
Journal of Chromatography B, 748 (2000) 41–53
www.elsevier.com/ locate /chromb

Automated, fast and sensitive quantification of drugs in blood by
liquid chromatography–mass spectrometry with on-line extraction:

immunosuppressants
a,b , a a a*Uwe Christians , Wolfgang Jacobsen , Natalie Serkova , Leslie Z. Benet ,
b b c cChristian Vidal , Karl-Fr. Sewing , Michael P. Manns , Gabriele I. Kirchner

aDepartment of Biopharmaceutical Sciences, University of California, San Francisco, CA 94143-0446, USA
b ¨Institut f ur Pharmakologie, Medizinische Hochschule Hannover, 30623 Hannover, Germany

cAbteilung Gastroenterologie und Hepatologie, Medizinische Hochschule Hannover, 30623 Hannover, Germany

Received 2 March 2000; received in revised form 18 June 2000; accepted 28 June 2000

Abstract

We developed a universal LC–mass spectrometry assay with automated online extraction (LC/LC–MS) to quantify the
immunosuppressants cyclosporine, tacrolimus, sirolimus and SDZ-RAD alone or in combination in whole blood. After
protein precipitation, samples were loaded on a C extraction column, were washed and, after activation of the18

1column-switching valve, were backflushed onto the C analytical column. [M1Na] ions were detected in the selected ion8

mode. For tacrolimus, sirolimus and SDZ-RAD, the assay was linear from 0.25 to 100 mg/ l and for cyclosporine from 7.5 to
21250 mg/ l (all r .0.99). Analytical recovery was .85% and, in general, inter-day, intra-day variability for precision and

accuracy were ,10%.  2000 Elsevier Science B.V. All rights reserved.
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1. Introduction at the G –S interface [4–6]. Co-administration of1

cyclosporine with sirolimus or SDZ-RAD results in
Today, the calcineurin inhibitors cyclosporine and synergistic immunosuppression [6–9] and signifi-

tacrolimus are the basis of most immunosuppressive cantly less rejection of transplant organs [10,11]. The
protocols after organ transplantation. In addition, combination of tacrolimus and sirolimus is also
they are used in the therapy of autoimmune diseases beneficial for transplant patients [12,13]. Sirolimus
[1–3]. Sirolimus and SDZ-RAD have immuno- has recently been approved in the US [14] and
suppressive mechanisms distinct from those of cyclo- SDZ-RAD is in phase III of its clinical development.
sporine and tacrolimus. Sirolimus and SDZ-RAD Cyclosporine is a cyclic undecapeptide (molecular
inhibit interleukin-2-stimulated cell cycle progression mass, 1203.6 Da). Tacrolimus, sirolimus and SDZ-

RAD have macrolide backbone structures (Fig. 1).
Tacrolimus (molecular mass, 803.5 Da) is a macro-*Corresponding author. Tel.: 11-415-502-4968; fax: 11-415-
lide lactone with a hemi-ketal masked a,b-di-502-8139.

E-mail address: uwec@itsa.ucsf.edu (U. Christians). ketoamide functionality in a 23-membered ring.
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Fig. 1. Structures of the immunosuppressants and their internal standards. Numbering of the macrolide immunosuppressants sirolimus,
SDZ-RAD, and tacrolimus and their internal standards follows the IUPAC guidelines [30]. The arrows indicate the structural differences
between the internal standards and the corresponding immunosuppressant(s). AA, amino acid.
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Sirolimus (rapamycin, molecular mass, 913.6 Da) is containing the same drugs [24]. It was therefore our
a 31-membered triene macrolide lactone with a goal, to develop a single analytical assay for the
hemiketal-masked a,b-dioxocarboxamide. SDZ- automated, specific and sensitive measurement of
RAD (molecular mass, 957.2 Da) is the semi-syn- immunosuppressants alone and in combination.
thetic 40-O-(2-hydroxyethyl) derivative of Based on our previous work [27–29], we used LC–
rapamycin [15]. The study drugs have in common MS in combination with a rapid automated online
that they are soluble in alcohols, acetonitrile, ethers extraction procedure (LC/LC–MS).
and halogenated hydrocarbons and they are practical-
ly insoluble in water and aliphatic hydrocarbons.

The clinical management of cyclosporine and 2. Experimental
tacrolimus is complicated by their narrow therapeutic
indices, intra- and inter-individually highly variable 2.1. Chemicals
pharmacokinetics, and the lack of a reliable correla-
tion between dose and drug exposure. The four Cyclosporine, SDZ-RAD (40-(2-hydroxyethyl)-
immunosuppressants are mainly metabolized by rapamycin) and cyclosporin D were kind gifts of
cytochrome P4503A in the liver and small intestine Novartis Pharma (Basel, Switzerland) and tacrolimus
[16–18] and are substrates of the ATP-binding the kind gift of Fujisawa Healthcare (Deerfield, IL,
cassette transporter P-glycoprotein [19]. Several USA). Sirolimus (rapamycin) and ascomycin were
drugs commonly used after transplantation, which purchased from Sigma (St. Louis, MO, USA). 28,40-
are cytochrome P4503A and/or P-glycoprotein sub- O-Diacetyl rapamycin was synthesized, purified, the
strates, inhibitors and/or inducers, affect blood con- structure verified and purity established as described
centrations of immunosuppressants with the require- by Streit et al. [31]. Methanol and water were of
ment for dose adjustments [20]. Therefore, regular HPLC grade and purchased from Fisher Scientific
therapeutic drug monitoring and blood concentration (Fair Lawn, NJ, USA). Formic acid and zinc sulfate
guided dosing regimens have been recommended were from Sigma, and were of reagent grade.
[21–25]. These are general clinical practice for
cyclosporine and tacrolimus [21–24] and are dis- 2.2. Equipment
cussed for sirolimus [25,26] and SDZ-RAD [11]. For
therapeutic drug monitoring of cyclosporine, tac- Samples were analyzed on a Hewlett-Packard
rolimus, sirolimus and SDZ-RAD, several assays are (Palo Alto, CA, USA) LC/LC–mass selective detec-
available [23,24]. In clinical routine monitoring tor system consisting of the following series 1100
immunoassays are mostly used. However, these have HPLC components. HPLC I: G1311A quarternary
the disadvantage that the antibodies used cross-react pump, G1322A degasser and G1329A autosampler
to a varying extent with metabolites, the immuno- equipped with a G1330A thermostat. HPLC II:
suppressants cannot be measured simultaneously and G1312A binary pump, G1322A degasser, G1316A
immunoassays are either not available or approved column thermostat and G1946A mass selective de-
for all immunosuppressants, for example sirolimus tector. The two HPLC systems were connected via a
[23] and SDZ-RAD. 7240 Rheodyne six-port switching valve mounted on

Increasingly, immunosuppressive drug regimens a step motor (Rheodyne, Cotati, CA) (see Fig. 2).
used after transplantation are based on a combination The system was controlled and data were processed
of two and more immunosuppressants, which require using ChemStation Software Revision A.06.01
blood level-guided dosing [23,24]. In the near future, (Hewlett-Packard).
more novel immunosuppressive drugs will become
available and immunosuppressive drug regimens will 2.3. Stock solutions
be even more individualized. Analytical laboratories
will consequently be challenged with blood samples Stock solutions were prepared from three indepen-
containing a variety of different immunosuppressants dent weighings. The immunosuppressants (cyclospo-
and their combinations with relatively few samples rine, tacrolimus, sirolimus and SDZ-RAD) and the
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of the study protocols. The studies were approved by
either the Stanford University or the University of
California, San Francisco, ethics committees. All
subjects gave their written consents and the studies
were carried out in compliance with the Declaration
of Helsinki and its amendments following good
clinical practice (GCP) guidelines. Blood samples
were stored at 2808C.

2.5. Sample preparation (see Table 1)

As a first step, the internal standards were added
to the protein precipitation reagent (methanol–0.4 M
ZnSO , 4/1, v /v) resulting in final concentrations of4

250 mg/ l cyclosporin D and 50 mg/ l ascomycin and
28,40-O-diacetyl rapamycin. Due to the instability of
28,40-O-diacetyl rapamycin [31,32], the protein pre-
cipitation / internal standard solution had to be freshly
prepared before extraction. The internal standard
concentrations correspond to addition of 500 mg

Table 1
Comparison of sample preparation steps of blood samples for

aLC/LC–MS and LC–MS analysis

Fig. 2. Connection of the column switching valve and valve
positions. HPLC 1, pump I, injector, extraction column; HPLC 2,
pump II, analytical column, mass selective detector. MSD, mass-
selective detector.

internal standards (cyclosporin D, ascomycin and
28,40-O-diacetyl rapamycin; structures see Fig. 1)
were dissolved in methanol–0.1% formic acid (9 /1,
v /v), resulting in a concentration of 1 g/ l. For the
final preparation of calibration and quality control
samples as well as internal standard solutions, stock
solutions were diluted using methanol–0.1% formic
acid. Due to the instability of sirolimus, SDZ-RAD
and 28,40-O-diacetyl rapamycin, stock solutions had
to be stored at 2808C [31,32].

2.4. Blood samples

Blood for development and validation of the assay
was drawn from healthy volunteers. EDTA was used
as anticoagulant. Patient samples were drawn during a The LC–MS sample preparation procedure was used for
various clinical studies. Collection of blood samples SDZ-RAD [32], and with small modifications for tacrolimus
and quantification of immunosuppressants were part [33,34] and sirolimus [31].
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cyclosporin D and 100 mg ascomycin and 28,40- XDB C , Hewlett-Packard, Palo Alto, CA). The8

diacetyl rapamycin to a 1-ml blood sample. mobile phase consisted of methanol and 0.1% formic
One hundred ml of the blood sample were trans- acid supplemented with 1 mmol / l sodium formate.

ferred into an Eppendorf cup and 200 ml of the The following gradient was run (Table 2): time 0
protein precipitation reagent were added (Table 1). min, 65% methanol; 9 min, 95% methanol. The
Samples were vortexed for 20 s and centrifuged at flow-rate was 0.4 ml /min. The analytical column
8000 g for 5 min. Two-hundred ml of the supernatant was also kept at 658C. Two minutes after sample
were transferred into HPLC screw cap vials with injection, the mass-selective detector was activated.
250-ml inserts (Hewlett-Packard). Settings of the mass selective detector are listed in

Table 3. The next sample was injected after 9.5 min.
2.6. LC /LC–MS analysis (Table 2)

2.7. Method validation
One hundred ml of the samples were injected onto

a 1032-mm extraction column (Keystone Scientific, 2.7.1. Calibration and calibration control samples
Bellefonte, PA) filled with Hypersil ODS-1 of 10 mm Precision control samples (concentrations see
particle size (Shandon, Chadwick, UK). Samples Table 4) and calibration control samples (cyclospo-
were washed with a mobile phase of 40% methanol rine: 5, 7.5, 10, 25, 50, 100, 250, 500, 750, 1000,
and 60% 0.1% formic acid supplemented with 1 1250, 1500 mg/ l; tacrolimus, sirolimus, SDZ-RAD:
mmol / l sodium formate. The flow was 5 ml /min and 0.1, 0.25, 0.5, 1, 5, 1, 20, 50, 75 and 100 mg/ l) as
the temperature for the extraction column was set to well as blank samples were prepared in bulk using
658C. After 0.75 min, the switching valve was freshly drawn blood. To allow distribution, samples
activated (Fig. 2) and the analytes were eluted in the were incubated at 378C in a water bath for 30 min.
backflush mode from the extraction column onto the Then 1-ml aliquots were transferred into screw-cap
5034.6-mm C , 3.5 mm analytical column (Zorbax glass tubes and either immediately analyzed or stored8

at 2808C.

Table 2
2.7.2. Acceptance criteriaTime programs for solvent delivery pumps (HPLC I and HPLC

a The assay was considered acceptable if precisionII), column switching valve and mass selective detector (MSD)
(% C.V.) at each concentration was less than 15% for
intra- and day-to-day variability. The accuracy com-
pared with the nominal value had to be within 615%
for both intra- and day-to-day variability. The cali-

2bration curve had to have a correlation coefficient r
of 0.99 or better. The absolute recovery had to
exceed 60%.

2.7.3. Calibration curve
Six samples of each concentration were measured.

Linearity was assessed using the regression analysis
implemented in the Microcal Origin software (ver-
sion 3.5, Microcal Software, Northampton, MA,
USA).

2.7.4. Lower limit of quantitation.
The lowest concentration that met the following

criteria was accepted as the lower limit of quantita-a Columns for the solvent delivery pumps (HPLC I and HPLC
tion: 80% of the samples analyzed had to be withinII) show the solvent composition (percent organic solvent, other
620% of the nominal value, and precision andsolvent: 0.1% formic acid11 mmol/ l sodium acetate) and the

flow-rate. accuracy variation had to be less than 20%.
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Table 3
aMass selective detector settings

Parameter
Capillary exit voltage
(fragmentor) 1160 V
Capillary voltage (V ) 24000 Vcap

Ion energy (octopole) 15 V
Nebulizer gas Nitrogen, purity 5.0;

pressure, 40 p.s.i.
(1 p.s.i.56.894.76 Pa)

Drying gas Nitrogen, purity 5.0;
temperature, 3008C;
flow, 10 l /min

Quadrupole temperature 1008C

Selected ions m /z
Cyclosporine 1224: cyclosporine,

1238: cyclosporin D (internal standard)
Tacrolimus 826: tacrolimus,

815: ascomycin (internal standard)
Rapamycin, SDZ-RAD 936: sirolimus,

980: SDZ-RAD,
1020: 28,40-diacetyl rapamycin
(internal standard)

Dwell time/ ion 124 ms
a 1Positive ions [M1Na] were measured in the selected ion mode. The nomenclature follows that used in the ChemStation software

(revision A.06.01, Hewlett-Packard).

2.7.5. Day-to-day and intra-day precision, processed the same day (n510 for each concen-
accuracy tration). Day-to-day variability was assessed by

Intra-day precision and accuracy were evaluated analysis of five sets of quality control samples on
from the results of the quality control samples three different days.

Table 4
Validation results

Cyclosporine SDZ-RAD Sirolimus Tacrolimus

Lower limit of quantitation 7.5 mg/ l 0.25 mg/ l 0.25 mg/ l 0.25 mg/ l
Upper limit of quantitation 1250 mg/ l 100 mg/ l 100 mg/ l 100 mg/ l
Regression analysis y50.93(60.03)1 y50.96(60.03)1 y50.99(60.02)1 y50.94(60.01)1

15.1(17.4)x 0.05(60.04)x 0.09(60.08)x 0.06(60.06)x
2 2 2 2r 50.995 r 50.999 r 50.990 r 50.999

Intra-day precision 7.5 mg/ l: 2.5% 1 mg/ l: 2.5% 1.5 mg/ l: 7.2% 0.25 mg/ l: 12.3%
125 mg/ l: 3.9% 5 mg/ l: 3.9% 15 mg/ l: 5.5% 1 mg/ l: 3.7%
375 mg/ l: 0.9% 25 mg/ l: 0.9% 40 mg/ l: 6.2% 25 mg/ l: 1.5%

1250 mg/ l: 2.6% 100 mg/ l: 2.6% 100 mg/ l: 15.8%

Day-to-day precision 75 mg/ l: 2.5% 1 mg/ l: 6.5% 1.5 mg/ l: 7.1% 5 mg/ l: 4.4%
200 mg/ l: 3.6% 25 mg/ l: 5.5% 15 mg/ l: 9.8% 20 mg/ l: 0.7%
700 mg/ l: 2.7% 100 mg/ l: 9.1% 40 mg/ l: 6.7% 70 mg/ l: 1.6%

Accuracy 75 mg/ l: 20.9% 1 mg/ l: 27.1% 1.5 mg/ l: 13.7% 5 mg/ l: 23.4%
200 mg/ l: 24.1% 25 mg/ l: 12.6% 15 mg/ l: 17.4% 20 mg/ l: 18.6%
700 mg/ l: 12.6% 100 mg/ l: 23.8% 40 mg/ l: 18.0% 70 mg/ l: 13.6%
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2.7.6. Recovery Under the conditions described, in the positive
Recoveries were calculated from the quality con- mode, the immunosuppressants and their internal

trol samples (n56 for each concentration). The mass standards were mainly detected as sodium adducts
1 1spectrometer responses of the extracted samples were [M1Na] (Fig. 3). The intensities of [M1H] and

1compared with the response after injection of respec- [M1K] combined were less than 10% of the [M1
1tive amounts of internal standard or standard solu- Na] signals.

tions of the immunosuppressants (in methanol–0.1% The lower limit of quantitation of cyclosporine
formic acid, 9:1, v /v) directly on the analytical was 7.5 mg/ l, and 0.25 mg/ l for the macrolides.
column, bypassing the extraction column. Although peaks were detected at lower concentra-

tions with a signal-to-noise ratio above 3, more than
2.7.7. Matrix interferences and carry-over effects 20% (two of six) of the samples were outside the

The lack of matrix interferences was established predefined acceptance limits. The upper limit of
by analysis of blank blood samples (n56). The lack quantitation was 1250 mg/ l for cyclosporine. Higher
of carry-over effects was assessed by alternately concentrations of cyclosporine gave results more
analyzing blank blood samples (n56) and blood than 15% below the nominal concentration in four of
samples containing concentrations of the immuno- six samples. For tacrolimus, sirolimus and SDZ-
suppressants at the upper limit of quantitation (100 RAD, the LC/LC–MS assay was linear up to the
mg/ l, n56). highest concentration tested (100 mg/ l). Intra-day,

day-to-day precision and accuracy were within the
2.7.8. Within-batch stability pre-defined acceptance limits (Table 4). No matrix

Stability of the immunosuppressants and their interferences or carry-over effects were seen. Within-
internal standards after protein precipitation in the batch stability was at least 48 h, and thus exceeded
autosampler was established for 48 h. Ten sets of the autosampler capacity: It took less than 17 h to
quality control samples were prepared as described run 100 samples with a sample turnover rate of 10
in Section 2.5, and placed into the autosampler min/sample.
adjusted to 1108C. Five sets were analyzed at once Representative ion chromatograms of patient sam-
(controls) and five sets 48 h later. ples are shown in Figs. 4 and 5.

The methanol–formic acid gradient used to elute
the analytes from the analytical column also allowed

3. Results for separation and simultaneous quantification of the
major metabolites of the immunosuppressants. As

The recoveries of the study drugs after protein found for the parent compounds, electrospray ioniza-
precipitation and column switching were: cyclospo- tion of the metabolites yielded .90% as sodium

1rine, 91.369.8%; tacrolimus, 96.265.6%; sirolimus, adducts [M1Na] : cyclosporine: m /z51256:
88.0612.1%; and SDZ-RAD, 86.169.9% dihydroxy cyclosporine, m /z51240: hydroxy cyclo-
(means6standard deviation). The recoveries of the sporine (AM1 and AM9 as one peak, AM1c), m /z5

internal standards were not significantly different 1210: AM4N; tacrolimus: m /z5812: 13-O-, 15-O-,
from those of the immunosuppressants. Comparison and 31-O-desmethyl tacrolimus (Fig. 4C); sirolimus:
of peak areas after injection of immunosuppressant m /z5952: hydroxy sirolimus, m /z5968: dihydroxy
solutions (10 ml of 1 mg/ l in methanol–0.1% formic sirolimus, m /z5922: desmethyl sirolimus; SDZ-
acid, n55) into the LC/LC–MS system with those RAD: m /z5996: hydroxy SDZ-RAD, m /z5966:
after injection of the same solution directly onto the desmethyl SDZ-RAD. Potential differences of the
analytical column showed that no drug was lost detector responses of the metabolites and the parent
during the online extraction procedure (cyclosporine, compounds and/or internal standards were assessed
10163.2%; tacrolimus, 99.665.5%; sirolimus, by comparison of the peak area ratios (internal
102.363.4%; SDZ-RAD, 98.865.0%) and indicated standard /metabolite and parent compound/metabo-
that losses and most of the variability during ex- lite) after UV and MS detection. The ratios calculated
traction had to be attributed to the protein precipi- after UV and MS detection were not significantly
tation step. different from each other (paired t-test, n510 sam-
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Fig. 3. Full scan mass spectra after injection of the study drugs into the mass spectrometer. Five-hundred ng of the study drugs in 50 ml
methanol–0.1% formic acid (9 /1, v /v) were injected into the LC/LC–MS system.

ples), indicating that the internal standards, parent munosuppressants are specific and are generally
considered the gold standard in the quantification ofcompounds and metabolites resulted in similar detec-
immunosuppressants. However, they suffer fromtor responses.
poor precision, are vulnerable to interferences fromAs of today, we have used our LC/LC–MS for
matrix and co-administered drugs and require tediousthe measurement of more than 10 000 samples for
and time-consuming extraction procedures [24].therapeutic drug monitoring as well as animal and
Even when HPLC was combined with mass spec-clinical studies. The extraction column was changed
trometry detection, extensive multi-step extractionevery 500 samples. More than 2500 samples were
procedures (see Table 1) resulting in unacceptablerun on an analytical column without loss of sensitivi-
variability were required [31–34]. Most LC–MS/ty, accuracy or precision.
MS assays [35–39] also use multi-step external
column extraction procedures, and only LC–MS/MS
assays for the quantification of single immuno-

4. Discussion suppressants have been reported. Here, we describe
an LC/LC–MS assay, utilizing automated online

Previously described HPLC-UV assays of im- sample extraction and a mass-selective detector, that
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Fig. 4. Representative ion chromatograms of tacrolimus blood samples. Blood samples were taken before and after a healthy volunteer took
a single oral 5-mg tacrolimus dose. Ion chromatogram (A) shows tacrolimus (38.6 mg/ l, 2.5 h after tacrolimus administration), (B) the
internal standard ascomycin (100 mg/ l) for the analyses in (A) and (C), (C) the metabolites 13-O-desmethyl (2.2 mg/ l), 15-O-desmethyl
(1.4 mg/ l) and 31-O-desmethyl tacrolimus (0.73 mg/ l, same sample as (A) and (B)), and (D) the ion chromatogram (m /z5812, desmethyl
tacrolimus) of a blank sample of the same pharmacokinetic profile drawn before tacrolimus administration. The arrows mark the retention
times of the tacrolimus metabolite peaks.



50 U. Christians et al. / J. Chromatogr. B 748 (2000) 41 –53

Fig. 5. Representative ion chromatograms of a blood sample from a kidney graft patient 12 h after oral administration of cyclosporine and 8
h after oral administration of sirolimus. Five hundred mg/ l cyclosporin D and 100 mg/ l 28,40-O-diacetyl rapamycin were added as internal
standards for cyclosporine and sirolimus, respectively. The concentration of cyclosporine was 162 mg/ l and that of sirolimus was 0.55 mg/ l.

development of an assay to quantify all four drugs inis integrated into the analytical system as an HPLC
one assay involved identification of conditions dur-component.
ing extraction and HPLC analysis that accommo-Although LC–MS assays have been reported for
dated the quantification of all study drugs. Potentialcyclosporine, tacrolimus, sirolimus and SDZ-RAD,
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problems involved the 10-fold higher therapeutic Column-switching techniques for automated on-
concentration range of cyclosporine in comparison to line sample preparation are well established in HPLC
that of the macrolide immunosuppressants and the analysis [40]. In general, these have worked well
chromatographic conditions necessary to avoid with plasma samples and drugs with specific UV-
broadening of cyclosporine peaks. As shown, the absorption maxima. In comparison to plasma, blood
extraction and LC–MS procedure described above sample preparation is much more complex [41] and
resulted in a lower limit of quantitation that was both cyclosporine and tacrolimus have UV absorp-
5-fold lower than the lower limit of the clinical target tion maxima ,200 nm. Although HPLC-UV assays
concentrations for each of the immunosuppressants, in combination with column-switching on-line sam-
while the linear range of the assay included the ple preparation have been described for cyclosporine
concentration ranges relevant for patients. [42–44], the extraction procedures were complicated

Although good precision and accuracy of the and time-consuming and those assays have never
measurement of immunosuppressant in blood in widely been used. In comparison to HPLC-UV, LC–
combination with automated online-extraction can be MS due to its selectivity is more robust against
achieved without addition of internal standards [27– interferences. In our assay, the supernatants after
29], we used internal standards for the reasons protein precipitation were loaded onto the extraction
discussed in detail elsewhere [31–33]. In comparison columns and washed at a high solvent flow of 5
to other internal standards used for LC–MS quantifi- ml /min for 0.7 min. This was a significant improve-
cation of tacrolimus [33,34], ascomycin has the ment over previously published LC–MS assays for
advantage that it is generally available from a immunosuppressants using online sample preparation
commercial source. As an alternative to 28,40-O- [27–29] that required an extraction wash step of
diacetyl rapamycin, we used 32-desmethoxy several minutes. In our experience, column switching
rapamycin (Wyeth-Ayerst Research, Pearl River, sample preparation has not been a significant source
NY, USA) or 40-O-(3-hydroxypropyl) rapamycin of analytical failures.
(Novartis Pharma, Basel, Switzerland) with similar One of the problems with the HPLC analysis of
results. Sirolimus cannot be used as an internal cyclosporine is peak broadening due to incomplete
standard for quantification of SDZ-RAD since blood separation of conformers [45]. Peak broadening is
of SDZ-RAD treated patients may contain traces of reduced by column temperatures of 658C and above,
sirolimus, as a minor SDZ-RAD metabolite [18]. and mobile phase pH,5 [41,45]. An additional

Our assay uses only 100 ml of blood and therefore reason for the low pH of the mobile phase was the
allows for quantification of immunosuppressants in stability of sirolimus, SDZ-RAD and 28,40-O-
small animal studies and pediatric patients [37]. In diacetyl rapamycin [32,46].
addition, we avoided the large injection volumes We took advantage of the automatic bypass valve
necessary in previously described LC/LC–MS as- in the mass selective detector. The mass-selective
says [27–29]. The extensive sample preparation detector was activated 2 min after the column switch
procedures used in previously described LC–MS (Fig. 2). Before the bypass valve was activated,
assays for immunosuppressive drugs were necessary material not retained on the column such as inor-
since the immunosuppressants distribute mainly into ganic salt was flushed into waste without getting into
the corpuscular blood components, and whole blood contact with the electrospray source.

1is the recommended matrix for therapeutic drug Sodium adduct ions, [M1Na] , gave the strongest
monitoring [21,22,25]. As for our assay, most other signals. Even if 2 mM ammonium acetate was added
LC–MS assays include a protein precipitation step to the loading buffer and mobile phase to induce

1with ZnSO [27–29,31–34,38]. The automated col- formation of [M1NH ] at the expense of other ion4 4
1umn extraction procedure was necessary to remove species, [M1Na] still gave a significant signal.

residual blood components and high concentrations Addition of sodium ions to the loading buffer and
of inorganic salt to reduce contamination of the MS mobile phase, however, almost completely sup-
source. pressed formation of other ions (Fig. 3). Therefore,
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