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A  liquid  chromatography–tandem  mass  spectrometry  method  was  developed  for  the  quantification
of  circulating  levels  of  multiple  immunosuppressant  drugs  including  cyclosporine  (CsA),  tacrolimus,
methotrexate  (Mtx),  prednisone,  prednisolone,  methylprednisone,  total  and  free  mycophenolic  acid
(MPA), as  well  as  MPA  phenolic  (MPAG)  and  acyl  (AcMPAG)  glucuronide  metabolites.  Linearity,  precision
and accuracy  were  validated  within  the  typical  therapeutic  range  of  concentrations  for  each  compound.
The  assay  was  linear  over  0.125–25  ng/mL  for tacrolimus,  1–500  ng/mL  for  prednisone/methylprednisone,
2–400  ng/mL  for  Mtx,  2–1000  ng/mL  for prednisolone  and  from  7.5  to 1500  ng/mL  for  CsA  with  the
lowest  limit  of  quantification  (LLOQ)  being  0.125,  1.00,  2.00,  2.00  and  7.5 ng/mL,  respectively.  The  cal-
ibration  curve  concentrations  for MPA  and  MPAG  ranged  from  50  to  50,000  ng/mL (LLOQ:  50  ng/mL)
and  10  to 10,000  ng/mL  (LLOQ:  10 ng/mL)  for  AcMPAG.  Mean  recoveries  in blood  and  plasma  were
ycophenolic acid 84%  ± 5.7%.  The  method  could  measure  individual  drugs  with  high  sensitivity,  accuracy  (bias  ≤  14%),
and  reproducibility  (CV  ≤  12.8%).  Its clinical  application  was  validated  by  measuring  levels  of  these
drugs  in  samples  obtained  from  hematopoietic  stem  cell  transplant  recipients  treated  with  combined
immunosuppressive  drug  therapy.  Our results  indicate  that this  approach  is  suitable  for  simulta-
neous  determination  of  in  vivo  levels  of  immunosuppressive  drugs  commonly  used  in combined
therapies.

© 2012 Elsevier B.V. All rights reserved.
. Introduction

The use of combinations of immunosuppressant drugs is
onsidered the therapeutic gold standard for post-allogeneic
ematopoietic stem cell transplantation (HSCT) to prevent seri-
us complications such as graft versus host disease and rejection.
owever, these drugs have a narrow therapeutic index and wide

nter-individual pharmacokinetic fluctuations, resulting in unpre-

ictable levels of drugs in the blood. Systemic concentrations of
everal immunosuppressive drugs have been correlated with their
fficacy and potential life-threatening complications, supporting a

Abbreviations: MMF, mycophenolate mofetil; CsA, cyclosporin A; Mtx,
ethotrexate; -G, glucuronide; HSCT, hematopoietic stem cell transplantation;

C–MS/MS, high-performance liquid chromatography–tandem mass spectrometry.
∗ Corresponding authors at: CHUQ Research Center, T3-48, 2705 Boul. Laurier,
uébec, Canada, G1V 4G2. Tel.: +1 418 654 2296; fax: +1 418 654 2761.

E-mail addresses: eric.levesque@crchuq.ulaval.ca
É. Lévesque), chantal.guillemette@crchul.ulaval.ca (C. Guillemette).

570-0232/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.jchromb.2011.12.029
need for more precise monitoring of in vivo levels of these drugs
[1–3].

Immunological-based techniques are used in clinical labora-
tories to assess the levels of some immunosuppressant drugs in
transplant recipients. However, these methods can overestimate
drug concentrations, as observed for tacrolimus and cyclosporine
(CsA), owing to cross-reactivity with other drugs and/or chemical
moieties on biomolecules [4–6]. Therefore, a non-immunological
method that could simultaneously measure immunosuppressive
drugs in blood or plasma would be particularly useful. Some
chromatographic techniques have been proposed for the simulta-
neous monitoring of multiple immunosuppressive drugs [7–10],
but to our knowledge none offers the possibility of measuring
CsA, tacrolimus, methotrexate (Mtx), prednisone, prednisolone,
and methylprednisone in addition to total and free mycophe-
nolic acid (MPA), as well as MPA  phenolic (MPAG) and acyl

(AcMPAG) glucuronide metabolites. To address this critical defi-
ciency, we  developed and validated a sensitive, specific, and
accurate LC–MS/MS assay that incorporates internal standards to
directly quantify these immunosuppressants in human samples.

dx.doi.org/10.1016/j.jchromb.2011.12.029
http://www.sciencedirect.com/science/journal/15700232
http://www.elsevier.com/locate/chromb
mailto:eric.levesque@crchuq.ulaval.ca
mailto:chantal.guillemette@crchul.ulaval.ca
dx.doi.org/10.1016/j.jchromb.2011.12.029
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he method was further evaluated by measuring levels of common
rug combinations in HSCT patients.

. Experimental

.1. Chemicals

Methanol, hydrochloric acid, acetic acid and formic acid were
urchased from VWR  (Montréal, Qc, Canada). Ammonium for-
ate and ammonium acetate were purchased from Laboratoire
at  (Québec, Qc, Canada). Zinc sulfate, CsA, tacrolimus, MPA,

ndomethacin and 6-methylprednisolone were purchased from
igma–Aldrich Canada (Mississauga, On, Canada). Mtx, Mtx  d3,
cMPAG d3, and CsA-d4 were purchased from Toronto Research
hemical Inc. (Toronto, On, Canada). MPAG and AcMPAG were sup-
lied by Roche (Toronto, On, Canada). Prednisone and prednisolone
ere purchased from Steraloids (Newport, RI, USA) and pred-
isolone d6 from C/D/N Isotopes (Montréal, Qc, Canada). StrataTM-X
eversed SPE Phase Sorbents were purchased from Phenomenex
Torrance, CA, USA) and Centrifree tubes were obtained from Mil-
ipore Corporation (Bedford, MA,  USA).

.2. Blood samples

Human blood was collected from 4 males and 2 females trans-
lant recipients who participated in a prospective HSCT study,
hich was approved by the Institutional Review Board of our insti-

ution. All participants, age between 36 and 57 years old, received
ematopoietic stem cells to treat a malignant hematological dis-
ase. The source of the stem cells was from mobilized peripheral
lood progenitor cells from related donors, except for one indi-
idual transplanted with unrelated umbilical cord blood. After
ransplantation, patients received a prophylactic immunosuppres-
ive regimen as determined by the physician who performed
he transplant. Each patient received the following drugs, CsA
r tacrolimus along with Mtx  or MPA, with or without methyl-
rednisolone, such that each patient received at least two  drugs

n total except for one individual who received only tacrolimus.
riefly, patients under Mtx  therapy received an intravenous bolus
f 15 mg/m2 day 1 and 10 mg/m2 days 3, 6 and 11. The doses at
ays 3, 6, and 11 were adjusted downwards in case of renal and
epatic dysfunction or other serious adverse effects. Methylpred-
isolone was used at 1 mg/kg/dose intravenously. Depending on
he transplant procedure, an oral relay was thereafter adjusted to
each a trough blood level between 200 and 400 ng/mL. Tacrolimus
as adjusted to maintain trough blood concentration from 5 to

0 ng/mL. MMF  was used at fixed dosing regimens of 15 mg/kg
rally twice daily.

Blood samples were collected 2 h after an intravenous admin-
stration of Mtx  at day 3, 6 and 11 post-transplantation. For

ethylprednisolone, plasma concentration was determined 2 h
fter intravenous drug administration. Tacrolimus and CsA were
ssessed in blood samples collected prior to oral drug intake (C0,
r drug concentration at equilibrium) and 2 h after drug adminis-
ration (C2). Samples from patients under oral MMF  therapy were
ollected at C0, C2, C4, and C6 after drug intake.

Venous blood samples (6 mL)  were collected in EDTA (K2)-
ontaining Vacutainer tubes from a peripheral catheter and
mmediately placed on ice. A 500 �L aliquot of blood was  frozen
t −80 ◦C until analysis of CsA/tacrolimus levels. The remaining
lood was centrifuged at 2000 × g at 4 ◦C for 10 min  to isolate
lasma, which was divided into three aliquots. One aliquot of

00 �L was acidified with 8 �L of 85% phosphoric acid and used to
easure other drugs including total MMF  metabolites. The remain-

ng aliquot was non-acidified and used to measure free (unbound)
PA  as described [11]. Plasma samples were stored at −80 ◦C.
 B 885– 886 (2012) 131– 137

2.3. Sample preparation

2.3.1. Stock solutions, working solutions, calibration standards
and quality control samples

Stock solutions of CsA (300 �g/mL), CsA d4 (100 �g/mL),
tacrolimus (100 �g/mL), Mtx  (100 �g/mL), Mtx  d3 (100 �g/mL),
MPA  (5 mg/mL), MPAG (5 mg/mL), indomethacin (1 mg/mL),
prednisolone (100 �g/mL), prednisone (100 �g/mL), methylpred-
nisolone (100 �g/mL) and prednisolone d6 (100 �g/mL) were
prepared by dissolving each compound in methanol. AcMPAG
(1 mg/mL) and AcMPAG d4 (100 �g/mL) stock solutions were
prepared in methanol acidified with 0.3 g/L phosphoric acid. All
solutions were stored at −80 ◦C.

Working solutions of CsA, tacrolimus and CsA d4 were pre-
pared by diluting each stock solution in an appropriate volume
of HPLC-grade methanol, and MPA, MPAG, AcMPAG, prednisolone,
prednisone, methylprednisolone and Mtx  were prepared in acidi-
fied methanol and stored at −20 ◦C (Supplementary Table 1). The
internal standards indomethacin, AcMPAG d3, prednisolone d6 and
Mtx  d3 were prepared in acidified methanol and kept at 4 ◦C.

Calibration standards were prepared by diluting 25 �L of each
working solution with 0.475 mL  of appropriate matrix (human
blood, acidified plasma or NaCl) to achieve a specific concentration
needed for the calibration (Supplementary Table 2). Quality con-
trol (QC) samples at low, medium, and high concentrations were
prepared in glass tubes by diluting stock solutions in appropriate
matrix and storing at −80 ◦C.

2.3.2. Sample preparation
Blood sample preparation for the analysis of CsA and tacrolimus

was based on the procedure described by Bogusz et al. [10]. Briefly,
in a test tube, 100 �L of blood, 250 �L of water, 250 �L of 0.1 M
zinc sulfate, and 500 �L of an internal standard solutions were
added and thoroughly mixed by vortexing for 30 s; the mixture
was then left for 10 min  at room temperature and then centrifuged
at ∼2400 × g for 10 min. Clear supernatant was collected, and 2 mL
of 0.1 M HCl was  added prior to solid-phase extraction.

Solid-phase extraction followed our method [11] with some
modifications. Mtx, prednisone, prednisolone, methylprednisone
and total MMF  metabolites, were extracted using acidified plasma
(see Section 2.2). The free MPA  concentrations were determined
by using non-acidified plasma samples applied to Centrifree tubes
(Millipore Corporation, Bedford, MA)  and centrifuged at 4500 × g
for 20 min  at 20 ◦C. Briefly, 100 �L of sample was mixed with 2 mL of
0.1 M HCl and 50 �L of standard solution. Samples were thoroughly
mixed by vortexing for 30 s and then applied to a Strata-X 60 mg
(Phenomenex, Torrance, CA, USA) cartridge previously conditioned
with 1 mL  methanol followed by 2 mL  of 0.1 M HCl. The loaded car-
tridges were then sequentially washed with 2 mL water and 2 mL
of 25% methanol, dried under vacuum, and the analytes eluted with
2 mL  of methanol. Prior to analysis, methanol was evaporated under
nitrogen at 20 ◦C for 30 min  with a turbo Vap system (Zymark Cor-
poration, Hopkinton, MA,  USA). The residue was dissolved in 100 �L
of 50% methanol containing 1 mM ammonium formate and 0.1%
formic acid.

2.4. High-performance liquid chromatography conditions

The chromatographic system consisted of an UFLC Prominence
(Shimadzu Scientific Instruments Inc., Columbia, MD,  USA) cou-
pled to an API4000 mass spectrometer (AB Sciex, Concord, On,
Canada). The MS  was operated in multiple reactions monitoring

mode and equipped with a turbo ion-spray source. Electrospray
ionization was  performed in positive ion mode. The voltage was
held at 5500 V. The resolution used in those methods for Q1 and
Q3 was Unit/Unit. Declustering potential and collision energy, ion
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Table 1
Optimized detection parameters and LC–MS/MS conditions.

Analytes MRM  transition (m/z) DP (V) CE (V) Source temperature (◦C) LLOQ (ng/mL) Retention time (min)

CsA 1219.9 → 1203.0 66 27 250 7.5 2.4
Tacrolimus 821.5 → 768.6 71 39 250 0.125 2.1
CsA  d4 1224.0 → 1207.0 66 27 250 – 2.4
Mtx  455.2 → 308.1 71 29 650 2 1.7
Mtx  d3 458.2 → 311.1 71 29 650 – 1.7
MPA  321.0 → 207.0 71 56 650 50 7.5
MPAG 514.3 → 321.0 46 35 650 50 3.2
AcMPAG 514.3 → 321.0 46 35 650 10 4.6
AcMPAG d3 517.3 → 324.0 46 35 650 – 4.6
Indomethacin 358.2 → 138.8 50 52 650 – 10.1
Prednisone 359.2 → 341.2 61 19 650 1 4.2
Prednisolone 361.3 → 343.1 51 9 650 2 4.4
Methylprednisolone 375.1 → 357.1 56 28 650 1 6.1
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Prednisolone d6 367.3 → 349.1 51 9

ource temperature setting, and mass transitions (m/z) for detec-
ion are listed in Table 1. The system was controlled through Analyst
oftware, version 1.5.

For MPA, MPAG, AcMPAG, Mtx, prednisone, prednisolone
nd methylprednisolone, the chromatographic separation was
chieved with an ACE-3 HL C18 column containing 3-�m packing
aterial, 100 mm × 4.6 mm (Canadian Life Science, Peterborough,

anada). The mobile phases consisted of water with 3 mM ammo-
ium formate and 0.1% formic acid (solvent A), and methanol
ith 3 mM ammonium formate and 0.1% formic acid (solvent
). The flow rate was 0.9 mL/min. The analytes were eluted
sing the following program: 0–6 min, linear gradient 50–65%
; 6–6.1 min, linear gradient 65–85%; 6.1–8 min, isocratic 85% B;
–8.1 min, linear gradient 85–95% B; 8.1–11 min, isocratic 95%
; 11–11.1 min, linear gradient 95–50% B; 11.1–14 min, isocratic
0% B. For tacrolimus and CsA, the chromatographic separation
as achieved with a Luna C8 containing 5-�m packing material,

0 mm × 4.6 mm (Phenomenex, Torrance, CA, USA). The mobile
hase consisted of water with 10 mM ammonium acetate and
.1% acetic acid (solvent A), and methanol with 10 mM ammo-
ium acetate and 0.1% acetic acid (solvent B). The flow rate was
.9 mL/min. The analytes were eluted using the following program:
–0.5 min, linear gradient 50–97% B; 0.5–2.5 min, isocratic 97% B;
.5–2.6 min, linear gradient 97–50% B; 2.6–5.5 min, 50% B.

.5. Data analysis

For patients receiving MPA, area under the concentration-time
urve from 0 to 6 h (AUC0–6 h) was calculated using the linear
rapezoidal method using WinNoLin v5.01 software (Pharsight,

ountain View, CA, USA). All other calculations were performed
ith Microsoft® Office Excel 2007 using standard formula func-

ions. Values are expressed as mean and standard deviation or
ercentage.

.6. Method validation

The intra- and inter-day precision is defined as the coefficient
f variation (CV, %), whereas the accuracy (bias, %) is determined as
ollows: [(measured QC concentration − reference QC concentra-
ion)/reference QC concentration] × 100. The intra- and inter-day
alidation was  performed by analyzing three replicates of QC sam-
les on three different days. The recovery after the extraction

rocedure was  determined by comparing the peak areas of QC sam-
les spiked prior to and after extraction. Results are expressed as a
ercentage of the area of the extracted QC relative to the directly

njected reference standard.
650 – 4.4

A seven-point calibration curve was prepared by spiking
plasma or whole blood with the appropriate amount of each
analyte. The linear regression of MPA/indomethacin, MPAG/
AcMPAG d3, AcMPAG/AcMPAG d3, prednisone/prednisolone d6,
prednisolone/prednisolone d6, methylprednisolone/prednisolone
d6, Mtx/Mtx d3, tacrolimus/CsA d4 and CsA/CsA d4 peak area ratios
was weighted by 1/x2. The coefficient of determination (R) was  used
to evaluate the linearity of the calibration curve. The lower limit of
quantification (LLOQ) was defined as the minimum value at which
the ratio of signal-to-noise was ≥5:1.

Short- and long-term stabilities of the analytes were investi-
gated at QC low and high concentrations by analyzing samples
stored at 20 ◦C for 4 h or at −80 ◦C for 4 or 9 months in blood
and plasma. To evaluate freeze/thaw stability, QC samples were
subjected to freezing for at least 24 h at −80 ◦C and thawed unas-
sisted at room temperature (1 h) for three cycles. Stability of the
processed samples in the reconstitution solution was  assessed by
keeping extracted QC samples at 4 ◦C for 24 h and then quantifying
and comparing the concentration with freshly extracted samples.
Stock solution stability was investigated for solutions of analytes
after storage at −80 ◦C. All stability evaluations were performed in
triplicate.

3. Results and discussion

The method outlined in this work allows the monitoring of
drugs used in combined immunosuppressants therapy in a sin-
gle blood sample (Supplementary Fig. 1), namely CsA, tacrolimus,
Mtx, prednisone, prednisolone and methylprednisone, MPA  and
MPA  metabolites (MPAG, AcMPAG). Plasma was used to mea-
sure all the drugs except for CsA and tacrolimus, for which whole
blood was used. This approach was  justified based on two main
reasons. First, in the clinical setting the appropriate therapeutic
range to maximize the effectiveness of CsA and tacrolimus is cur-
rently determined using the total level of these drugs in whole
blood. Second, CsA and tacrolimus are preferentially distributed
in erythrocytes with a blood:plasma ratio of approximately 2
for CsA and more than 10 for tacrolimus [12–15].  Thus, their
concentrations in the plasma fraction were underestimated in
comparison to the total concentration in whole blood (data not
shown).

3.1. Selectivity
In the validation process, we  first addressed whether the
chromatographic method was selective for the targeted drugs.
Representative chromatograms for blood and plasma samples are
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ig. 1. Chromatographic separation of (A) CsA, tacrolimus and CsA d4, and (B) Mtx, 

tandards (AcMPAG d3, indomethacin, Mtx  d3, and prednisolone d6).

resented in Fig. 1A and B, respectively; each drug was  resolved
ith baseline separation. Selectivity was confirmed by evaluating
he signal in the blank matrix and by mixing each drug in the appro-
riate matrix (Supplementary Table 2). No additional peak due to
ndogenous substances was observed (Figs. 2 and 3). Furthermore,
he presence of endogenous cortisol in plasma is a major concern

ig. 2. Chromatograms of CsA (A–C) and tacrolimus (D–F) in blood. For each analyte, a b
sA  and tacrolimus concentrations in the sample were 273.0 ng/mL (C) and 15.7 ng/mL (F
PAG, AcMPAG, prednisone, prednisolone, methylprednisone, cortisol and internal

considering its potential interference with prednisolone quantifi-
cation (i.e., these steroids differ by only 2 atomic mass units) [16].

Consequently, we assessed the ability of the method to distinguish
cortisol from other corticosteroids by adding cortisol into a work-
ing solution. As shown in Fig. 1B, cortisol could indeed be separated
from other compounds.

lank (A and D), the LLOQ (B and E), and a patient sample (C and F) are represented.
).
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Fig. 3. Chromatograms of Mtx  (A–C), MPA  (D–F), MPAG (G–I), AcMPAG (J–L), prednisone (M–O), prednisolone (P–R) and methylprednisolone (S–U) in plasma. For each
analyte,  a blank, the LLOQ, and a patient sample are represented. Concentrations of Mtx, MPA, MPAG, AcMPAG, prednisolone and methylprednisolone in the sample were
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78,  3140, 7000, 312, 189 and 132 ng/mL, respectively. None of the volunteers wer
 patient receiving tacrolimus as single immunotherapy. The absence of resolved p
bsence  of this drug in the sample.

As previously reported [7] MPA  glucuronide metabolites pro-
uced, upon in-source fragmentation, an identical precursor
roduct ion pair for MPA  (see MRM  transition mass at Table 1) that
ould interfere with the MPA  quantification by co-elution. How-
ver, this drawback of measurement of MPAG and AcMPAG by mass
pectrometry is overcome by an adequate chromatographic sepa-
ation. As shown in Fig. 1B, MPA, MPAG and AcMPAG are sufficiently
eparated and displayed a distinct retention time.

.2. Recovery and suppression ionization

It is well established that endogenous components in a specific
atrix can alter ionization efficiency and affect the precision and

ccuracy of an analytical method [17,18]. To evaluate the potential
nfluence of a given matrix on MS  measurements, we performed a
tandard post-extraction spike method or ionization suppression
est. Briefly, this consists of comparing analyte response in neat
olution against analyte reconstituted in neat solution and added
o an extracted matrix blank [19,20]. As confirmed by the suppres-
ion ionization percentage assessed at high concentration, matrix
ad the greatest impact on ionization efficacy for CsA (−28.0%)
nd Mtx  (−22.2%) (Table 2). As supported by a low CV (≤12.8%)

or intra- and inter-day precision validation analyses (Table 3), the

atrix effect did not appear to affect the assay performance. Also,
he use of internal standards accounts for such potential variabil-
ty and ensures the accuracy of measurements [21]. The extraction

able 2
tability of the analytes and extraction recovery.

Blood Plasma

CsA Tacrolimus Mtx  

Low High Low High Low 

Concentration (ng/mL) 22.5 1200.0 0.4 20.0 6.0 

Stability (bias, %)
Short term 8.5 −1.4 −6.4 −9.5 −1.7 

Long  term 0.6 −1.5 4.8 12.4 14.4 

Freeze/thaw 1.2 −0.5 11.6 7.5 0.1 

In  the autosampler −7.0 −1.1 5.8 3.6 8.7 

Recovery (%) 86.5 93.6 79.7 88.7 83.1 

Suppression ionization – −28.0 – −12.9 − 
ng prednisone. The chromatogram O represents analysis of a plasma sample from
ith baseline separation at the retention time of prednisone (4.4 min) confirms the

efficiency is also depicted in Table 2. Overall recovery was deter-
mined for low and high concentrations of each drug.

3.3. Linearity and lower limit of quantification

The linearity of quantification in plasma was  in the range of
50–50,000 ng/mL for MPA  and MPAG (R: 0.996 and 0.997, respec-
tively), 10–10,000 ng/mL for AcMPAG (R: 0.999), 2–400 ng/mL for
Mtx  (R: 0.993), 1–500 ng/mL for prednisone and methylpred-
nisolone (R: 0.999 and R: 0.992, respectively), 2–1000 ng/mL for
prednisolone (R: 0.997), and in blood from 7.5 to 1500 ng/mL for
CsA (R: 0.997), and 0.125–25 ng/mL for tacrolimus (R: 0.996). LLOQ
values for the compounds are presented in Table 1. Linearity was
observed over a wide range of concentrations for each drug and
thus allowed the quantification of these immunosuppressive drugs
ranging from nanogram per milliliter for tacrolimus and corticos-
teroids to milligram per milliliter for MPA  and CSA.

3.4. Precision, accuracy and stability

The intra- and inter-day precision (CV, %) and accuracy (bias,
%) values for each drug are listed in Table 3. CVs were equal to or

less than 12.8%, and bias ranged from −12.6 to 14.0. Short- (4 h at
20 ◦C) and long-term stability (4–9 months at −80 ◦C), freeze/thaw
stability, and stability of the processed samples left in the autosam-
pler (24 h at 4 ◦C) are shown in Table 2. Stability values are

Prednisone Prednisolone Methylprednisolone

High Low High Low High Low High

320.0 3.0 400.0 6.0 800.0 3 400.0

4.4 −6.0 2.0 −10.2 −8.8 −9.23 1.7
12.8 −10.3 −8.6 −3.2 −14.8 3.5 −7.1
11.7 −10.9 0.3 −8.6 −9.7 −12.7 −1.2
11.0 −8.9 1.1 −3.4 −6.3 −16.4 0.1
80.0 89.8 89.3 89.9 91.8 70.2 88.0

−22.2 − −10.8 − −8.4 − −5.9
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Table  3
Assay precision.

CsA Tacrolimus

Low Med High Low Med  High

Blood
QC concentrations (ng/mL) 22.5 750.0 1200.0 0.4 12.5 20.0
Intra-day

Average (ng/mL) 23.0 784.6 1200.9 0.3 11.7 18.8
CV  (%) 2.7 1.8 2.0 7.2 12.8 8.0
Bias  (%) 2.2 4.6 0.2 −8.6 −6.2 −6.0

Inter-day
Average (ng/mL) 22.2 762.1 1175.5 0.3 12.2 19.4
CV  (%) 5.5 4.8 5.2 8.0 11.5 8.5
Bias  (%) −1.5 1.6 −2.0 −7.2 −2.7 −3.0

Mtx Prednisone Prednisolone Methylprednisone

Low Med High Low Med  High Low Med  High Low Med  High

Plasma
QC concentrations (ng/mL) 6.0 200.0 320.0 3.0 250.0 400.0 6.0 500.0 800.0 3.0 250.0 400.0
Intra-day

Average (ng/mL) 5.9 214.4 336.7 2.7 3.1 394.3 5.9 514.3 791.5 2.6 243.9 389.2
CV  (%) 7.9 1.4 3.9 2.9 3.1 4.4 3.5 1.3 3.5 4.1 2.7 3.4
Bias  (%) −1.3 7.2 5.2 −10.4 −2.2 −1.4 −1.2 2.9 −1.1 −12.6 −2.4 −2.7

Inter-day
Average (ng/Ml) 6.0 228.1 353.0 2.8 265.6 430.7 5.8 508.1 771.8 2.9 265.0 426.4
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CV  (%) 6.7 7.3 4.4 5.7 

Bias  (%) 0.6 14.0 10.3 −7.3 

xpressed as the bias (%) compared with the initial concentra-
ion and was assessed in blood for CsA and tacrolimus and in
lasma for other drugs. Stock solutions were stable for at least

 year at −20 ◦C, with measured concentrations varying by <5%
rom those measured when the stock solutions were initially
repared.

.5. Application of the analytic method

Therapeutic drug monitoring for CsA and tacrolimus is rou-
inely performed in the clinic to ensure drug efficacy and to limit
oxicity. The EMIT immunoassay is an analytic method frequently
sed for therapeutic drug monitoring in clinical setting [22], and

oes not involve sophisticated instruments but is far less specific
nd sensitive than the method presented here. Indeed, the con-
entration of drug can be overestimated with the EMIT method
wing to immunological cross-reactivity with other drugs and their

able 4
harmacokinetic parameters for HSCT patients treated with immunosuppressive drugs.

Drug Drug dosage 

CsA 1.9 mg/kg/day 

Tacrolimus 0.15 mg/kg/day 

Mtx  17.5 ± 0.0 mg  I.V.a

16.7 ± 5.8 mg I.V.a

19.3 ± 0.6 mg I.V.a

Mycophenolate mofetil 1000 mg twice daily 

1250 mg  twice daily 

Methylprednisone 50 mg  I.V. 

f the six patients tested, one received CsA, one tacrolimus, three Mtx, two  MMF  and one
rea under the concentration-time curve from 0 to 6 h (AUC0–6 h) is expressed as mg  h/L.
0, drug concentration measured before drug intake at equilibrium; C2, drug concentratio
a The cumulative mean values ± SD for days 3, 6 and 11 post-transplantation.
b A blood sample was missing at day 3 for one patient.
6.2 6.0 6.3 7.1 8.0 7.3 7.7
7.7 −2.7 1.6 −3.5 −3.8 6.0 6.6

metabolites, or with endogenous antibodies in the sample [4–6].
Also, MPA  glucuronidated metabolites, some of which is suspected
to be toxic (AcMPAG), cannot be quantified with this method [23].
MPA  and its metabolites can indeed be measured using HPLC cou-
pled with ultraviolet detection [24], but ultraviolet detection is less
specific and sensitive than MS/MS. Furthermore, these techniques
are not capable of measuring free MPA  [25,26].

Several analytic methods have been developed for simultaneous
quantification of various immunosuppressant drugs [7,8,11,27,28];
to our knowledge, however, none of them have been validated for
simultaneous measurement of CsA, tacrolimus, Mtx, various corti-
costeroids, total and free MPA  and its glucuronide metabolites, all
of which are commonly used in combined regimens prescribed in

HSCT. The suitability of our method was  demonstrated by testing
clinical samples collected from six HSCT recipients (Table 4).
C0 values for tacrolimus and CsA assessed by an immunoassay
technique (CEDIA Cyclosporine Plus, Emit 2000 Tacrolimus Assay)

Sampling Drug concentrations

C0 273.0 ng/mL
C2 872.0 ng/mL
C0 15.7 ng/mL
C2 43.8 ng/mL
C2 362.3 ± 49.9 ng/mLa

C2 436.7 ± 115.8 ng/mLa

C2 546.0 ± 96.2 ng/mLa,b

AUC0–6 MPA  12.5 mg h/L
AUC0–6 MPAG 451.0 mg  h/L
AUC0–6 AcMPAG 1.5 mg h/L
AUC0–6 MPA  6.7 mg h/L
AUC0–6 MPAG 940.0 mg  h/L
AUC0–6 AcMPAG 4.5 mg h/L

62.8 ng/mL

 methylprednisone.

n measured 120 min  after drug administration; I.V., intravenous bolus.
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t the recruiting hospital center were highly similar to those
easured with our method (tacrolimus: 14.7 ng/mL and

5.7 ng/mL; CsA: 317 ng/mL and 273 ng/mL, respectively).
acrolimus and CsA concentrations measured at C0 and C2
ere consistent with values previously reported for similar doses

iven to patients receiving a solid-organ transplant [29,30]. Plasma
evels of Mtx  at C2 were highly similar across patients, and to our
nowledge these measurements have never been reported in a
linical context. The mean dose and mean plasma concentration of
tx  were 17.8 mg/patient (intravenous) and 436.1 ± 107.9 ng/mL,

espectively. The results for MPA  are in agreement with the
UC0–6 h values reported for HSCT or solid-organ transplants;
oreover, as demonstrated in healthy volunteers and trans-

lant recipients, the AUC values for MPA  and its glucuronide
etabolites are highly variable [11,31,32].  AUC0–6 h values in

atients varied by 97%, 50% and 70% for MPA, MPAG and AcMPAG,
espectively.

. Conclusion

We report a highly sensitive and specific LC–MS/MS method,
llowing for the first time the simultaneous monitoring and
uantification of several common immunosuppressive drugs. The
obustness of the method was demonstrated and linearity was
alidated for a large range of concentrations including the thera-
eutic range. This method requires only a small-volume peripheral
lood sample, an attribute that may  be beneficial to HSCT patients

n the clinic. Indeed, owing to the frequent administration of
yeloablative conditioning regimens in the pre-transplantation

eriod, the recovery of hematologic function is slow and gradual
fter engraftment. It is therefore favorable to limit blood sam-
le collection in the immediate post-transplantation period. Also,
his method is convenient for large-scale clinical studies aimed at
mproving and optimizing patient outcomes. It could also be use-
ul in therapeutic drug monitoring to promote the efficient use of
mmunosuppressive drugs and thus to limit life-threatening com-
lications related to non-optimal exposure to immunosuppressive
edications.
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Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.jchromb.2011.12.029.
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