.3 in phosphate buffer (yields > 90%). After 30 min, the Schiff bases are
reduced to the corresponding pyridoxyl derivatives (Fig. 12). The excess of
NaBH. is removed by acidification [263, 264]. Ion-exchange column chroma-
tographic systems have been used exclusively for the separation of pyridoxyl
derivatives, which were monitored in the effivent by absorptiometry (absorp-
tion maxima at 255 and 328 nm) or by fluorescene measurement (fluorescence
emission maximum at 400 nm). Amounts of 16---160 pmol of an amino acid.
are detectable.

£HO CH=N-R CH;—NH-R
¥ (03]
O CH;OH . CH, O ] Hy
f\j’ *HN-R ..ch. \/ j NoBt S
HC N HL7 SN HHET

Fig. 12. Derivative-forming reaction of & primary amine with pyridoxal.

One of the advantages of the reagent is the passibility of radioactive Iabelli:{g
by the application of sodium borotritide (NaBT.)} as reducing agent. This
compound is commercially available with high specific activity.
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F: w-Formyl-o-hydroxyacetophenone and benzo-y-pyrone

w-Formyl-o-hydroxyacetophenone and benzo-y-pyrone react with primary
znd secondary aliphatic and aromatic amines to form g-aminovinyl o-hydroxy-
phenyl ketones (Fig. 13). Kostka [265] utilized this reaction for derivative
formation with amines, and for their sensitive detection on thin-layer chroma-
tograms. The chromatographic characteristics of 54 enamine derivatives were
studied using ethyl acetate—benzene (1:5), chloroform—xylene (4:1) and
acetone—xylene (1:9) and silica gel G layers. The g-aminovinyl o-hydroxy-
phenyl ketones of aliphatic amines are yellowish, while the derivatives of
aromatic amines are orange; they fluoresce in the UV region. Amounts of 0.1—
1 pg of the derivatives can be detected on a thin-layer plate.
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Fig. 13. Formation of §$-aminovinyl o-hydroxyphenyl ketones from w-formyl-o-hydroxy-
acetophenone and benzc-y-pyrone.

As the formation of the enamine derivatives is rapid and specific for primary
and secondary amines, this derivatization procedure deserves more attention
than it seems to have received hitherto.

3. SUMMARY

This first part of the review on “Chromatography of Biogenic Amines” is
devoted to the description of generally applicable separation and detection
methods. Gas chromatographic and gas chromatographic—mass spectrometric
methods, and applications of chromatographic methods to specific amines or
groups of related amines and their metabolites, will be covered in Part II.

Trends in the development of separation methods (paper and thin-layer
chromatography, paper and thin-layer electrophoresis and ion-exchange
methods) are described, using mostly aliphatic amines as examples as they do
not exhibit features that permit their specific determination. Reagents sug-
gested for the formation of coloured and fluorescent derivatives of amines are
reviewed and their applications are described. Within the limitations of the
mostly inadequate information that is available, the relative usefulness of the
different derivative-forming reactions are compared.
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