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Abstract

Immunoassays were investigated for the determination of melatonin in biological samples in the presence of a
naphthalenic structural analogue S 20098, which is currently under development as a melatonin agonist. The lack of
specificity of commercially available antibodies in the presence of closely related molecules led us to develop an
LC-RIA procedure with a quantification limit set at 15 pg ml−1. Because this technique was not sensitive enough and
difficult to use on a routine basis, a more sensitive GC-MS technique was developed. This method involved
automated solid-phase extraction (plasma) or liquid–liquid extraction (saliva), derivatization of the indolic moiety
and GC separation with an automated switching device before MS detection. The method was validated over the
range 1–100 pg ml−1, with a quantification limit set at 1 pg ml−1 in human plasma and saliva. Intra-assay and
inter-assay precision and accuracy were within 16% for all concentrations investigated and each biological matrix. The
stability of melatonin in plasma and saliva under various storage conditions was also determined. The specificity of
the assay for the analysis of melatonin in the presence of S 20098 and its metabolises was demonstrated. The method
was subsequently applied for the determination of endogenous melatonin concentrations in plasma and saliva samples
from clinical studies performed with S 20098 to provide pharmacodynamic data. © 1999 Elsevier Science B.V. All
rights reserved.
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1. Introduction

The hormone melatonin (N-acetyl-5-
methoxytryptamine) plays an important role in
the circadian regulation of various physiological
and neuroendocrine processes. The synthesis of
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melatonin and its secretion at night from the
mammalian pineal gland is controlled by a circa-
dian clock within the hypothalamic suprachias-
matic nucleus. The development of a new
melatonin receptor agonist [1] S 20098 ( Fig. 1, 1)
required the specific measurement of melatonin in
biological samples at very low concentrations in
order to accurately determine the circadian
rhythm of this endogenous hormone before and
after administration of S 20098. Several analytical
techniques have been previously reported for the
analysis of melatonin in biological fluids, such as
urine, plasma, saliva or pineal gland. High-perfor-
mance liquid chromatographic techniques with
either electrochemical [2–5] or fluorimetric detec-
tion [6–9] have been described. Although very
simple to use, these methods are not sensitive
enough for the measurement of melatonin in
plasma and saliva, since the limit of detection was
set around 50 pg ml−1 for plasma (1 ml), and 3
pg ml−1 for the pineal gland [9].

Immunoassay techniques have been extensively
employed for the determination of melatonin in
biological fluid due to their simplicity of use and
high sensitivities. Two different routes have been
followed to raise antibodies against melatonin.

The first antibodies described in the literature
were obtained after immunization of immunogens
obtained from the coupling of a melatonin hapten

to a protein by Mannick condensation with
formaldehyde [10,11]. Using these immunogens,
the antibodies obtained in sheep or rabbit can be
used with [125I]2-iodomelatonin as a radioligand,
giving high sensitivities, down to 2 pg ml−1 in
saliva and 5 pg ml−1 in plasma after extraction
[12,13].

Nonetheless, only limited specificity is obtained
with these antibodies and many indolic substi-
tuted analogues, such as 6-hydroxymelatonin, ex-
hibit significant cross-reactivities (5%) [13].

A second route has been also described to raise
antibodies against melatonin, using immunogens
obtained from the coupling of a carboxylated
melatonin derivative (5-methoxy-N-acetyl-tryp-
tophan) to BSA or thyroglobulin [14,15]. The
antibodies obtained gave a specificity which was
directed towards both 5-methoxyindole and the
acetamide group. Substituted melatonin ana-
logues such as 6-hydroxymelatonin have very low
cross-reactivities (0.02 to 0.6% depending on the
proteins used as immunogens [16]). These anti-
bodies could therefore be used directly in saliva or
in plasma samples without the need for extrac-
tion, however, the sensitivity is only 10 pg ml−1

using 500 ml plasma and [3H]O-methylmelatonin
as a radioligand [13]. To increase sensitivity, many
authors have developed sample preparation meth-
ods to concentrate the analyte [18,19]. In spite of

Fig. 1. Chemical structures: 1, melatonin agonist S 20098; 2, melatonin; 3, 3-hydroxy metabolite of S 20098; 4, spirocyclic
fluoroderivative of melatonin.
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these methods, the sensitivity is always limited by
the use of the tritiated radioligand, since 2-
iodomelatonin could not be used with these anti-
bodies. Some enzyme immunoassays have also
been developed with these antibodies, but with
lower sensitivities compared with radioim-
munoassays [16,17,20].

The specificities of both types of antibodies
have been tested for the analysis of melatonin in
the presence of S 20098. Due to the significant
cross-reactivities of this compound with both anti-
bodies an LC-RIA method was developed: this
method included the chromatographic separation
of S 20098 and its metabolites from melatonin
derivatives, followed by RIA detection of mela-
tonin after fraction collection. The limit of quan-
tification was only set at 15 pg ml−1, with a
calibration range of 5–200 pg ml−1. Another
technique was developed to increase the sensitivity
of the method whilst retaining specificity: this
technique involved gas chromatography and mass
spectrometry. The latter technique has also been
described for the determination of melatonin. The
technique involves acylation of melatonin with
pentafluoropropionic anhydride (PFPA) to give a
spirocyclic derivative [21,22], followed by gas
chromatographic separation and mass spectro-
metric detection in the electron impact mode
[23,24], or most commonly in the negative ion
chemical ionization mode [25–29]. These methods
have been described for melatonin determination
in plasma, serum [23,25,27–29] or in saliva
[26,30,31] and in other tissues such as the pineal
gland or the retina with liquid–liquid extraction
commonly employed for sample preparation. In-
terestingly, the use of a switching device during
gas chromatographic analysis [23,24,32] has al-
lowed melatonin levels of down to 1 pg ml−1 to
be detected from the inclusion of a supplementary
purification step. GC-MS methods have been used
to a lesser extent in comparison with immunolog-
ical techniques, due to their lack of automation
for routine analysis. The present work describes
the development and validation of a fully auto-
mated GC-MS technique for melatonin quantifi-
cation in the presence of S 20098 in human
plasma and saliva samples. The method involves
the automated solid-phase extraction of plasma

samples, or liquid–liquid extraction of saliva sam-
ples, followed by GC-MS separation with an au-
tomated switching device incorporated as an
additional purification step. A complete valida-
tion of this technique is described for both of
these biological matrices. This method was then
applied for the determination of melatonin con-
centrations in biological samples from clinical
studies following administration of the melatonin
agonist S 20098.

2. Materials and methods

2.1. Chemicals and Reagents

Melatonin was purchased from Fluka (Buchs,
Switzerland), the internal standard (i.e. deuterium
labelled melatonin or N-(2-(5-methoxy-1H-indol-
3-yl)[2H4]ethyl)[2H3]acetamide) was synthesized by
Technologie Servier (Orleans, France) and both
radioligands [125I]-2-iodomelatonin (74 TBq
mmol−1) and [3H]O-methylmelatonin (3.15 TBq
mmol−1) were purchased from Amersham (Les
Ulis, France).

The two different antibodies used were pur-
chased from Stockgrand (Guildford, UK) refer-
ence 19540/16876 and reference HP/S 704-8483.
Tricine buffer (0.1 M) containing sodium chloride
0.9% and gelatine 0.2% was adjusted with 1 M
NaOH to pH 8 or 5.5 depending on the assay.

Donkey rabbit antiserum was purchased from
Cis Bio International (Gif-sur-Yvette, France).
Charcoal Norit A was purchased from Serva
(Paris, France) and Dextran T-70 from Pharmacia
(St-Quentin-en-Yvelines, France). The scintilla-
tion reagent Ultima Gold was purchased from
Packard (Rungis, France).

Dichloromethane, diethylether, ethanol, ethy-
lacetate, n-hexane, acetonitrile and methanol were
of analytical grade. Sodium hydroxide (0.2 M)
and potassium chloride (0.2 M) were of reagent
grade and used with distilled water for the prepa-
ration of pH 13 buffer (respectively 66:25:9, v/v/
v). Pentafluoropropionic anhydride (PFPA) was
supplied in 1 ml sealed ampoules from Aldrich
(St-Quentin-Fallavier, France). Blank human
plasma samples were obtained from the ‘Centre
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Departemental de Transfusion Sanguine’ (Or-
leans, France) and blank human saliva samples
from healthy volunteers. Plasma and saliva sam-
ples were collected in the beginning of the after-
noon to obtain control samples with very low
concentrations of endogenous melatonin. The
blank plasma and saliva samples were routinely
checked before use for the preparation of stan-
dards and quality control samples.

Solid-phase extraction cartridges C8 Amprep (1
ml) were purchased from Amersham.

2.2. Radioimmunoassays

The RIA procedures have been described previ-
ously [11,14]. They are briefly outlined below.

2.2.1. Antisera 19540/16876
A solid-phase extraction of plasma samples (1

ml) on C8 Amprep cartridges (see Section 2.3
below) was performed with an ASPEC system.
After evaporation, the extract was dissolved in
Tricine buffer pH 8 (0.5 ml) before incubation of
the samples in triplicate (3×100 ml) with the
corresponding rabbit antiserum (1:30 000 dilution
in Tricine buffer pH 8) and [125I]2-iodo melatonin
(100 ml, 10 000 cpm) for 3 h at 4°C. The mixture
was incubated for 15 min at 4°C after addition of
Donkey rabbit antiserum (1 ml) and centrifuged
(5000 rpm) for 20 min at 4°C. The supernatant
was then discarded and the radioactivity in the
pellets was counted (Cobra system, Packard).

2.2.2. Antisera HP/S/704-8483
The same solid-phase extraction procedure for

plasma samples (1 ml) was performed as described
above. After evaporation, the extract was dis-
solved in Tricine buffer pH 5.5 (300 ml) and
incubated with appropriate sheep antiserum (100
ml, 1:5 000 dilution) and [3H]O-methylmelatonin
as radioligand (100 ml, 15 000 dpm) and incubated
for 3 h at 4°C. Activated coated charcoal (6 g l−1)
containing dextran (0.5 g l−1) was then added (1
ml) and the samples were centrifuged (4000 rpm)
for 15 min and at 4°C. The supernatant (1 ml)
was then removed for counting with liquid scintil-
lation fluid (4 ml) in a b-counter (Packard).

2.2.3. LC-RIA procedure
The first step was the solid-phase extraction of

human plasma samples (1 ml) on C8 Amprep
cartridges as described below for the GC-MS
procedure. Following evaporation, the extracts
were dissolved in distilled water (250 ml) before
chromatographic separation on a C8 Ultrasphere
analytical column (150×4.6 mm, 5 mm) from
Beckman (Gagny, France). The mobile phase con-
sisted of a concentration gradient of water (A)
and acetonitrile (B) set up to flow at a rate of 1 ml
min−1 as follows: t=0 until 10 min A:B, 75:25
(v/v); t=10 min until 14 min A:B, 10:90 (v/v),
t=14 min until t=19 min A:B, 75:25 (v/v). 100
ml of sample were injected and the fractions were
collected between 4.8 and 7.8 min at 8°C in the
absence of light. RIA detection was performed as
described above for the second RIA procedure
(antiserum HP/S/704-8483) after evaporation of
the chromatographic extracts and solubilization in
Tricine buffer pH 5.5 (400 ml). The incubation
time was 12 h, instead of 3 h, at 4°C

Chromatographic separations were performed
with an AS 3000 automated injector, a SP8800
gradient pump from TSP (Les Ulis, France) and a
fraction collector from Pharmacia.

2.3. GC-MS procedure

2.3.1. Extraction of the samples
The same solid-phase extraction procedure was

used for immunoassays and chromatographic
techniques, with the addition of an internal stan-
dard for the GC-MS method only.

Melatonin was extracted from plasma by solid-
phase extraction with C8 Amprep cartridges (1
ml) on an ASPEC XL system from Gilson (Vil-
liers-le-Bel, France). Each plasma sample (1 ml)
was spiked with 10 ml of the internal standard
solution and a pH 13 buffer solution (0.2 ml) and
loaded onto cartridges previously washed with
methanol (2 ml) and water (2 ml). The cartridges
were then washed with water (2 ml) and dried
with n-hexane (2 ml). Melatonin (and the internal
standard when appropriate) were then eluted with
diethylether–dichloromethane (60:40, v/v, 3 ml).
The extract was evaporated to dryness before
derivatization (GC-MS procedure) or immuno-
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analysis. Extraction from saliva was performed by
liquid–liquid extraction. Saliva samples (1 ml)
spiked with 10 ml of the internal standard solution
were washed with 5 ml of n-hexane and the
organic layer was discarded. The aqueous phase
was then made alkali with 250 ml of 1 M NaOH
and shaken with dichloromethane (5 ml). After
centrifugation, the organic layer was sampled and
evaporated to dryness under nitrogen.

2.3.2. Deri6atization
The dry residues obtained from plasma or

saliva samples were taken up in dry ethyl acetate
(0.2 ml) and PFPA (25 ml) was added. After
heating at 60°C for 15 min, the contents were
evaporated to dryness. Ethyl acetate (25 ml) was
added to the residues and 2-ml samples were in-
jected for GC-MS.

2.3.3. Chromatographic conditions
A 5989A Hewlett-Packard mass spectrometer

coupled to an HP 5890 gas chromatograph was
used. The GC oven was equipped with a capillary
column switching system (Multi Dimensional Sys-
tem 2000 SGE) and a liquid carbon dioxide trap.
Chromatographic columns incorporated a reten-
tion gap of deactivated fused silica with methyl
silicone (about 1 m×0.53 mm): an initial analyti-
cal column of fused silica (12.5 m×0.32 mm)
with a methyl silicone bonded phase (BPS, SGE)
and a second analytical column (25 m×0.22 mm)
of methyl silicone (BPX5, SGE), which was di-
rectly connected to the ion source. Helium was
used as the carrier gas. On-column injections (2
ml) were performed with the temperature of the
injector set at 60°C. The autosampler (7673 A,
Hewlett-Packard) was set at 4°C. A temperature
gradient was applied of 60–230°C with a heating
rate of 20°C min−1. The mass spectrometer was
run in the negative ion chemical ionization mode
with ammonia as the reagent gas. The ion source
temperature was set at 250°C. The ions monitored
were m/z 320 and m/z 324-325 for pentafluoro-
propionyl derivatives of melatonin and internal
standard, respectively. These ions were recorded
by selective ion monitoring using a computer data
system from Hewlett-Packard.

2.4. Standard solutions

Stock solutions of melatonin (and its internal
standard when appropriate) were prepared sepa-
rately at a concentration of 1 mg ml−1 in
ethanol–water (50:50, v/v) and stored at +4°C
for 1 month. Working solutions were prepared for
each assay by the appropriate dilution of the
stock solutions in water. Standard calibration
samples and quality control samples were pre-
pared by spiking either blank human plasma or
blank saliva samples with known concentrations
of melatonin (from 1 to 100 pg ml−1 for GC-MS
or from 5 to 200 pg ml−1 for LC-RIA) and
internal standard (25 pg ml−1).

2.5. Assay 6alidation

Blank plasma and saliva control samples were
collected during the daytime, with basal concen-
trations of melatonin lower than 1 pg ml−1.
These biological control media were used without
further purification for the preparation of calibra-
tion curves.

In the RIA procedures, the specificity of the
antibodies was determined by measuring the
cross-reactivity of the compounds tested in refer-
ence solutions — S 20098, 6-hydroxymelatonin
and 3-hydroxylated metabolite of S 20098 (Fig. 1,
3) — and calculating their Abraham indexes.

The LC-RIA method was validated over the
concentration range 5–200 pg ml−1 with single
calibration standards prepared in human plasma
at the following concentrations: 5.0, 7.5, 10, 20,
35, 50, 100 and 200 pg ml−1. Calibration curves
were constructed by plotting the (B-NSB):(BO-
NSB) ratio versus the log of the melatonin con-
centration, where BO was the control binding
determined from a plasma sample in the absence
of exogenous melatonin, and NSB was the non-
specific binding determined from an antibody-free
sample. The standard curve was adjusted with
software using the spline function (Packard).

The GC-MS method was validated over the
concentration range 1–100 pg ml−1, with single
calibration standards prepared in human plasma
or saliva at the following concentrations: 1.0, 2.5,
5.0, 10, 25, 50 and 100 pg ml−1. The regression
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model was calculated by a weighted least squares
regression analysis (1/y) based on analyte to inter-
nal standard height ratio for different melatonin
concentrations. Absolute recovery for extractions
from plasma and saliva was estimated by measur-
ing at least three replicates with [3H]O-
methylmelatonin.

The intra- and inter-assay precision and accu-
racy were determined for each validation proce-
dure from the analysis of control samples
prepared in human plasma or in saliva. For each
matrix, three or four different concentrations
(three concentrations and the limit of quantita-
tion) were prepared and analysed with a calibra-
tion curve during intra-assay analysis (six
replicates per concentration) and inter-assay anal-
ysis (two replicates per concentration over 5–7
days). Precision was determined as the coefficient
of variation (CV%) and accuracy as the percent-
age relative error from the theoretical concentra-
tion (RE%).

For both human plasma and saliva, the stabil-
ity studies were performed by GC-MS analysis of
six replicates of a control sample (20 pg ml−1)
stored under different conditions (7 days at 4°C; 7
days at 20°C; 6 months at −20°C) and analysed
relative to a calibration curve drown up daily,
prepared in the corresponding matrix. The confi-
dence interval limits for the mean concentration
obtained for each storage condition were calcu-
lated by applying Student’s t-test (90% level of
confidence).

3. Results

3.1. Radioimmunoassays

Two different antisera were tested to determine
their specificities towards structural analogues of
melatonin (e.g. 6-hydroxymelatonin), S 20098 and
one of its main metabolises hydroxylated on the 3
position of the naphthalenic group (Fig. 1, 3).

The cross-reactivities obtained for the different
compounds are reported in Table 1. The first
antibody, specific for the methoxyindole moiety
(Ref. 19540, (1)), gave significant crossreactivities
with naphthalenic derivatives; while the second

Table 1
Cross-reactivity of melatonin analogues (percent cross-reaction
at ED50) with two commercial antibodies: (1) Ref. 19540 and
[125I]2-iodomelatonin as radioligand; (2) Ref. 704-8483 with
[3H]O-methylmelatonin as radioligand

Compound Antibody

(2)(1)

Melatonin (Fig. 1, 2) 100 100
6-Hydroxymelatonin 0.65

34S20098 (Fig. 1, 1) 6
3-Hydroxy-S 20098 (Fig. 1, 3) 52 B0.02

antibody, which is specific for the methoxyindole
moiety and the acetamide group, gave a higher
specificity for melatonin, with lower cross-reactiv-
ities for the naphthalenic compounds. However,
the cross-reactivity obtained for S 20098 (6%)
limits the use of this antibody for the direct
determination of lower levels of melatonin in
plasma samples containing S 20098 concentra-
tions up to 200 pg ml−1. An LC-RIA technique
was therefore developed.

3.2. LC-RIA procedure

The chromatographic separation of melatonin
derivatives and naphthalenic compounds was op-
timised on a C8 analytical column with a gradient
mobile phase. Melatonin derivatives were co-
eluted for between 5 and 8 min and efficiently
separated from the naphthalenic derivatives. Us-
ing these conditions melatonin analogues were not
completely resolved from melatonin. The more
specific antibody (HP/S/704-8483) was, therefore,
chosen for RIA detection, with [3H]O-methylme-
latonin as radioligand. In order to increase the
sensitivity of the assay, one single analysis of each
sample was performed by RIA after fraction col-
lection. An automated solid-phase extraction of
the plasma samples was developed on C8 Amprep
cartridges for the pretreatment of samples before
chromatographic separation. The extraction re-
covery was determined to be 82%. Under such
conditions, the LC-RIA technique has been vali-
dated over the range 5–200 pg ml−1, with a
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quantitation limit set at 15 pg ml−1 per 1 ml of
plasma (Table 2). Although accurate results for
precision, accuracy and specificity towards S
20098 have been obtained with this procedure, the
quantification limit proved to be too high for
daytime determination of melatonin. Another al-
ternative was, therefore, studied using GC-MS
analysis.

3.3. GC-MS 6alidation

3.3.1. Sample preparation and chromatographic
conditions

The derivatization of melatonin with pen-
tafluoropropionic anhydride allows a spirocyclic
derivative to be obtained which is specific to
melatonin (Fig. 1, 4). This derivative is formed
from acylation of melatonin and subsequent ther-
mal rearrangement of the dipentafluoroderivative
formed at the beginning of the reaction [21,22].
The derivative gave high sensitivity in the CI
mode, with one single ion obtained at m/z=320
corresponding to the loss of two HF residues
from the molecular ion. Heptadeuterated mela-
tonin was chosen as internal standard to yield the
analogous spirocyclic derivative, with main peaks

located at m/z=324–325. A large excess of
reagent was used to obtain high derivatization
levels for melatonin within 15 min. This led to the
formation of corrosive pentafluoropropionic acid
as a by-product of the reaction. An automated
column-switching system was used [23,24] to pre-
vent the introduction of excess reagents into the
capillary columns and into the mass spectrometer.
The system consisted of two analytical columns
connected by a tee junction switch which could be
frozen with liquid carbon dioxide. After chro-
matographic separation of whole biological ex-
tracts on the first column, the tee switch was
frozen to trap melatonin and its internal standard
before introducing them onto the second analyti-
cal column.

An apolar retention gap was connected to the
on-column injector to prevent the rapid degrada-
tion of the first analytical column. This retention
gap was removed after every 100 injections. Solid-
phase extraction on C8 cartridges was used as
with the LC-RIA procedure for the extraction of
human plasma samples. A liquid–liquid extrac-
tion procedure was developed with dichloro-
methane for human saliva, with an ex-

Table 2
Intra- and inter-assay precision and accuracy obtained with LC-RIA and GC-MS for melatonin in human plasma and saliva
(LC-RIA inter-assay: n=16 values, GC-MS inter-assay: n=10 values)

Inter-assayAdded conc. Intra-assay
(pg ml−1)

Found conc. Found conc.CV (%) RE (%) CV (%) RE (%)
(mean9S.D.)(mean9S.D.) (n=6)

LC-RIA
149215Plasma ––−8.9 –15.1

7.430 9.22792 8.4 -10.0 3393
6495 7.7 6.460 6597 10.2 8.3

2.5100 11596 5.2 15.2 103911 10.7

GC-MS
15.11.190.26.010.41.190.11.0 6.0Plasma

3.85.290.25.0 4.0 5.090.8 15.8 0.4
−4.520 1991 4.5 −7.5 1993 14.1

50 4991 1.0 −1.3 5097 13.8 0.6

1.0 1.190.1 8.9Saliva 12.0 1.190.2 14.5 10.0
-0.38.62.590.24.812.22.690.32.5

20 1891 3.0 −12.2 2093 14.8 1.9
85 7496 8.0 −12.7 7898 9.6 8.4
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Fig. 2. Typical examples of ion chromatograms at m/z 320 obtained from (a) blank plasma sample, (b) plasma sample spiked with
5 pg ml−1 of melatonin, (c) plasma sample from a healthy volunteer treated with 200 mg of S 20098 (21 pg ml−1 of melatonin),
(d) blank saliva sample, (e) saliva sample spiked with 5 pg ml−1 of melatonin, and (f) saliva sample from a healthy volunteer treated
with 100 mg of S 20098 (19 pg ml−1 of melatonin).

traction recovery of 86%. Each type of extraction
proved to be selective for melatonin analysis since
no interferences from endogenous compounds or
S 20098 and its metabolises were observed in both
human plasma and saliva samples (Fig. 2).

3.3.2. Assay 6alidation and stability
The GC-MS procedure was validated over the

range 1–100 pg ml−1 in both plasma and saliva,
with a quantification limit set at 1 pg ml−1 in
each medium per 1-ml sample.

The linearity was assessed by least squares re-
gression analysis with the following parameters:
slope=0.03990.004 and coefficient of determi-
nation, r2=0.99790.002 for plasma; slope=
0.03690.005 and coefficient of determina-
tion, r2=0.99990.001 for saliva (n=5 calibra-
tion curves).

The precision and accuracy of the method
were determined within 16% at four differ-
ent levels for intra- and inter-assay analyses
(Table 2).
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Fig. 3. Confidence interval limits obtained for melatonin stability assay in plasma (") and in saliva (
) after storage under different
conditions.

Limited data is available for the stability of
melatonin in human biological samples [19,33].
The stability of melatonin in plasma and saliva
was, therefore, studied following the storage of
quality control samples for 7 days at 4 and 20°C,
and for 6 months at −20°C. For each storage
condition assessed, the 90% confidence limit inter-
val was determined for the difference between the
measured concentration and the theoretical con-
centration (20 pg ml−1) (Fig. 3). The values ob-
tained (all within 920%) demonstrate the
stability of melatonin under the storage condi-
tions outlines both in plasma and saliva.

3.3.3. Assay of clinical samples
The GC-MS procedure was applied to the anal-

ysis of melatonin in plasma and saliva samples
obtained from clinical studies conducted with S
20098. A profile representative of melatonin
plasma concentrations before and after the oral
administration of S 20098 (200 mg) to human
subjects is shown (Fig. 4). The circadian rhythm
of melatonin was quite obvious: endogenous con-
centrations were lower than 1 pg ml−1 around
mid-day and a maximum peak concentration was
reached between 02:00 and 03:00. Melatonin onset
was determined in the evening in saliva before and
after the oral administration of S 20098 (100 mg)
to healthy subjects (Fig. 4). Similar melatonin
concentrations were found in plasma and saliva
samples in the placebo or following administra-

tion of high doses of S 20098: this result under-
lines the specificity of the analytical method for
the measurement of the hormone after adminis-
tration of the melatonin agonist S 20098.

4. Discussion and conclusions

The simplicity of immunoassays, together with
their sensitivity for the determination of mela-
tonin in biological fluids explains their wide usage
and the development of commercially available
melatonin kits. However, the main drawback of
these assays is the potential lack of specificity
towards closely related molecules such as indolic
compounds or naphthalenic derivatives including

Fig. 4. Melatonin concentration profiles determined in human
plasma (- - -2 - - - and - - -" - - -) and in saliva (- - - - - - and
- - -
 - - -) with oral administration of S 20098 (" and 
) or
in placebo subjects (2 and ).
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S 20098. Many attempts to extract melatonin
selectively from S 20098 and its metabolites, using
either previously described solid-phase extraction
procedures [23,24,26] or liquid–liquid extraction
methods [25,28,30,31] did not succeed.

An LC-RIA procedure was, therefore, devel-
oped to separate melatonin derivatives from
naphthalenic compounds. This chromatographic
separation, combining RIA detection with an an-
tibody specific to melatonin (Ref. HP/S/704-
8483), allowed us to obtain high precision and
accuracy for the quantification of melatonin in
human plasma, in the range 5–200 pg ml−1.
However, the quantification limit was only set at
15 pg ml−1, which limited the analysis of clinical
samples containing lower levels of melatonin.

A GC-MS method was subsequently adopted.
An automated technique was developed, including
automated solid-phase extraction (plasma) or liq-
uid–liquid extraction (saliva) followed by a spe-
cific derivatization of the indolic moiety of
melatonin and gas chromatographic separation
with an automated switching device. This system
was preferred over other previously described
purification procedures such as washing with al-
kaline ammonia [28] or injection with a ‘falling
needle injector’ [29] which could not be easily
automated.

This technique proved to be highly specific for
melatonin, since naphthalenic derivatives such as
S 20098 and its metabolites do not react with
PFPA. The spirocyclic derivative gave an intense
response in mass spectrometry, with the quantifi-
cation limit for melatonin set at 1 pg ml−1 in
plasma and saliva, for a linearity range from 1 to
100 pg ml−1.

The method was fully validated in each biologi-
cal medium, and successfully applied to the spe-
cific determination of endogenous melatonin in
human plasma and saliva samples collected from
clinical studies performed with S 20098.

Immunoassays represent the simplest method
for the rapid determination of melatonin in bio-
logical samples. However, care should be taken
when considering the specificity of this method,
especially when samples may contain other mela-
tonin analogues such as the melatonin agonist S
20098.

GC-MS is, therefore, the preferred assay tech-
nique for quantification of melatonin in plasma or
saliva samples originating from S 20098 clinical
studies as it associates both specificity and
sensitivity.
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