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bstract

As a potential alternative to cyclosporine A (CsA) monitoring in whole blood, a sensitive and selective method was developed for quantifying
his immunosuppressive drug in human peripheral blood mononuclear cells (PBMCs) by liquid chromatography-electrospray ionization mass
pectrometry (LC-ESI-MS). PBMCs were isolated from whole blood by density gradient centrifugation. After purification, cell counts were
erformed to express CsA amounts per single cell. The pelleted cells were then lysed and CsA was extracted with methanol (MeOH) containing
7-demethoxy-sirolimus as internal standard. After evaporation of the supernatant under nitrogen, the residue was reconstituted in MeOH, further
iluted with water and injected onto a column-switching unit. On-line solid-phase extraction was performed using a C8 column with an acidic
queous mobile phase containing 5% MeOH. The analytes were transferred in the back-flush mode on a C18 column with 65% MeOH and the
hromatographic separation performed with a MeOH gradient (65–90%). The detection was carried out with a single quadrupole analyzer and
he sodium adducts [M + Na]+ were monitored for quantification. This sensitive method was fully validated in the range of 5–400 ng/mL. This

llowed the measurement of very small CsA amounts present in cells up to 0.5 fg/PBMC in clinical samples. Trueness (95.0–113.2%), repeatability
5.1–9.9%) and intermediate precision (7.0–14.7%) were found to be satisfactory. This method represents a new potential tool for therapeutic drug
onitoring of CsA and could be used in clinical conditions if the utility of intracellular measurements is confirmed in prospective clinical trials.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Cyclosporine A (CsA), a highly lipophilic cyclic undecapep-
ide (Fig. 1), is a commonly used immunosuppressive drug in
rgan transplantation [1]. It binds to cyclophylin, a cytoplasmic
eceptor present in T lymphocytes, resulting in an inhibition of

alcineurin, a key enzyme in the intracellular signaling path-
ay activated after antigenic stimulation. CsA leads to a large
ecrease in cytokine production, resulting in an inhibition of
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lymphocytes activation and proliferation [2]. CsA exhibits a
igh degree of pharmacokinetic variability, notably due to its
etabolism by cytochrome P450 3A4/5 enzymes [3] and trans-

ort by the drug efflux transporter P-glycoprotein, encoded by
he human ABCB1 gene [4]. Furthermore, CsA has a narrow
herapeutic index and is subject to many drug–drug interactions
5], therefore therapeutic drug monitoring (TDM) of this agent
s usually performed [6].

In whole blood, CsA is distributed in erythrocytes (41–58%),
ymphocytes (4–9%), granulocytes (5–12%) and plasma

32–47%) [7]. It is currently recommended to measure CsA
evels in whole blood [8,9], because the erythrocyte-to-plasma
istribution ratio is greatly variable and principally depends
n drug concentration, lipoprotein levels, hematocrit and

mailto:serge.rudaz@pharm.unige.ch
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Fig. 1. Chemical structu

emperature [10–12]. For many years, the standard in the
DM of CsA was to measure trough concentration (C0),
ut more recent findings have shown that CsA quantifica-
ion at 2 h post-dosing (C2) was a better predictor of the
linical outcome [13,14]. Immunoassays are largely used for
he quantification of this drug [15], but despite the selec-
ivity of these assays, cross-reactivity with metabolites can
till occur, resulting in an overestimation of the concentra-
ions [16–18]. Therefore, it is preferable to use a separative

ethod for the quantification of CsA. Several approaches
sing LC–UV, LC–MS or LC–MS/MS have been developed
19–26].

CsA is removed from the lymphocytes by P-glycoprotein
ransporter present in the membrane of these cells [27]. The
xpression and activity of this protein is variable between
ndividuals due to genetic (ABCB1 gene polymorphisms) and
nvironmental (xenobiotic) factors [28]. This active transporter
ight influence CsA levels in the target compartment. Masri et

l. have proposed to measure CsA directly in human periph-
ral blood mononuclear cells (PBMCs) using an immunoassay
29]. Interestingly, no correlation between whole blood and
ntracellular CsA levels was obtained. Furthermore, lower intra-
ellular drug amounts have been observed in patients with
cute rejection, however, no differences were seen between
atients with or without rejection in whole blood concentra-
ions [29–33]. Intracellular CsA concentration measurements
ould correlate better with clinical events than in whole
lood and offer an attractive perspective in TDM of this
rug.

In the present work, a validated selective and sensitive
nalytical method for the quantification of CsA in PBMCs
y LC–MS is proposed. PBMC extracts were purified by
n-line solid-phase extraction to obtain maximum selectiv-

ty towards endogenous compounds. The method was fully
alidated including function response estimation, limit of
uantification (LOQ), trueness, repeatability and intermediate
recision.

p
a
c
t

the studied compounds.

. Experimental

.1. Chemicals, biologicals and material

CsA, formic acid and sodium formate were purchased
rom Fluka Chemie (Buchs, Switzerland) and 27-demethoxy-
irolimus was a kind gift from Wyeth-Ayerst Research
Princeton, USA). All reagents and solvents were of analyt-
cal grade. Methanol (MeOH) was obtained from Biosolve
td. (Valkenswaard, The Netherlands). Ultra-pure water was
upplied by a Milli-Q Water Purification System from Mil-
ipore (Molsheim, France). Phosphate-buffered saline (PBS)
IBCOTM solution was obtained from Invitrogen (Grand Island,
SA) and Ficoll-PaqueTM Plus solution from Amersham Bio-

ciences AB (Uppsaia, Sweden). Blank PBMCs were isolated
rom buffy coat (leukocyte concentrates containing plasma and
ittle contamination with erythrocytes and platelets) obtained
rom the Blood Transfusion Centre of the University Hospitals
f Geneva. Blood samples were obtained from healthy volun-
eers that participated to a clinical research protocol approved
y the local Ethic Committee (University Hospitals of Geneva).
he volunteers received a single oral dose (2 mg/kg) of CsA. BD
acutainer® CPTTM tubes used for the isolation of PBMCs from
hole blood were purchased from Becton Dickinson (Franklin
akes, USA).

.2. Instrumentation

PBMC counts were performed on a Sysmex® XE-2100
nstrument (Sysmex Corporation, Kobe, Japan). Quantification
f CsA was performed by LC–MS with a column-switching
ystem (Fig. 2), consisting of an Agilent Series 1100 LC system
Agilent Technologies, Palo Alto, USA) including an autosam-

ler, binary pump (pump 2) and six-port switching valve, and an
dditional Agilent Series 1050 LC pump (pump 1). Instrument
ontrol and data acquisition were processed by the ChemSta-
ion Software, Revision B.01.01 (Agilent Technologies). The
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Fig. 2. Column-switching system. (A) System configuration for steps

n-line solid-phase extraction was performed on a XTerraTM

S C8, 5 �m, 2.1 × 10 mm (Waters® Corporation, Milford,
SA) at 40 ◦C and the separation of the analytes on a XTerraTM

S C18, 5 �m, 2.1 × 50 mm at 50 ◦C fitted with a XTerraTM

S C18, 5 �m, 2.1 × 10 mm pre-column. An in-line filter was
laced prior to the extraction column. The LC system was cou-
led to an Agilent Series 1100 UV-detector or an Agilent Series
100 MSD single quadrupole MS equipped with an orthogonal
lectrospray ionization (ESI) interface.

.3. Sample preparation and LC analysis

.3.1. Isolation and purification of PBMCs
PBMCs were isolated from whole blood by density gra-

ient centrifugation. Peripheral venous blood (approximately
mL) was collected into BD Vacutainer® CPTTM tubes and
entrifuged at 1800 × g for 30 min at 4 ◦C. The PBMC lay-
rs were collected and washed with 10 mL of PBS at 4 ◦C.
fter centrifugation at 300 g for 15 min at 4 ◦C, the supernatants
ere discarded. The cell pellets were placed in suspension with

.5 mL of PBS at 4 ◦C. Two 250 �L aliquots were taken for cell
ounting. PBS (10 mL) was added to the remaining cell sus-
ensions. After centrifugation at 300 × g (15 min at 4 ◦C), the
ellets were stored at −80 ◦C until LC–MS analysis.

l
c
c
A

able 1
olumn-switching parameters

ime (min) Pump 1 (400 �L/min) Pump 2 (400 �L/min

0.0–1.0 5% MeOH 65% MeOH
1.0–1.7 5% MeOH 65% MeOH
1.7–6.7 100% MeOH Gradient 65–90%

MeOH6.7–16.7 5% MeOH
16.7–20.7 90% MeOH
20.7–26.0 100% MeOH
26.0–31.0 65% MeOH
ding) and 3 (analysis). (B) System configuration for step 2 (transfer).

.3.2. Cells lysis and CsA extraction
MeOH (1400 �L) containing 27-demethoxy-sirolimus as

nternal standard (I.S.) at 10 ng/mL was added to the pellets of
BMCs. The mixtures were vortexed for 2 h at room temperature
RT) allowing cells lysis and CsA extraction. After centrifu-
ation at 2300 × g for 5 min, the supernatants were collected
nd evaporated under nitrogen. The residues were reconstituted
ith 140 �L of MeOH (vortexed for 15 min) and 50 �L were

ransferred into vials for the LC–MS analysis. Samples were
iluted with 33 �L of water to have a final MeOH concentration
f 60%. The final concentration of the I.S. was 60 ng/mL. The
emaining 90 �L of the MeOH extracts were stored at −80 ◦C
or subsequent analysis, if necessary.

.3.3. Column-switching
The analytical process consisted of three steps: loading, trans-

er and analysis (Table 1). The mobile phases, set at a flow
ate of 400 �L/min, were composed of different mixtures of

eOH and water as indicated further, both containing 0.02%
ormic acid and 1 �mol/L sodium formate. In the first step, fol-

owing sample injection (40 �L), the proteins and hydrophilic
ompounds were eluted to waste with 5% MeOH, while the
ompounds of interest were retained on the extraction column.
fter 1.0 min, the valve was switched and the analytes trans-

) Column-switching Step

Configuration A (1) Loading
Configuration B (2) Transfer
Configuration A (3) Analysis, washing

and re-equilibration
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erred in the back-flush mode onto the analytical column with
5% MeOH. At time 1.7 min, the valve was switched to its ini-
ial position and analytes were separated using a gradient of

eOH. The analytical and extraction columns were washed
ith pure MeOH and re-equilibrated with the initial mobile
hases.

.4. MS analysis

Nitrogen was used as nebulizing gas at a pressure of 40 psi
1 psi = 6894.76 Pa) and as drying gas at 9 L/min and at 300 ◦C.
he capillary voltage was set at 3500 V and the fragmentor volt-
ge at 250 and 200 V for CsA and 27-demethoxy-sirolimus,
espectively. The MS was set in selected ion monitoring (SIM)
ode to detect the sodiated ions [M + Na]+ of CsA (m/z 1224.7)

nd 27-demethoxy-sirolimus (m/z 906.5) with a dwell time of
30 ms on each mass.

.5. Calibration and quality control (QC) samples

.5.1. Preparation of blank PBMCs
Blank PBMCs were isolated from buffy coats (60 mL) mixed

ith 70 mL of PBS. In four tubes containing 17 mL of Ficoll-
aqueTM Plus solution each, a 32 mL aliquot of cells suspension
as added carefully without mixing. After centrifugation at
00 × g (20 min at RT), the PBMC layers (found at the inter-
ace between the plasma and the Ficoll-PaqueTM Plus solution)
ere collected and pooled in two tubes (2 layers/tube). The cells
ere washed with 45 mL of PBS (centrifugation at 800 × g for
0 min at RT). The two pellets were re-suspended each in 45 mL
f PBS and pooled. Two aliquots of cells suspension (300 �L)
ere taken out for cell counting. The PBMC suspension was

hen aliquoted (about 80 aliquots of 7 × 106 cells). After cen-
rifugation at 400 × g for 10 min at RT, the supernatants were
iscarded and the pellets stored at −80 ◦C.

.5.2. Preparation of calibration and QC samples
Stock solutions of CsA and 27-demethoxy-sirolimus (I.S.)

ere prepared in MeOH at a concentration of 100 �g/mL and
tored at −80 ◦C. Further dilutions were achieved in MeOH and
lank PBMC samples spiked fresh with 1400 �L of CsA solution
t different concentrations. These samples were then processed
imilarly to the real samples and final concentrations of 5, 75,
00 and 400 ng/mL were reached for the calibration samples
nd 5, 20, 100, 250 and 400 ng/mL for the QC samples, each
ontaining 60 ng/mL of I.S. and 60% MeOH. A QC sample at
00 ng/mL was prepared and diluted to validate the possibility
f sample dilutions, if concentrations fell out of the calibrated
ange.

.6. Method validation

The validation strategy was based on the recommendations

f the “Société Française des Sciences et Techniques Pharma-
eutiques” (SFSTP) [34–36]. The calibration (k = 4) and the QC
k = 5) samples, were prepared in duplicate (n = 2) on each vali-
ation day. The concentration range (5–400 ng/mL) was selected

w
4
t
s

ogr. B 857 (2007) 92–99 95

n the basis of preliminary results to cover CsA expected levels
n clinical samples. A total of 8 validation days were performed,
o monitor inter-day variability [37]. The suggested 8 days × 2
eplicates per concentration levels are in line with the ISO and
DA recommendations. This validation design is more balanced

han the more classical one (3 days × 4 replicates) with higher
umber of observations and homogenous degrees of freedom
or precision variance estimation. Here, degrees of freedom are
uite similar for both repeatability and intermediate precision (8
nd 7).

Method selectivity was assessed by analyzing blank and
piked PBMC extracts from 6 different healthy volunteers. Cal-
bration curves were based on the peak area ratio of CsA versus
he I.S. The trueness, repeatability and intermediate precision
ere determined with recalculation of the QC samples with the
aily response function established. Trueness was expressed as
he ratio between theoretical and the average measured con-
entration. Repeatability was expressed as the coefficient of
ariation (%CV) of the ratio of the intra-day variance on the the-
retical value at each concentration level. Intermediate precision
as expressed as the %CV of the ratio of the inter-day variance
n the theoretical value at each concentration level. Both vari-
nces were obtained using an analysis of variance (ANOVA) as
escribed by Hubert et al. [35]. The LOQ was determined to be
he lower QC sample with an acceptable trueness, repeatabil-
ty and intermediate precision. Previous works have shown that
sA had good stability [38–41], therefore, no further stability

tudies were performed here.

. Results and discussion

.1. Isolation, purification and counting of PBMCs

The use of BD Vacutainer® CPTTM tubes provided an easy
andling method for PBMC isolation from whole blood. An
mportant issue is that the procedure must be performed at
◦C in order to block CsA efflux out of the cells. During
ethod development, PBS washing solutions were retained

n order to check the presence of CsA. Aliquots of the
BS washing solutions (1 mL) were evaporated to dryness
nder vacuum, reconstituted with MeOH containing the I.S.,
iluted and injected onto the LC–MS system. No residual
sA was detected in the second PBS washing solutions,

ndicating that two washing steps were sufficient for exten-
ive removal of extracellular CsA from the plasma fraction
nd that no drug leaked out of the cells during the washing
rocedure.

Cell counting with a Sysmex® XE-2100 instrument was a
apid and simple method. The variability of this instrument
as assessed by preparing PBMC suspensions at three dif-

erent concentrations in PBS and counting eight aliquots for
ach cell suspension. The variability obtained, expressed as
CV, was found to be dependant on cell concentrations. Results

ere satisfactory with 2.1, 9.5 and 15.0%CV for suspensions of
.8, 1.8 and 0.7 × 106 cells/mL, respectively. This corresponded
o the observed concentrations range obtained with clinical
amples.
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.2. CsA extraction from PBMCs

To assess CsA extraction from PBMCs, aliquots of cells iso-
ated from whole blood of a healthy volunteer receiving CsA
ere extracted under different conditions. Both volume and

omposition of the extraction solvent were evaluated by com-
aring agitation for 2 h at RT with 300 �L of MeOH, 1400 �L of
eOH and 1400 �L of ethanol. To assess the relative recoveries

btained after this single extraction step, two other extractions
nder more drastic conditions were performed (agitation with
400 �L of the respective solvents for 1 h at 40 ◦C in an ultra-
onic bath). The extractions were performed in triplicates and
repared similarly for injection onto the LC–MS system. The
uantity of CsA extracted was assessed by calculating the peak
rea ratio of CsA versus the I.S. The relative recovery of each
xtraction step was determined by calculating the ratio of the
uantity extracted in one step versus the total quantity extracted
uring the entire process (three steps).

After the first extraction step, the best relative recovery
as obtained with 1400 �L MeOH (98 ± 0.6%), followed by
400 �L ethanol (95 ± 1.5%) and 300 �L MeOH (92 ± 0.6%).
n all cases, only small amounts of CsA were extracted during
he second step, and no drug was present in the last extraction
tep, indicating that a single extraction step was sufficient. Based
n these results, agitation with 1400 �L of MeOH for 2 h at RT
as selected.

.3. On-line solid-phase extraction

Three steps are generally involved in the development of
n on-line solid-phase extraction method: evaluation of sample
ashout on the extraction column, verification of analyte reten-

ion on this column and assessment of transfer from extraction
o analytical columns. First, ultraviolet detection at 280 nm was
sed to assess sample washout. Only 1.0 min was required to
lute the endogenous material to the waste with a mobile phase
omposed of 5% MeOH and a flow rate of 400 �L/min. For
nalyte retention, different injection volumes (5, 20 and 40 �L)
nd sample solvent composition after reconstitution (40%, 60%,
0% and 100% MeOH) were evaluated. These parameters must
e carefully adjusted because a high MeOH content can result
n loss of analyte while a too low MeOH concentration could
ead to drug solubility problems. A higher MS signal and a good
eak shape were observed with 40 �L injection and 60% MeOH.
inally, a proportion of 65% MeOH was found to be the best
ompromise between a rapid transfer of the analytes (0.7 min)
nd an appropriate hydrophobic retention in the analytical col-
mn, chosen to be more retentive (C18) than the extraction
upport (C8).

.4. Chromatographic separation

The retention times were 9.2 min for the I.S. and 12.3 min for

sA (Fig. 3). A small peak at 13.2 min was observed at the same
/z value as CsA. A relatively slow mobile phase gradient from
5% to 90% MeOH in 15 min was required to separate this com-
ound from CsA. This peak has been attributed to an endogenous

3

i

ig. 3. Chromatograms of a PBMC extract blank and spiked with CsA
50 ng/mL) and I.S. (60 ng/mL). The MS signals at m/z 1224.7 (A) and 906.5
B) are shown.

ompound, due to its presence in blank PBMC extracts. To check
hat this compound was not due to the BD Vacutainer® CPTTM

ubes, 60% MeOH was mixed inside the tubes and the solutions
nalyzed. No peak was observed at 13.2 min. In previous exper-
ments, cyclosporine D (methyl-CsA) was initially evaluated as
.S. This compound was discarded due to a bad observed effi-
iency on the selected analytical support and therefore relatively
igh signal to noise ratio. 27-demethoxy-sirolimus was found to
e a satisfactory I.S. This compound eluted in a double peak pat-
ern, attributed to cis- and trans-isomers, as shown in previous
tudies [42,43]. Only the main peak was used for quantifica-
ion. The total time for the analysis of one sample was 31.0 min,
ncluding washing and re-equilibration of the system.

The use of an automated on-line solid-phase extraction sys-
em presents the advantage to be a rapid method comparatively
o off-line sample preparation methods and could also compen-
ate for the relatively long PBMC isolation and CsA extraction
teps. Compared to a direct injection procedure, the use of a
olumn-switching system yields a cleaner sample for injection
nto the analytical column and allows analyte preconcentra-
ion. The presence of other compounds eluting simultaneously
ith CsA at different m/z ratio was verified in scan mode (m/z
00–1500) with injection of PBMCs extracts spiked with CsA.
o other compounds with important signal co-eluted with this
rug at 12.3 min. In the present study, the ion suppression was
xpected to be limited. The sample pre-treatment, protein pre-
ipitation technique with MeOH, has been shown to remove up
o 92% of the proteins present in human plasma [44]. Therefore,
nly a small residual protein amount was supposed to be present
uring on-line extraction. Residual proteins should be discarded
o the waste during the on-line extraction process. As apparent
etention factors were important for the monitored analytes, the
atter were eluted after the matrix effect time window described
y Marchi et al. in case of similar configuration [45].
.5. MS results

Although, the use of LC–MS/MS is increasing in bioanalyt-
cal chemistry, a compromise has to be found between method
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ig. 4. Mass spectra for the studied compounds. 100 ng/mL solutions (10 �L)
ere injected directly into the mass spectrometer.

omplexity and ease-of-use. Several methods have recently been
ublished for CsA quantification in whole blood in LC–MS/MS
20–23], however for TDM the use of single quadrupole MS
ethod could be considered. The latter is simple, less expensive

nd can be used in most clinical laboratories with very good
erformance. It has to be noted that the main drawback of single
uadrupole MS strategies is related to the fact that only one ion
n SIM mode is generally used for drug quantification [25,41],
hich could be insufficient for method selectivity, particularly
hen low molecular weight compounds are monitored. Here,
ith compound molecular mass higher than m/z 900, this issue

ppeared less critical. Both CsA and I.S. were mainly detected as
heir sodium adduct ions [M + Na]+ (Fig. 4). Such adducts were
egularly selected by other groups that have quantified these
ompounds with a similar detector [24,39,41,46,47]. Potassium
dduct ions [M + K]+ were also observed for CsA and I.S. and
rotonated molecule [M + H]+ was observed for CsA. Some
uthors have proposed to regulate multimer formation with the
ncorporation of a primary amine (dodecylamine) in the mobile

hase [48], but this alternative failed to form one dominating
pecies in independent experiments achieved for CsA. There-
ore, the monitoring of the sodium adduct ion at m/z 1224.7 and
06.5 were found to be the best compromise and further eval-

fi
r
t
t

ig. 5. Relative (A) and absolute (B) accuracy profiles for CsA with log transforme
ccuracy calculated as trueness plus and minus 1.89 times intermediate precision. Th
eOH/water (8/2) containing 0.02% formic acid and 1 �mol/L sodium formate

ated for the quantitative studies. Here, non-optimal selectivity
ssue with only one ion monitored per compound was consid-
red acceptable thanks to an absence or identified co-medication
n the tested samples.

.6. Validation results

The method was selective and no interferences were observed
t the retention time of CsA and I.S. with six different blank
BMC extracts. To determine the best response function, dif-
erent regression models (linear regression, linear regression
hrough 0, linear regression on square-root transformed data,
inear regression on log transformed data, quadratic regression
nd weighted linear regression (weighted factor 1/x or 1/x2))
ere evaluated based on the total error concept proposed by
FSTP and the tolerance intervals evaluation. The best calibra-

ion model, giving the highest quality results using accuracy
rofiles (Fig. 5), was the log-transformation of the variables.
he accuracy profile was built using trueness and intermediate

delity variance as indicated by Boulanger et al. [36]. A 30%
elative error was selected as the acceptance threshold where
he expected proportion of measures (95%) that will fall within
he acceptance limits. It must be noted, that FDA recommenda-

d data. The solid line indicate the trueness and the dashed lines represent the
e dotted lines represent the acceptance limits of ±30%.
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Table 2
Trueness, repeatability and intermediate precision for CsA

CsA concentration
(ng/mL)

Trueness (%) Precision

Repeatability
(%)

Intermediate
precision (%)

5 99.7 9.9 11.8
20 100.3 9.6 14.7
100 113.2 5.1 9.1
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250 100.9 7.2 9.5
400 95.0 5.2 7.0
800/2 91.8 5.0 8.5

ions for bioanalysis (15% bias and 15% precision) lead to an
cceptance level of about ±40%. The LOQ was 5 ng/mL and cor-
esponds to the lower QC with acceptable validation results. On
he evaluated assay range, trueness, repeatability and intermedi-
te precision were found to be satisfactory (Table 2). For samples
ith concentrations higher than 400 ng/mL, the performance
f the diluted 800 ng/mL QC was not statistically different
rom the undiluted 400 ng/mL concentration level (Student t-
est (α = 0.05), data not shown). Therefore, when out-of-range
oncentrations are observed within the routine use of the method,
simple dilution of the sample can be performed.

.7. Application of the LC–MS method

This method was successfully applied in two pharmaco-
enetic clinical research protocols approved by local Ethics
ommittees involving healthy volunteers (Ansermot et al., sub-
itted) and transplant patients (Crettol et al., submitted). The

harmacokinetics of CsA within PBMCs and the influence of
BCB1 gene polymorphisms on the intracellular CsA distribu-

ion were evaluated. Fig. 6 shows an example of a chromatogram
f PBMC extracts from a healthy volunteer 2 h after intake of

single oral dose of CsA (2 mg/kg). The injected drug concen-

ration measured by LC–MS was 208 ng/mL and the number of
BMCs in the sample was 5.2 × 106, which corresponds to a
sA amount of 9.3 fg/PBMC.

ig. 6. Chromatograms of PBMC extracts of a healthy volunteer before (a) and
h after (b) intake of a single oral dose of CsA (2 mg/kg). Chromatogram of the

.S. (c). In this example, the injected concentration measured was 208 ng/mL
nd the number of PBMCs in the sample was 5.2 × 106, which corresponds to
CsA amount of 9.3 fg/PBMC.
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. Conclusions

A sensitive and selective analytical method was developed for
he quantification of CsA in human PBMCs with on-line solid-
hase extraction coupled with LC-ESI-MS. To our knowledge,
his is the first method using this technique for the intracellu-
ar quantification of CsA. This method is very sensitive and

ay present better selectivity than immunoassays. The devel-
ped method showed good performance in terms of trueness,
epeatability and intermediate precision. The CsA intracellu-
ar concentrations measured included the amount present in the
ytoplasm and in the membranes of the PBMCs. The measured
evels are expected to be more representative of CsA concentra-
ion at the site of action than the measurement in whole blood.
espite the time needed for PBMC isolation and CsA extrac-

ion, this method is a new potential tool for TDM of CsA and
ould be used in clinical conditions if the utility of intracellu-
ar measurements is confirmed. Prospective studies are needed
o evaluate the correlation between intracellular concentrations
nd clinical impact, and intracellular therapeutic indexes should
e established.
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