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Abstract

The Micromass Platform LCZ mass detector parameters were optimized for simultaneous recording of the protonated
1 1 1(CsA|H ), sodium adduct (CsA|Na ) and potassium adduct (CsA|K ) of cyclosporin A eluted from a Symmetry Shield

RP8 column. The optimized procedure allows a precise analysis of CsA in whole blood or serum without removal of salts
prior to analysis. The ratio of the three forms of CsA varied depending on the assay condition and the types of specimens
being analyzed. The summation of three ionic forms of CsA detected by LC–ESI-MS is a reliable and simple method to
assess CsA concentration in the blood.  2001 Elsevier Science B.V. All rights reserved.
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1. Introduction have been reported by others [7–12]. The most
sensitive method was achieved by coupling liquid

Cyclosporin A (CsA) has been used widely as an chromatography to mass spectrometry (LC–ESI-MS)
immunosuppressive drug in organ transplantation, [13] or tandem mass spectrometry (LC–MS/MS)
treatment of autoimmune disorders, and psoriasis [1]. [14,15].
It is used in our hospital to prevent rejection in In recent years the procedure for mass spec-
corneal transplantation. The immunosuppressive ac- trometry has been highly simplified. The equipment
tion of CsA is dose dependent. The concentration of cost has been markedly reduced. LC–ESI-MS has
CsA in the blood is an important parameter to assess become increasingly popular for microanalysis. This
if a patient has sufficient CsA prior to surgery [2,3]. study is directed to optimize the analytical method
The analysis of CsA by immunochemical methods for CsA by LC–ESI-MS. One major problem we
[4–6] and high-performance liquid chromatography encountered is the tendency of CsA to form Na and

K adducts. The ratio of the protonated CsA (CsA|
1 1H ), sodium adduct (CsA|Na ) and potassium*Corresponding author. Fax: 165-77-89-748.
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tal settings and differed among different specimens. transferred to an autosampler vial for LC–ESI-MS
The variation of the three ionic forms between analysis.
standard and samples causes problems in quantitative
analysis based on one form of CsA. Others have 2.2. Instrument
introduced a solid-phase extraction step to remove

1 1Na and K in order to convert all CsA to the Waters 2690 solvent delivery system including an
protonated form before analysis [14,15]. The solid- auto-sampler, photodiode array detector and
phase extraction step introduced loss of CsA varying Micomass Mass Spectrometer (platform LCZ) were
from sample to sample. Internal standard was needed used for chromatographical separation and detection
to correct the variable loss during the solid-phase of CsA. The separation column, RP (3.5 mm, 4.638

extraction step. This study was carried out to study 75 mm supplied by Waters Associates) was eluted by
in detail the LC–ESI-MS parameters on the mag- 90% methanol /10% water at 0.5 ml /min.

1nitude of ion current produced from CsA|H , CsA| The optimized settings in the MS detector were as
1 1Na and CsA|K , factors which influence the ratio follows. The nitrogen gas flow was maintained at

of the three forms of CsA, and determine if the 500 l /h. The capillary and cone voltage was set to
summation of the three forms is a reliable method for 4.0 and 10, respectively. The source temperature and
quantitative analysis of total CsA in a specimen. desolvation temperature was set to 150 and 3758C,

respectively. The mass spectrum was recorded under
a full scan operation for positive ions, with a scan

2. Experimental range from m /z 500 to 1400. The quantification was
carried out with the selected-ion recording (SIR)

2.1. Materials mode by monitoring the protonated molecular ion
(m /z51203), sodium ion adduct (m /z51225) and

2.1.1. Chemicals potassium ion adduct (m /z51241) simultaneously.
HPLC grade methanol was purchased from Fisher The quantification is based on the total peak areas of

1 1 1Scientific. Ultra-pure water was obtained from a CsA|H , CsA|Na and CsA|K in SIR chromato-
Milli-Q water purification system (Millipore, Mil- gram.
ford, MA). CsA was a gift from Novartis Pharma
AG, Basel, Switzerland. Immunoassay kit was sup- 2.3. Methods
plied by Abbot Laboratories (Abbot Park, IL).

2.3.1. Optimization of LC–ESI-MS experimental
2.1.2. Whole blood conditions

Whole blood was stored at 2608C. Before analy- The sensitivity of the CsA signal is largely
sis, the blood specimen was thawed. One part of the dependent on LC–ESI-MS experimental parameters.
blood specimen was subjected to vortex with 9 parts In order to identify the optimized condition, the
of methanol for 3 min. The coagulated proteins were following MS parameters were tuned: cone voltage
removed by centrifugation at 10 0003g for 15 min. (5 to 90 V), capillary voltage (2.5 to 4.0 V),
The supernatant fraction was analyzed by LC–ESI- desolvation temperature (250 to 4008C) and nitrogen
MS method. gas flow-rate (200 to 600 l /h).

2.1.3. Serum 2.3.2. Calibration curve
Fresh blood specimens were allowed to clot in the The determination of CsA was based on the

refrigerator. The clotted blood sample was cen- external standard method. Six-point calibration
trifuged for 15 min at 10 0003g to remove blood curves (triplicate injections) were created for the
cells. An aliquot of 100 ml of serum was subjected to range from 0.02 to 10 ng by plotting the summation

1 1vortex with 400 ml of methanol for 1 min. Coagu- of the peak areas of CsA|H , CsA|Na and CsA|
1lated proteins were removed by centrifugation at K against the amount of CsA injected into the

10 0003g for 15 min. The supernatant fraction was column.
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2.3.3. Recovery, precision and accuracy capillary voltage, desolvation temperature and nitro-
The recoveries were determined by comparing the gen gas flow-rate was examined.

peak areas of a serum specimen premixed with a
known amount of CsA with that of an equivalent 3.1.1. Cone voltage and capillary voltage

1 1 1amount of standard CsA dissolved in pure methanol. The peak area of CsA|H , CsA|Na , CsA|K
For intra-assay precision, spiked serum samples with and the summation of the three peak areas varied

1three different concentrations (40, 200 and 650 mg/ l) depending on the cone voltage (Fig. 1). CsA|H
were analyzed. For the inter-assay precision, the began to decrease after the cone voltage was in-

1above samples were analyzed on three subsequent creased above 10 V. CsA|Na increased with volt-
1days. Accuracy was measured using CsA standard age up to 50 V. Above 50 V, CsA|Na reduced with

samples (40, 200, 400, 650 and 1000 mg/ l) and increased cone voltage. There was little change in
1calculated as the deviation from the theoretical CsA|K at different cone voltage. The summation

values. of the three peak areas was constant within the range
of 10 to 30 V. Total CsA concentrations began to
reduce as cone voltage increased above 30 V. Capil-
lary voltage does not affect the sensitivity signifi-

3. Results and discussion
cantly.

We have attempted to convert all three forms of
The detection of a selected molecular size by a

CsA into one form by varying the cone voltage.
mass detector allows a precise quantitative measure-

When the cone voltage was increased to 50 V (Fig.
ment of a compound co-eluted with a group of 11), the CsA|Na peak increased to 90% of total
compounds having different molecular sizes. In this

CsA. However, increased cone voltage reduced the
way, the time consuming effort to establish the

sensitivity.
optimal chromatographic separation of all com-
pounds is not needed. The large molecular sizes of

3.1.2. Desolvation temperature
CsA, 1202, is very different from physiological

The peak areas for all three ions increased propor-
compounds in the blood. The major interference

tional to desolution temperature. The summation of
materials in the blood are proteins. Proteins form

the three ions approached the maximal peak area as
highly heterogeneous ion masses producing false

desolvation temperature was raised to 3758C (Fig.
positive peaks of a selected ion size. After removing

2).
proteins by methanol, the soluble fraction is ready
for analysis.

3.1.3. Nitrogen gas flow-rate
The three forms of CsA can be recorded simul- 1Fig. 3 shows the peak area of CsA|H , CsA|

taneously according to their ion sizes even though 1 1Na , CsA|K and their sum as a function of
they were eluted together. The intensity of the
detection signals is dependent on the conditions of
the mass detector. The optimized instrumental setting
for quantitative analysis of CsA in human serum, and
the comparison of the present method to the im-
munochemical method routinely used in clinical
laboratories are described in the following.

3.1. Optimized mass detector conditions for
analytical results

In order to determine the concentration of CsA in
1 1 1whole blood, serum and tissues with high sensitivity, Fig. 1. The CsA|H , CsA|Na , CsA|K and sum of these three

the ESI interface parameters including cone voltage, peak areas as a function of cone voltage (V) in the mass detector.
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1 1 1Fig. 2. The CsA|H , CsA|Na , CsA|K and sum of these three
peak areas as a function of desolvation temperature (8C) in mass
detector.

nitrogen gas flow-rate. The optimal condition is 500
l /h.

3.2. Linearity, accuracy, recovery and imprecision
studies of the LC–ESI-MS method

The typical mass spectrum of CsA standard sam-
ple (10 ng) is shown in Fig. 4A. The single ion
chromatograms for each ion are shown in Fig. 4B. Fig. 4. (A) A typical mass spectrum of cyclosporine A pure
The standard curve was created by assaying 0.02, standard sample in electrospray positive mode. m /z 1203 is

1protonated CsA [CsA1H] , m /z 1225 is sodium ion adduct of0.1, 0.2, 1.0, 2.0 and 10.0 ng of CsA. The peak area
1CsA [CsA1Na] , m /z 1241 is potassium ion adduct of CsAincreased linearly over the range from 0.02 to 10 ng

1[CsA1K] . (B) The Selected ion recording (SIR) chromatogramanalyzed (correlation coefficient50.9977). Detailed
of m /z51203, m /z51225 and m /z51241 which corresponds to

1 1 1accuracy data obtained by analysis of a set of spiked [CsA1H] , [CsA1Na] and [CsA1K] , respectively. The
serum samples are listed in Table 1. The coefficients quantification is based on SIR signals.
of variance (C.V.) were less than 3% over the whole
analytical range and the deviations were less than
5.3%. When CsA was added to normal human serum,

and analyzed by the optimized procedure (Table 2).over 90% was recovered in the methanol extraction
The limit of detection at a signal-to-noise ratio of 3:1
was 10 pg/assay. The intra-day and inter-day impre-
cision for 40, 200 and 650 mg/ l are less than 5%
(Table 3). The run time of one sample was 5 min.

The present method eliminates the major ana-
lytical problem due to occurrence of three forms of

1 1 1CsA: CsA|H , CsA|Na and CsA|K . The pro-
portions of the three forms varied depending on the
analytical condition (Fig. 1), amount of CsA injected
to the column (Table 4), and types of specimens
being analyzed. We proposed to use the summation
of the three forms of CsA to evaluate total CsA in a

1 1 1 blood specimen. The analysis for three ion formsFig. 3. The CsA|H , CsA|Na , CsA|K and sum of these three
1 1avoids the necessity of removing Na and K frompeak areas as a function of nitrogen gas flow-rate (l /h) in mass

detector. the specimens by a solid-phase extraction step prior
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Table 1
aAccuracy of the LC–ESI-MS method

Theoretical Mean6SD C.V. Accuracy Deviation
concentration Measured (%) (%) (%)
(mg/ l) concentration (mg/ l)

40 41.960.61 1.5 104.8 14.8
200 19963.56 1.8 99.5 20.5
400 40868.58 2.1 102.0 12.0
650 65265.12 0.8 99.7 20.3
1000 94768.49 0.9 94.7 25.3

a n56; SD, standard deviation; C.V., coefficient of variance. Accuracy was expressed as a percentage of the mean measured concentration
over the theoretical concentration.

1 1Theoretically, Na and K could be removed by a
Table 2 special step as described by others [15]. In reality,

1 1Recovery (%) of CsA (n56) from serum total removal of Na and K from solvent is very
1 1

Concentration (mg/ l) Recovery (%6SD) difficult. The removal of Na and K from speci-
mens varies depending on types of specimens used.40 91.461.98
A special method designed for the removal of metals500 91.862.83

800 90.060.40 in one specimen may not be adequate for another.
Even for the same type of specimens, there is

Table 3 uncontrollable variation that requires a different wayaImprecision of the LC–ESI-MS method
to purify the specimen. Furthermore, the method to

Theoretical Imprecision (%) separate CsA from ions introduced a step of un-
concentration (mg/ l) controllable loss of CsA. The affinity of CsA to ions

Intra-day Inter-day
is quite unpredictable. Theoretically, ions should be

40 1.69 4.83 separated from CsA as a specimen moves down the
200 0.36 3.66 1column. In reality, some Na bound to CsA move650 1.17 2.68

down from the column with CsA. Our experience
a Imprecision was expressed in terms of coefficient of variation showed unpredictable variation depending on the

(n56).
type of specimen being analyzed. Therefore, we
recommend the summation of the three forms to

to analysis. Without the solid-phase extraction step, obtain the total CsA concentration.
there is no need to use internal standard to correct for The limit of detection of our method (10 pg/
the uncontrollable loss in the sample preparation assay) is in the same magnitude as other LC–MS
step. methods (20 pg/assay, for example in Ref. [14]. Our

Table 4
1 1 1[CsA|H] (m /z51203), [CsA|Na] (m /z51225) and [CsA|K] (m /z51241) peak areas in standard CsA samples with different

aconcentration (three injections in each concentration)
1 1 1CsA amount (pg) CsA|H %6SD CsA|Na %6SD CsA|K %6SD

20 10060.00 0.0060.00 0.0060.00
100 71.7961.60 28.2161.60 0.0060.00
200 66.0361.31 33.9761.31 0.0060.00
1000 66.1260.61 32.5360.43 1.3560.20
2000 64.7360.51 32.9160.32 2.3660.19
10 000 57.9360.49 34.7960.28 7.2860.20

a 1 1 1Normalized data, CsA|H , CsA|Na , CsA|K 5100%.
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method also shows good accuracy, recovery and in the whole blood. A regression was calculated
precision, which is comparable with other existing resulting in the following equation: CsA (in serum)5

2LC–MS methods [13,14]. 0.2258 CsA (in whole blood)238.56 (mg/ l), R 5

0.976. However, the amount of CsA in the serum is
3.3. Comparison of LC–ESI-MS with the only 16% of that in the whole blood.
commercial immunoassay method Only the amount of CsA in the serum is available

to the target organ. Therefore, CsA in the serum is
The immunoassay kit is currently used in many more important than that in the whole blood to assess

hospitals for the analysis of CsA in whole blood. The if the patient has sufficient CsA prior to surgery. The
data obtained by the LC–ESI-MS method correlated immunoassay kits are not sensitive enough for the
very well to that by the immunoassay for CsA in detection of CsA in the serum.
whole blood. The blood specimens were obtained
from three patients at different time intervals after
oral administration of CsA in order to compare the

4. Conclusiontwo methods for samples containing different
amounts of CsA. The CsA concentration in the

This report describes a simple method to preparewhole blood detected by LC–ESI-MS correlated
the specimens for a simultaneous analysis of thevery well with that by the immunochemical method

2 three forms of CsA. The chromatographic step(Fig. 5, correlation coefficient R 50.97). Immuno-
required only 5 min for each sample, and detects asassay kits were designed for the analysis of CsA in
low as 10 pg CsA per assay. The LC–ESI-MSwhole blood. They are not sensitive enough for CsA
method can detect a broad range of CsA concen-concentration in the serum. The LC–ESI-MS method
tration from 10 pg to over 100 ng, and is quiteis sensitive to both serum and whole blood.
satisfactory for analysis of either serum or whole
blood. The results obtained by the LC–ESI-MS3.4. Comparison of CsA in serum and whole
method in the whole blood is comparable to theblood
immunochemical method commonly used in the
clinical chemistry laboratory. The immunochemicalAfter oral administration, most CsA was present
method is not sensitive enough for the analysis ofinside the blood cells. The amount of CsA in some
CsA in serum.serum specimens were too low to be detected by

immunoassay. We used the LC–ESI-MS method to
compare the concentration of CsA in the whole
blood and serum. There was a good correlation Acknowledgements
between the CsA concentration in the serum to that
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