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a b s t r a c t

A procedure based on liquid chromatography–electrospray ionization mass spectrometry is described
for determination of methylphenidate (MPH) and its principal metabolite ritalinic acid (RA) in plasma,
urine, oral fluid and sweat using 3,4-methylendioxypropylamphetamine (MDPA) as internal standard.
Aliquots of 100 �L biological fluids and sweat patch were initially treated with acetonitrile, centrifuged,
and clear supernatants evaporated and redissolved in 10 mM ammonium acetate. Chromatography was
performed on a reversed-phase column using a gradient of 10 mM ammonium acetate and acetonitrile
as a mobile phase at a flow rate of 1 mL/min. Separated analytes were confirmed and quantified by
positive electrospray ionization mass spectrometry and selected ion monitoring acquisition mode. Limits
iquid chromatography–mass spectrometry
ral fluid
weat
lasma
rine

of quantifications were 1 ng/mL plasma, 1 ng/sweat patch, 0.5 ng/mL oral fluid and urine for MHF; 1 ng/mL
plasma and oral fluid, 1 ng/sweat patch, 0.5 ng/mL urine for RA using 100 �L biological fluids or one sweat-
patch per assay. Calibration curves were linear over the calibration ranges for both MPH and RA, with
r2 > 0.99. At three concentrations spanning the linear dynamic range of the assay, mean recoveries ranged
between 67.9–90.3% for MPH and 36.3–92.4% for RA in the different biological matrices. This method
was applied to therapeutic monitoring of MHP and RA in conventional and non-conventional biological

s in d
matrices from individual

. Introduction

Attention-deficit hyperactivity disorder (ADHD) is the most
ommon neurobehavioral disorder of childhood affecting school-
ged children, with a prevalence generally estimated to be 5–10%
f general population [1–3]. At the present time methylphenidate
MPH), a psychostimulant which is a phenethylamine derivative, is
he drug of choice for the treatment of ADHD [4].

MPH is reported to be absorbed quickly and completely from
he gut after oral administration and it is rapidly hydrolyzed
t the methyl ester linkage to its metabolite, ritalinic acid (RA)

5,6].

It is known that there is marked individual variability in the
ose–response relationship for methylphenidate, and therefore
osage must be titrated for optimal effect and avoidance of toxi-

∗ Corresponding author. Fax: +39 06 49902016.
E-mail address: simona.pichini@iss.it (S. Pichini).

731-7085/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpba.2008.11.020
rug treatment.
© 2008 Elsevier B.V. All rights reserved.

city in each child [7]. There are few analytical methodologies, some
of them quite outdated, available for measurement of MPH and RA
in plasma and urine [8–12], but therapeutic monitoring of parent
drug and its metabolite is essentially lacking. Alternative biologi-
cal matrices should be investigated for non-invasive assessment of
short and long term drug use in paediatric and adolescent popula-
tion.

Recently, we developed a procedure based on liquid chromato-
graphy–mass spectrometry (LC–MS) for the determination of MPH
in hair of treated children [13]. The method has been successfully
applied to monitor long-term drug compliance. Subsequently, we
tried to extend the developed methodology to other conventional
(blood and urine) and non-conventional (oral fluid and sweat) bio-
logical matrices. The aim of this study was twofold: to develop

and validate a simple LC–MS method coupled with a minimum
preparation of biological samples of small volumes (applicable
to paediatric population) and to verify if non-conventional, less
invasive biological matrices could be used for therapeutic MHP
monitoring.

http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
mailto:simona.pichini@iss.it
dx.doi.org/10.1016/j.jpba.2008.11.020
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.1. Materials

Standards of MPH and RA were supplied by Sigma–Aldrich
Milan, Italy). 3,4-methylenedioxypropylamphetamine (MDPA)
sed as internal standard (IS) was from Salars (Como, Italy). HPLC
rade solvents and all the other reagents of analytical grade were
urchased from Mallinkrodt Baker (Milan, Italy). The PharmChek
weat patches were provided by PharmChem Laboratories (Menlo
ark, CA, USA).

.2. Biological samples

Blood, urine, oral fluid and sweat used for this study were
btained from one adolescent (13 years old, 47 kg and 157 cm
eight) and two young adults (21 ± 1 years old, 75 ± 2 kg, 180 ± 2 cm
eight) diagnosed for ADHD, in treatment with different dosages
nd formulations (fast and prolonged release) of methylphenidate
ttending the routine outpatient clinic at Hospital del Mar,
arcelona, Spain. The study was approved by the Ethical Com-
ittee of our institution. Parents of the adolescent and the two

oung adults included in this study signed an informed consent and
ompleted a structured questionnaire. Blood, urine and oral fluid
amples were collected. Blood was immediately centrifuged and
he obtained plasma was pooled and aliquoted into 0.5 mL plastic
ubes. Sweat patches were applied on the back of the three individu-
ls coming for routine control, which gave their consent in applying
atches before taking medication and removing them immediately
fter drug intake and 6 h post-application.

Drug-free plasma, urine and oral fluid were obtained from 20
ifferent healthy donors, analysed during method validation to
xclude any source of chromatographic interferences and mixed
o obtain a homogeneous pool of blank samples to be used for
alibration standards and quality control (QC) samples. Drug-free
weat was collected by sweat patches applied to the back of healthy
onors, after the skin had been cleaned with a 70% isopropyl
lcohol swab, and removed 6 h post-application. One patch from
he healthy individuals was checked for the absence of princi-
al drugs of abuse and MHP before using the other patches for
alibration standards ad QC samples. All biological samples were
rozen at −20 ◦C until analysis. No preservatives were added to
pecimens.

.3. Calibration standards and quality control samples

Stock standard solutions (1 mg/mL) and working solutions (1,
.1 and 0.01 �g/mL) of MPH, RA were prepared in methanol and
tored at −20 ◦C until analysis. The IS working solution was used at
concentration of 0.1 �g/mL.

Calibration standards ranging from the limit of quantification
LOQ) to 100 ng MPH and RA per mL plasma, oral fluid, per sweat
atch and from LOQ to 1000 ng MHP and from LOQ to 5000 ng
A per ml urine were prepared daily for each analytical batch by
dding suitable amounts of methanol working solutions to 100 �L
f pre-checked drug-free biological fluid or drug-free sweat patch.
C samples of 2, 40 and 80 ng/mL MPH and RA in plasma, oral
uid or ng/patch; 2, 150 and 800 ng MPH and 2, 400 and 3000 ng
A per mL urine and samples at the limit of quantification (LOQ),
ere prepared, aliquoted, and stored at −20 ◦C. QC samples were

ncluded in each analytical batch to check calibration, accuracy

nd precision, and the stability of samples under storage condi-
ions. Blank urine containing 5000 ng/mL MHP and 10,000 and
5,000 ng/mL RA were prepared as over-the curve samples, to be
ested for accuracy and precision once diluted 5 and 10 times,
espectively.
Biomedical Analysis 49 (2009) 434–439 435

2.4. Sample preparation

Frozen oral fluid, plasma, and urine samples were allowed to
thaw at room temperature. Before analysis, oral fluid was cen-
trifuged to discard the mucous part, which accumulated at the
bottom. Aliquots of 100 �L oral fluid, plasma and urine, were added
to 20 �L IS working solution and 200 �L of acetonitrile. After 30 s
vortexing and 3 min centrifugation at 3000 × g, 150 �L supernatant
was transferred to a clean extraction tube and evaporated to dry-
ness under a nitrogen stream (40 ◦C, 5 min). Oral fluid, plasma
and urine dried extracts were redissolved in 100 �l 10 mM ammo-
nium acetate. For MPH and RA determination in sweat patch, the
absorbent pad removed from the patch with clean tweezers added
to 20 �L IS working solution in a clean tube was extracted with
1 mL of acetonitrile. The extract was evaporated to dryness and
redissolved in 100 �l 10 mM ammonium acetate. A 20 �l aliquot
of redissolved samples was injected onto HPLC column.

2.5. Liquid chromatography–electrospray ionization mass
spectrometry

LC–MS analyses were performed using an Agilent 1100 series
HPLC system consisting of a G1312A binary pump, a G1322A
degasser, and an ALS G1329A autosampler (Agilent Technologies,
Palo Alto, CA, USA) interfaced to an Agilent 1100 series G1946D mass
spectrometer equipped with an atmospheric pressure ionization-
electrospray (ESI) interface. Chromatographic separation was
achieved by a Thermo Electron-Hipersil Gold next-generation ultra
pure silica column (150 mm × 4.6 mm; 5 �m) (CPS analitica, Milan,
Italy). The mobile phase, used at a flow rate of 1 mL/min, was a
gradient of a mixture of (A) 10 mM ammonium acetate and (B) ace-
tonitrile programmed as follows: initial 80% A for 3 min, decreased
to 50% A within 9 min, then increased again to 80% A within 6 min.
The mass spectrometer (Agilent 1100 series), was operated in pos-
itive electrospray ionization mode and selected ion monitoring
(SIM) acquisition mode. The following ESI conditions were applied:
drying gas (nitrogen) heated at 350 ◦C at a flow rate of 11.0 L/min;
nebulizer gas (nitrogen) at a pressure of 40 psi; capillary voltage at
4000 V, fragmentor voltage (applied to the exit end of the capillary)
at 140 V, dwell time 68 ms and mass peak width 0.10 min. Qualify-
ing ions were: m/z 235, 234 and 84 for MPH, m/z 221, 220 and 84
for RA and m/z 222, 163 and 105 for MDPA. The underlined ions
were selected for quantification. The acceptance criterion for ion
intensity ratios was a deviation ≤20% from the average of the ion
intensity ratios of all the calibration standards.

2.6. Validation procedures

Prior to application to real samples, the method was tested in
a validation protocol following the accepted criteria for bioanalyti-
cal method validation [14–15]. Selectivity, carryover, matrix effect,
linearity, limits of detection and quantification, precision, accu-
racy, recovery, and stability were determined as previously reported
[16–17].

3. Results and discussion

3.1. Chromatography and validation

Representative chromatograms obtained following the extrac-
tion of 1 ng MPH, 2 ng RA and 2 ng MDPA (IS) spiked in 100 �L

drug-free plasma, urine, oral fluid and sweat patch are shown in
Figs. 1A and 2A. Separation of MPH, RA and MDPA was completed
in 10 min. A 5 min equilibration time was necessary at the end of
each run for elution of possible endogenous compounds and system
re-equilibration.
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ig. 1. SIM chromatograms of an extract of: (A) drug-free plasma (top) and urine (be
top) and urine (below) samples; (C) plasma sample (top) containing 6.77 ng/mL MP
nd 3.77 �g/mL RA.

When analyte concentration in urine samples was higher than
hose in the calibration curve, samples were re-processed once
iluted 5 or 10 times (over-curve samples). Samples following the
ne exceeding the linear range in the chromatographic run were
e-injected to check for possible contamination by carryover. Nev-

rtheless, there was no carryover observed in these cases nor, when
rug-free urine samples were injected after the highest point of the
alibration curve.

No additional peaks due to endogenous substances that could
ave interfered with the detection of compounds of interest were

able 1
alibration method for MPH and RA in different biological matrices.

nalyte Calibration line slopea Calibration line intercepta Correlation c

lasma
MPH 0.041 ± 0.005 0.031 ± 0.004 0.992 ± 0.00
RA 0.109 ± 0.040 −0.107 ± 0.011 0.993 ± 0.00

ral fluid
MPH 0.039 ± 0.010 −0.017 ± 0.002 0.994 ± 0.00
RA 0.002 ± 0.0002 0.003 ± 0.0002 0.996 ± 0.00

rine
MPH 0.110 ± 0.010 0.022 ± 0.005 0.994 ± 0.00
RA 0.062 ± 0.003 0.011 ± 0.003 0.995 ± 0.00

weat
MPH 0.112 ± 0.019 −0.013 ± 0.001 0.993 ± 0.00
RA 0.043 ± 0.003 −0.010 ± 0.002 0.994 ± 0.00

a Mean and S.D. of three replicates.
b ng/mL for plasma, oral fluid and urine and ng/sweat patch for sweat.
spiked with 10 ng/mL MPH, 20 ng/mL RA and 20 ng/mL MDPA; (B) drug-free plasma
35.60 ng/mL RA and urine sample (below, diluted 1:10) containing 50 ng/mL MPH

observed after the injection of drug-free biological matrices (20
different samples per matrix) (Figs. 1B and 2B). Similarly, none
of the principal drugs of abuse (opiates, cocaine, cannabinoids,
amphetamines type-stimulants) or medications (antidepressants,
benzodiazepines) carried through the entire procedure, interfered

with the assay and with the accurate quantification of the low QC
samples in all the biological matrices.

No significant ion suppression due to matrix effect (less than 10%
analytical signal suppression) occurred during chromatographic
runs.

oefficient (r2) Limit of detection (LOD)b Limit of quantification (LOQ)b

1 0.31 1.0
2 0.31 1.0

3 0.15 0.5
1 0.33 1.0

3 0.14 0.5
4 0.16 0.5

1 0.30 1.0
3 0.32 1.0
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ig. 2. SIM chromatograms of an extracts of: (A) drug-free oral fluid (top) and swea
r ng/patch MDPA; (B) oral fluid-free plasma (top) and sweat (below) samples; (C)
below) containing 10.15 ng/mL MPH.

Linear calibration curves showed determination coefficients (r2)
qual to or higher than 0.99 in all cases. LODs and LOQs values,
alculated from S.D. of the mean noise level over the retention
ime window of each analyte were adequate for the purpose of
he present study (Table 1). The calculated LOQ tested for precision
nd accuracy presented coefficients of variation always lower than
0%. The intra and inter-assay imprecision (measured as % relative
tandard deviation, RSD) and accuracy (measured as %error) values
lways lower than 20% were in accordance with the internationally
stablished acceptance criteria [14,15] (Table 2).

Over-curve samples, tested for imprecision and accuracy after
iluting 5–10 times, gave values always lower than 10% relative
tandard deviation (RSD) and %error. Absolute analytical recoveries
mean ± standard deviation, S.D.) obtained after extraction proce-
ure for the three different QC samples showed that there were
o significant variations at different concentration levels for the
nalytes under investigation in different biological matrices. The
ecoveries were quite high for plasma, urine and oral fluid but not
or sweat patches, especially in case of RA.

Regarding the freeze/thaw stability assays for quality control
amples, no significant degradation was observed after any of the
hree freeze/thaw cycles; the differences in concentration com-
ared to the initial concentration were lower that 10%. Similar

esults (differences always lower than 10%) were obtained in case
f mid-term stability test, performed re-analyzing replicates of two
eal plasma, urine, oral fluid samples and two sweat patches, cut in
our pieces, once a month for 6 months period, assuring the validity
f stored samples analysis.
w) spiked with 10 ng/mL or ng/patch MPH, 20 ng/mL or ng/patch RA and 20 ng/mL
uid sample (top) containing 9.06 ng/mL MPH and 4.92 ng/mL RA and sweat sample

3.2. Analysis of clinical samples

The method of analysis described in this report is being used
for samples obtained from children and adolescents, diagnosed for
ADHD, in treatment with different dosages and formulations (fast
and prolonged release) of methylphenidate at Hospital del Mar,
Barcelona, Spain. Our aim is to set up a therapeutic drug monitor-
ing (TDM) to assess drug compliance, to establish the relationship
between drug and metabolite concentration in different biologi-
cal matrices and clinical efficacy as well as possible side-effects
and finally to test the possibility of using oral fluid or sweat as
non-invasive alternative biological matrices for TDM in pediatrics.

Table 3 shows the concentrations of MPH and RA in samples of
different biological matrices analyzed during assay development,
originating from one adolescent and two young adults selected
among the subjects attending outpatient clinics at Hospital del
Mar. The two adults were in treatment with 20 mg/day fast release
MHP (Rubifen®, Laboratorios Rubió, Barcelona, Spain) and the
adolescent with 20 mg/day prolonged release MHP (Medikinet®,
MEDICE, Iserlohn, Germany). With respect to plasma samples,
the peak concentrations of MPH and RA at 2 h for fast release
MHP and 3 h for prolonged release MHP were similar) while at
8 h post-administration, the concentrations after administration of

prolonged release drug were higher than those found in the two
subjects treated with fast release formulation.

MPH appeared in oral fluid in significantly higher concen-
trations than those in plasma. This is not surprising due to
the nature of the molecule, which is a weak base (pKa = 8.9)
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Table 2
Intra-assay (n = 5) and Inter-assay (n = 20) imprecision, accuracy (n = 20) and recovery of MPH and RA in plasma, oral fluid, urine and sweat patch.

Biological matrix
and analyte

Concentration (ng/mL,
and ng/patch)

Intra-assay imprecision
(% RSD)

Inter-assay imprecision
(% RSD)

Accuracy (%
error)

Absolute
recovery (%)a

Plasma
MPH 2 2.4 14.0 9.1 81.8 ± 3.6

40 3.0 7.4 12.2 77.7 ± 1.3
80 4.4 8.4 8.5 83.3 ± 1.7

RA 2 3.0 6.2 7.5 90.2 ± 1.3
40 8.4 4.4 5.2 92.4 ± 3.8
80 5.4 6.4 8.2 88.2 ± 5.3

Oral fluid
MPH 2 6.0 16.6 9.6 89.2 ± 2.1

40 3.0 10.3 19.3 90.3 ± 1.5
80 1.1 8.1 10.7 82.4 ± 4.8

RA 2 6.0 6.6 9.6 77.1 ± 1.2
40 3.0 10.3 10.3 76.1 ± 0.6
80 1.1 8.1 10.7 80.3 ± 4.7

Urine
MPH 2 6.1 8.3 16.6 82.3 ± 5.1

150 1.3 18.7 8.3 82.8 ± 2.9
800 0.7 5.1 2.1 89.3 ± 3.7

RA 2 8.2 18.2 12.3 86.9 ± 2.5
400 1.0 2.2 1.6 88.2 ± 0.3

3000 2.1 5.8 12.6 90.4 ± 3.7

Sweat
MPH 2 5.5 8.0 4.6 70.9 ± 4.1

40 13.4 16.2 16.1 68.2 ± 2.5
80 13.1 13.1 14.8 67.9 ± 3.4

a
e
o
s
o
t
c
[
t
w
a
n
a

T
M

S

1

2

3

RA 2 6.4
40 2.3
80 7.9

nd similar to other amphetamine type-stimulants (3,4-methyl-
rndioxymethamphetamine, methamphetamine) accumulates in
ral fluid which, in normal conditions (absence of salivary flow
timulation), is more acidic than blood [18]. The opposite was
bserved for RA, which is indeed an acidic compound and similar
o other acidic substances (eg. 11-nor-�9-tetrahydrocannabinol-9-
arboxylic acid, THC-COOH) is not actively secreted in oral fluid
19]. In any case, parent drug and metabolite oral fluid concentra-
ion presented a great inter-subject variability, not only at peak time

hen a buccal contamination by tablets can be hypothesized, but

lso 8 h post-administration. For this reason, while these prelimi-
ary results support the analysis of MHP in oral fluid as a suitable
lternative to plasma analysis in situations where monitoring in a

able 3
PH and RA concentration in samples of conventional and non-conventional matrices fro

ubject Drug dose
(mg)

Oral fluid (ng/mL) Plasma (ng/mL)

Peak
time

8 h post-
administration

Peak
time

8 h post-
administration

.
MPH 20a 16.16 0.94 6.77 0.50
RA 1.74 2.08 35.60 14.26

.
MPH 20a 87.30 9.06 9.75 1.65
RA 6.88 4.92 39.63 15.02

.
MPH 20b 53.52 11.57 9.17 3.12
RA 18.12 12.18 29.46 18.19

a 20 mg Rubifen/day.
b 20 mg Medikinet/day.
c ND: not determined.
5.8 7.3 30.6 ± 5.9
9.8 14.8 34.8 ± 4.5
8.3 11.2 36.3 ± 1.5

non-invasive biological matrix is warranted, specific pharmacoki-
netics studies are needed to clarify if oral fluid concentrations of
this drug may be a predictor of plasma concentrations.

Following 20 mg oral administration of fast release MPH in two
subjects, about 50% of the administered dose was excreted in the
urine in the first 8 h post-administration, primarily as RA (45.2
and 47.7%, respectively) while only 0.6 and 0.8%, respectively was
excreted unchanged. Results for 8 h post-administration excretion
of prolonged release formulation were slightly higher: 60% dose

was excreted as RA and 3% as parent drug.

Regardless of which MPH formulation was used, only the par-
ent drug was found in sweat in a concentration range of ten
ng per sweat patch. This is in accordance with what we already

m three subjects following oral administration of MPH.

OF/P ratio Amount excreted in urine in
�g/mL (total amount in �g)

Sweat patch

Peak
time

8 h post-
administration

0–8 h 8 h post-
administration

2.38 1.88 0.05 (120) 10.15
0.05 0.15 3.77 (9,048) NDc

8.96 5.49 0.20 (170) 10.93
0.17 0.33 11.24 (9,554) NDc

5.80 3.70 0.76 (650) 11.17
0.61 0.66 14.61 (12,500) NDc
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eported for amphetamine-type stimulants such as MDMA [20].
aking into account these first observations, it can be postulated
non-negligible exctretion of MHP in sweat, which can be of use

or clinical and forensic purposes.

. Conclusion

The LC–MS method reported allows the determination of MPH
nd RA in conventional and non-conventional biological matrices.
he rapid and simple extraction of analytes from different biolog-
cal matrices, the minimum handling and time required, the high
ssay sensitivity and unequivocal detection render this method fea-
ible for routine therapeutic monitoring of MPH and its metabolite
A in pharmaco-toxicological and clinical laboratories. For the first
ime, the possibility of drug monitoring in non-invasive biologi-
al matrices is suggested, showing that MPH and its metabolite
an be detected in oral fluid, whereas only MPH is excreted in
weat, at least at clinically relevant concentrations. Hence, oral fluid
an be suggested as a good non-invasive alternative to plasma for
rug monitoring in pediatrics with further investigation confirming
hese preliminary data.
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