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Melatonin is a hormone that regulates the biological day and night cycle. It is mainly produced by the pineal
gland during the night. People suffering from insomnia use it as a soporific drug. The aim of this study was to
develop a method for the rapid quantification of melatonin in hypnotics. For that purpose, atmospheric
pressure solid analysis probe-assisted mass spectrometry was applied, where no chromatographic
separation is needed. Thereby, one single analysis takes less than 1 min. Reference measurements were
performed with ultra-high-performance liquid chromatography coupled with a quadrupole-time-of-
flight mass spectrometer. Both methods were validated and real sample extracts were tested. The
coefficients of determination were above 0.97 for both methods. The limits of detection and
quantification were below 1 mg kg~*. Both methods gave comparable results. Moreover, the content of
melatonin differed from the specified value in many samples. The highest and lowest observed
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1. Introduction

Melatonin (N-acetyl-5-methoxytryptamine) is a hormone that is
mainly produced in mammals by the pineal gland. Additionally,
it can be synthesized by the skin, lymphocytes and the gastro-
intestinal tract. Tryptophan acts as the starting product, which
is then hydroxylated by tryptophan hydroxylase to form 5-
hydroxytryptophan and subsequently decarboxylated by
aromatic r-amino acid decarboxylase to form serotonin. Finally,
serotonin undergoes acetylation by aralkylamine N-acetyl
transferase and methylation by hydroxy indole-O-methyl trans-
ferase to form melatonin. This production process is dependent
on the day and night cycle. The formation rate decreases with
light, whereas it increases in darkness. The absence of mela-
tonin plays a major role in insomnia. Moreover, melatonin is
associated with many other diseases such as Alzheimer's
disease, diabetes, obesity and cancer."” Melatonin also occurs
naturally in fish, wheat, vegetables, fruits, seeds, nuts, wine, tea
and edible oils. The highest amount of melatonin is typically
found in nuts, germinated legumes, eggs, fish and mushrooms.
Consumption of melatonin-containing food increases the
amount of melatonin in human serum. Many foods rich in
melatonin are characteristic of the Mediterranean diet and

“ADSI-Austrian Drug Screening Institute GmbH, Innrain 66a, 6020 Innsbruck, Austria
*Institute of Analytical Chemistry and Radiochemistry, University of Innsbruck, Innrain
80/82, 6020 Innsbruck, Austria. E-mail: m.rainer@uibk.ac.at

(ESI) available. See DOI:

+ Electronic  supplementary  information

10.1039/d2ay00352]

This journal is © The Royal Society of Chemistry 2022

deviations were 78% and 1%, respectively.

thus, it is claimed that they have a direct impact on the lower
appearance of chronic degenerative disorders.>* Nevertheless,
the primary field of application is the treatment of insomnia.
Nowadays, plenty of chemical compounds are available for the
treatment of insomnia (barbiturates, benzodiazepines and
chloral hydrate), but many of them have substantial side effects.
In comparison, melatonin did not show any encroachments for
probands even at dosages up to 100 mg per day.” Besides the
chemical compounds and melatonin, certain plant extracts are
also used for the treatment of insomnia, for instance Valeriana
officinalis (valerian), Humulus lupulus (hops), Melissa officinalis
(lemon balm), Passiflora incarnata (maypop) and Withania
somnifera (winter cherry).*'* The European Food Safety
Authority (EFSA) recommends the intake of at least 1 mg
melatonin before bedtime to achieve the claimed effect.™
Melatonin not only improves the quality of sleep, but also has
a positive effect on anxiety and depression.’** Some effects of
melatonin are sex-dependent. In infertile females, administra-
tion of melatonin led to an increase in pregnancy rates and
fertilization.” By contrast, the sperm quality of males was
improved and the secretion of gonadotropins and testosterone
was increased.' With regard to Alzheimer's disease, melatonin,
through its antioxidative properties, is suspected to inhibit the
formation of amyloid fibrils by interdependence with p-
amyloid."*"” Furthermore, melatonin plays an increasing role in
the treatment of cancer and as a chemotherapeutic agent. Both
in vitro and in vivo tests have shown that melatonin is able to
inhibit the growth of various tumours and patients were found
to tolerate chemotherapy better when they received
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melatonin."*® The anti-obesogenic effect of melatonin can be
traced back to its influence on the formation and secretion of
insulin. It also acts as a mediator for energy balance, as it
regulates the flow from and to the energy stores.”**' Lastly,
melatonin is hypothesized to help patients suffering from
COVID-19 due to its anti-viral (against other viruses), anti-
inflammatory, antioxidant and mitochondria-protective
properties.*>*

Due to the high number of positive effects of melatonin on
human health and primarily its intensive use in preventing
insomnia, analytical methods are needed for the rapid and
accurate determination and quantification of melatonin in
soporific drugs. For this purpose, many different methods have
been implemented in the past, including electrochemical,***”
bioanalytical®®?** and analytical methods. Analytical methods
that were developed encompass gas chromatography - mass
spectrometry,* liquid chromatography - UV/Vis**** and liquid
chromatography — mass spectrometry.***” None of the methods
employs ambient mass spectrometry, although it would provide
a cheap and fast alternative to conventional methods.***° One
of these ambient mass spectrometric techniques is the atmo-
spheric pressure solid analysis probe (ASAP), which is related to
atmospheric pressure chemical ionization (APCI). In the ASAP,
a borosilicate rod is immersed into a sample, no matter if solid
or liquid and then inserted into the ionisation chamber.
Desorption of the analytes is accomplished by a hot nitrogen
stream and ionisation is performed by corona discharge.*® The
ASAP for instance can be used for the trace detection of explo-
sives,** detection of food fraud** and food analysis.*” Further-
more, the semiquantitative analysis of pharmaceutical agents is
described, for instance the quantitation of sildenafil in herbal
over-the-counter formulations to prevent medical fraud.*

This paper describes the development of a validated method
for the rapid quantification of melatonin in hypnotics with the
ASAP. Through design of experiments (DoE) the optimal
parameters for the ionization of melatonin have been deter-
mined. Numerous hypnotics were purchased online, from
which melatonin was extracted. Reference measurements were
performed with ultra-high-performance liquid chromatography
coupled with a high-resolution quadrupole-time-of-flight mass
spectrometer (UHPLC-qTOFMS). To the best of our knowledge,
this is the first report of a validated method for the rapid
screening and quantification of melatonin in commercially
available drugs employing ambient mass spectrometry.

2. Materials and methods
2.1 Materials

Melatonin (certified reference material), caffeine (=99.0%) and
methanol (=99.0%) were purchased from Sigma-Aldrich
(Vienna, Austria). Formic acid (=99.0%) was obtained from
VWR (Vienna, Austria) and acetonitrile (=99.9%) from Honey-
well (Seelze, Germany). Extraction was performed with an USC-
TH ultrasonic bath from VWR (Vienna, Austria) and a 5430 R
centrifuge from Eppendorf (Vienna, Austria). Ambient mass
spectrometry was performed with a RADIAN atmospheric
pressure solid analysis probe (ASAP) system from Waters
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(Milford, MA, USA). The separation of analytes was performed
with an Agilent column (EclipsePlus C18, RRHD 1.8 pm, 2.1 x
100 mm) on an UltiMate 3000 UHPLC system from Thermo
Scientific (Linz, Austria). The UHPLC was connected to an
impact mass spectrometer from Bruker (Bremen, Germany),
which utilizes an electrospray ionization (ESI) source and
a quadrupole-time-of-flight mass detector (QTOFMS).

2.2 Samples and extraction

A total of 26 different food supplements and herbal formula-
tions (Table 1) that claimed to prevent insomnia were obtained
online. Melatonin was listed as an active component in 14
samples. Tablets were ground in a mortar and approximately
100 mg of each sample was transferred into 15 mL falcon tubes.
Extraction was performed by addition of 10 mL of 75% meth-
anol in water (v/v) and keeping the samples in an ultrasonic
bath for 20 min. Afterwards, the extracts were centrifuged for
5 min at 5000 rpm. The dilution of the samples was performed
individually, depending on the approximate melatonin
concentration determined in preliminary tests. 1.0 mL of each
final sample preparation was pipetted into 1.5 mL vials. The
preliminary tests were performed with UHPLC-qTOFMS by
injection of standards with different concentrations of mela-
tonin and pure sample extracts without dilution. The amount of
melatonin was roughly estimated by comparison of the ob-
tained areas.

2.3 Standards and the internal standard

Approximately 50 mg of melatonin was weighed into a 50 mL
tube. Afterwards, 50 mL of 75% methanol in water (v/v) was
added (1000 mg kg™ "). The tube was weighed when empty and
filled to calculate the amount of melatonin in mg kg™ *.1.0 mL of
the melatonin solution was transferred into a 100 mL volu-
metric flask, which was then filled up with 75% methanol in
water (v/v) to prepare a 10 mg kg™ * stock solution.From this
solution, several different standards were prepared by dilution:
1mgkg ", 2mgkeg !, 4mgkeg ", 5mgke ', 6 mg kg ', 8 mg
kg ' and 10 mg kg " (without dilution). 1.0 mL of each stan-
dard was transferred into 1.5 mL vials.

Caffeine was chosen as the internal standard (ISTD), as it
shares structural similarities with melatonin (amine and amide
groups which are important for positive ionization), is easily
obtainable, cheap and has a similar mass as melatonin (Am/z =
38). Preliminary tests also showed that no signal with a m/z of
195 could be observed in any of the samples. A caffeine solution
with a concentration of 1000 mg kg~ ' was prepared in the same
way as melatonin. 2.5 mL was transferred into a 100 mL volu-
metric flask to obtain a solution with 25 mg kg™ *.200 pL of the
25 mg kg~ ISTD was pipetted into each standard and sample
(1000 pL standard/sample + 200 pL ISTD).

2.4 Design of experiments (DoE) for the ASAP method

DoE was utilized for the development of the method with
Design-Expert (version 11, Stat-Ease Inc., Minneapolis, MN,
USA). Three parameters, that were noticed to have the highest
influence on the ionization and the data output itself, were

This journal is © The Royal Society of Chemistry 2022
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Table 1 Overview of all obtained samples including the specified amount of melatonin

Internal Sample

Melatonin (mg)

number Dosage form Units per package Recommended dose per recommended dose
1 Capsules 60 2 —

2 Capsules 60 3 0.27
3 Tablets 30 1 1.00
4 Tablets 30 1 1.00
5 Capsules 30 2 1.00
6 Capsules 120 4 —

7 Tablets 30 1 —

8 Capsules 50 1 —

9 Capsules 240 1 1.50
10 Tablets 30 1 1.50
11 Capsules 60 2 —
12 Capsules 30 1 3.00
13 Capsules 60 2 —
14 Capsules 60 2 10.00
15 Capsules 60 1 —
16 Tablets 90 1 1.00
17 Capsules 60 2 —
18 Tablets 60 1 0.40
19 Capsules 60 2 1.00
20 Capsules 60 2 1.00
21 Capsules 40 1 1.00
22 Capsules 30 1 1.00
23 Tablets 20 1 —
24 Tablets 20 1 —
25 Tablets 20 1 —
26 Tablets 25 1 —

varied in the DoE. The gas heater temperature and the cone
voltage were changed for the ionization study and the sampling
frequency for the data output. A central composite design
(response surface methodology) was chosen with one replicate
for each factorial and axial point. Additionally, twelve centre
points were used, but with slight variations in their cone volt-
ages, to achieve more precise surface shapes in the DoE. The
temperature was evaluated from 300 °C to 500 °C, the cone
voltage from 5 V to 20 V and the sampling frequency from 5 Hz
to 10 Hz. The axial points were at 235 °C, 570 °C, 1V, 25V, 2 Hz
and 15 Hz. All measurements were performed in positive ioni-
zation mode with a source temperature of 150 °C. A scan from
100 m/z to 300 m/z was applied with a total run time of 6 min.
Immersion of the borosilicate rod into the sample and
desorption inside the ionization chamber were performed five
times per sample run (quintuplicate). Melatonin/caffeine mix
standards with a concentration of 50 mg kg™ each were ana-
lysed according to the DoE design. For this purpose, 200 puL of
each sample was pipetted into 1.5 mL tubes to achieve the same
immersion depth as the glass rod and to further improve
reproducibility. Two response factors were chosen: the ratio
(analyte/ISTD) for the evaluation of the ionisation behaviour of
both substances and the sum of signal heights (analyte + ISTD)
for the improvement of the limit of detection and the limit of
quantification.

2.5 UHPLC-qTOFMS

The injection volume was 1 pL. Separation was performed with
a flow rate of 0.4 mL min~". Formic acid 0.01% in water (v/v) was

This journal is © The Royal Society of Chemistry 2022

used as solvent A and acetonitrile as solvent B. The following
separation gradient was employed: 5% B for 1 min, followed by
an increase to 15% B within 7 min, 30% B within 3 min, 100% B
within 5 min (kept constant for 2 min) and finally returning to
starting conditions within 0.1 min with an equilibration time of
1.9 min for a total run time of 20 min. The temperature of the
column oven was set to 50 °C. Mass detection was performed in
positive scan mode from 50 m/z to 800 m/z with a scan rate of
12 Hz. The end plate offset was set to 500 V and the capillary
voltage to 4500 V. Calibration of the mass spectrometer was
accomplished by using 10 mM sodium formate and each anal-
ysis was performed in triplicate.

2.6 Validation

Peak purity, linearity, limit of detection (LOD), limit of quanti-
fication (LOQ), accuracy and precision were determined
according to ICH guidelines (Validation of Analytical Proce-
dures: Text and Methodology Q2(R1)). Peak purity was accom-
plished by the screening of sample spectra for overlapping
peaks. Linearity was tested by the preparation of two indepen-
dent stock solutions of melatonin. From each stock solution,
seven calibration levels were prepared by dilution (Section 3.3.).
The standards were analysed in triplicate for the UHPLC-
qTOFMS analysis and in quintuplicate for the ASAP analysis.
The evaluation of the linearity was performed by plotting the
Aptelatonin/Acareine (areas) ratio for the chromatographic analysis
and the Hyelatonin/Hcatfeine (Signal heights) ratio for the ASAP
analysis versus the Cmelatonin/Ccatfeine ratio. Linear regression
analysis was performed for the calculation of the slope,

Anal. Methodss, 2022, 14, 1603-1610 | 1605
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Fig. 1 3D surface models of the DoE for the (A) ratio (analyte/ISTD) and (B) signal heights (analyte + ISTD) as the response factors. The sampling

frequency was kept constant at 8 Hz.

intercept, residual standard deviation and coefficient of deter-
mination. The fraction quotient ratio of the residual standard
deviation and the slope was multiplied by three for the assess-
ment of the LOD and by ten for the LOQ. Accuracy was deter-
mined by spiking sample 3 with different amounts of melatonin
stock solution to obtain low, medium and high concentration
spikes. This sample was utilised, as the amount of melatonin
was quite low in the diluted version and thus, it was easy to
spike the sample with standard solutions. Analysis was
accomplished in triplicate for UHPLC-qTOFMS and in
quadruplicate for ASAP. For the evaluation of precision, three
independent extracts from the randomly chosen sample 5 were
prepared and measured in triplicate (UHPLC-qTOFMS) or
quadruplicate (ASAP) on three subsequent days.

3. Results and discussion
3.1 Results of the DoE for the ASAP method

The results show that a sampling frequency of 8 Hz provides
a sufficient amount of data without loss of important infor-
mation. However, the sampling frequency had no significant

H
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Chemical Formula: C41H,NO™*

Exact Mass: 174.0913

Chemical Formula: C;HsNO
Exact Mass: 59.0371
Acetamide

5

N+/ H
Ho

Chemical Formula: Cy3H47N,0,*
Exact Mass: 233.1285
Protonated Melatonin

Fig. 2

influence on the response factors in the DoE (graphs are shown
in the ESIf). For the surface model of the ratio (analyte/ISTD)
response factor, a quadratic model delivered the best results.
The model was significant with a p-value of <0.0001 and
a coefficient of determination (R?) of 0.8988. In comparison, the
signal height (analyte + ISTD) response factor fitted best with
a linear model. The model was significant with a p-value of
0.0029 and a R of 0.4129. The 3D graphs of both models are
shown in Fig. 1.

According to the DoE, a cone voltage of 5 V and a tempera-
ture of 500 °C should be chosen with a desirability of 0.813. The
use of low cone voltage can be explained by the fragmentation of
melatonin at higher voltages. A fragment of melatonin with
174.1 m/z was observed in all measurements at higher cone
voltages. Fig. 2(a) shows a possible mechanism for the genera-
tion of the fragment from melatonin and Fig. 2(b), the ratio of
the fragment ion and the molecule ion dependent on the
different cone voltages.

For the confirmation of the recommended method, five
replicates were analysed. For each run a standard mix with
50 mg kg~ melatonin and 50 mg kg " caffeine was used. A two-

104

HFragment—Ion(1 74)/H Molecule-lon(233)

O+ 1717
Ofadtonds = @ iti8

T T T T T T T T ¥
10 12 14 16 18 20 22 24 26
Cone Voltage (V)

(A) Mechanism for the fragmentation of melatonin at higher cone voltages in positive ionization mode. The neutral-exiting group is

acetamide. (B) Dependency of the fragment ion/molecule ion ratio from the cone voltage.
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Table 2 Validation parameters for the UHPLC-gqTOFMS and ASAP

methods

Validation parameter UHPLC-qTOFMS  ASAP

Slope 0.35017 0.81507
Intercept —0.02743 —0.03397
Coefficient of determination (R*)  0.9811 0.9747

Limit of detection (LOD) 0.27 mg kg ™' 0.26 mg kg ™!
Limit of quantification (LOQ) 0.90 mg kg™ 0.88 mg kg !

Accuracy - low
Accuracy - medium
Accuracy - high
Intraday precision

100.0 £ 5.1%
104.2 £ 7.7%
103.3 £ 0.7%
6.3%
5.4%

113.1 + 3.6%
109.1 £+ 4.3%
119.7 £ 3.7%
8.1%
6.0%

Interday precision

sided confidence interval with 95% (a = 0.05) was set as an
acceptable region and contained all measurements.

3.2 Validation

The validation of both methods (UHPLC-qTOFMS and ASAP)
delivered sufficient results (Table 2). The coefficients of deter-
mination were above 0.97. Intercepts were small and slightly
negative (Fig. 3). The limit of detection (LOD) was below 0.30 mg
kg™ for both methods and the limit of quantification (LOQ) was
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Fig.5 Deviation of the melatonin containing extracts. Specified values
compared with the measured values (orange = UHPLC-gTOFMS;
green = ASAP).

0.90 mg kg~ " and 0.88 mg kg™ for UHPLC-qTOFMS and ASAP
methods, respectively which were less than the smallest stan-
dard concentration (1.00 mg kg ' melatonin). Accuracy

B
ASAP
1.54
R? = 0.9747
slope: 0.81507
intercept: -0.03397
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£1.0+
S
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=
s
s
]
<
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Fig. 3 Calibration curves generated with (A) the UHPLC-gTOFMS measurements and (B) the ASAP measurements.
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Fig. 4 ASAP mass spectra; (A) background; (B) standard 5 mg kg™ %; (C) sample 9 — a melatonin containing phyto-narcotic.

This journal is © The Royal Society of Chemistry 2022

Anal. Methods, 2022, 14, 1603-1610 | 1607


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ay00352j

Open Access Article. Published on 06 April 2022. Downloaded on 7/30/2025 9:26:08 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Analytical Methods

A

104 R®=0.9428 ° .
slope: 1.02045
intercept: 0.09608

ASAP (mg kg™)
o\

0 T T
0 5 10

UHPLC-qTOFMS (mg kg™)

View Article Online

Paper
B
40-
L ]
304 -
________________________________ +1.96.SD_
255
@ 20 a
3 104 ¢ ®
5 "% e e Mean
L] i
£ o4 O = =
© . - .
[ - L ]
2 104 n
L o oo e eemmem oo _198SD
20 o -18.3
L ]
30 y . . . , )
0 2 4 6 8 10 12

Mean (mg kg™)
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gqTOFMS and ASAP measurements (concentration of melatonin in mg kg™3); (B) Bland—Altman plot with mean values and the relative difference

between both methods.

exhibited a positive deviation, whereas the ASAP values were
generally higher than the UHPLC-qTOFMS values. The highest
deviation was observed in the ASAP measurements for the
spiked sample with the highest concentration (119.7%), but it
was still within the desired range of +20% (close to the linearity
range). Due to the results of the accuracy measurements, the
occurrence of matrix effects can be ruled out, as otherwise the
deviations would be higher. The precision results (intraday and
interday) were below 10% for both analytical methods.

3.3 Quantification of melatonin in real-world samples

Fig. 4 depicts the mass spectra for the ASAP analysis of the
background, a standard with 5 mg kg ' and sample 9. The
comparison of the background and the standard with the
melatonin-containing phyto-narcotic shows, that the last-
mentioned contains many other compounds due to its more
complex constitution. The mass error for the UHPLC-qTOFMS
analysis was —5.1 ppm for melatonin (Mneor. = 233.1290 Da;
Mineas. = 233.1278 Da) and —4.6 ppm for caffeine (Myeor. =
195.0882 Da; Meas. = 195.0873 Da). The amount of melatonin
in the samples ranged from 170 mg to 6407 mg per kg drug for
the UHPLC-qTOFMS determinations and from 244 mg to
6848 mg per kg drug for the ASAP analysis. The deviation from
the nominal value was calculated for each sample containing
melatonin and is depicted in Fig. 5. Generally, the mathemat-
ical sign for the deviation was the same for every sample, except
for sample 4 and sample 19. However, those samples had
a slight deviation of less than 4%. In most cases, ASAP
measurements delivered higher deviations than the chromato-
graphic measurements, except for samples 5 and 9. The highest
deviations from nominal values were observed in samples 2, 14
and 16. Exemplarily in sample 14, less than 50% of the stated
amount of 5 mg per capsule was quantified with both analytical
methods. In contrast, samples 2 and 16 contained more mela-
tonin than advertised.

For the direct comparison of the two applied methods, two
graphs were generated. Fig. 6(A) shows the measured values of
both instruments with a linear regression analysis. The slope

1608 | Anal. Methods, 2022, 14, 1603-1610

was close to unity. Additionally, an intercept of less than 10% of
the lowest standard concentration is an indicator of the
comparability of the two methods. The coefficient of determi-
nation was above 0.94. Fig. 6(B) shows a Bland-Altman plot,
where the mean of each method is plotted against the relative
difference between the methods. Three outliers have been
noticed. Two of them are samples (sample 2, the sample with
the lowest concentration and sample 3) and one is a standard
(1 mg kg™, ie., the lowest concentration standard). All other
measurements were within the £+ 1.96 SD confidence interval.
The relative difference between the mean of all measurements
was 3.6%.

4. Conclusions

Quantification of melatonin with ASAP-MS is a cost-efficient,
reliable and fast alternative to conventional methods like
UHPLC-qTOFMS. One single analysis with ASAP-MS takes less
than 1 min, whereas chromatographic methods typically take
5 min to 30 min. Moreover, ASAP-MS does not require the use of
solvents that are potentially hazardous to the environment. The
major disadvantage of ASAP-MS is isobars that can be present in
the sample. Without a further dimension of separation, it is not
possible to distinguish between them. Thus, validation of ASAP-
based methods is highly important with a focus on accuracy.
This problem could be solved, if high-resolution mass analysers
or triple quadrupoles are used instead of low-resolution single
quadrupoles. With the former mentioned systems, it would be
possible to uncover interferences by evaluating the fragmenta-
tion patterns. Moreover, the results showed that the amount of
melatonin in over-the-counter products is diverging from the
specified value in many cases.
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