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Abstract

Solid-phase extraction (SPE) was directly coupled to mass spectrometry (MS) to assess the feasibility of the system for
the rapid determination of prednisolone in serum. A C stationary phase allowed washing of the cartridge with 25%18

methanol. Elution was performed by switching the methanol percentage from 25% in the washing step to 50% during
elution. The high flow-rates during the extraction (5.0 ml /min) combined with ion-trap MS detection resulted in a total
analysis time of 4 min. Some tailing of the prednisolone peak was observed. However, the tailing was found acceptable,
since by this elution procedure most matrix compounds were prevented from eluting from the cartridge. Some matrix
interference was still observed with a triple-quadrupole MS, even in the multiple reaction monitoring mode. This resulted in
a detection limit (LOD) of about 10 ng/ml. The matrix interference and the LOD were similar for atmospheric pressure
chemical ionisation and atmospheric pressure photo ionisation. Applying an ion-trap MS in the MS–MS mode resulted in
cleaner chromatograms. Due to extensive fragmentation of prednisolone, the LOD was not lower than about 5 ng/ml
prednisolone in serum, and a limit of quantitation of about 10 ng/ml (relative standard deviation,15%) was observed.
   2003 Elsevier B.V. All rights reserved.
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1 . Introduction hydrocortisone. Its main therapeutic application is
due to its immunosuppressive effects[1]. For this

Prednisolone is a glucocorticoid derived from reason, prednisolone is often administered prior to,
during and after organ transplants in order to de-
crease the risk of organ rejection. Prednisolone is a
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used for the determination of prednisolone in serum many) was used for the elution which was connected
or plasma apply liquid–liquid extraction[2–5] or to the mass spectrometer via the cartridge. During
off-line solid-phase extraction (SPE)[6,7]. Such the optimisation of the SPE procedure two polymeric
techniques are time-consuming and error-prone steps (PLRP-S and Resin GP) and a C stationary phase18

such as evaporation and reconstitution of the eluate (all from Spark-Holland) were used. After optimi-
are required. Modern developments in the coupling sation, HySphere-9 (C , 1032 mm, particle size 718

of liquid chromatography with mass spectrometry mm) cartridges were applied.
(MS) [8,9] have offered tremendous potential for Methanol was of HPLC grade (Lab Scan, Dublin,
high-throughput analysis. On-line coupling of SPE Ireland). Glacial acetic acid was of analytical-reagent
with LC–MS is well established[10–13]. Further- grade (Merck, Darmstadt, Germany). Water was
more, the potential of SPE coupled directly with MS obtained from an Elgastat Maxima system (Salm and
was also shown[14,15]. Kipp, Breukelen, The Netherlands). Aqueous solu-

In this study, we investigated the potential of tions were passed through a 0.45-mm RC 55 mem-
nSPE–MS for the rapid analysis of prednisolone in brane filter (Schleicher & Schuell, Dassel, Germany)

serum down to the low ng/ml level. Steroids are prior to use. Prednisolone (Ph.Eur., Genfarma, Maars-
easily fragmented to various fragments simultaneous- sen, The Netherlands) was dissolved in methanol (1
ly by thermal degradation as well as by collision- mg/ml) and stored in the dark at220 8C. Spiking of
induced dissociation (CID)[16–21], which may samples was performed by addition of a small
result in limited sensitivity, and the latter aspect volume of the stock solution that is adequately
should thus be carefully investigated. To achieve low diluted with buffer to fetal calf serum (PAA Lab-
ng/ml levels, an ion-trap MS and a triple-quadrupole oratories, Linz, Austria).
MS were compared. The latter type of MS was used
applying atmospheric pressure chemical ionisation 2 .2. SPE procedure
(APCI) and atmospheric pressure photo ionisation
(APPI). A detailed description of the APPI mecha- The final SPE procedure for the C cartridges18

nism can be found in the literature[22]. APPI may was as follows: activation was performed with 2.5
ionise analytes, and in particular hormones, more ml methanol, and conditioning with 3.75 ml diluted
efficiently than APCI[22–24], thus potentially al- acetic acid (0.5%, pH about 3) at a flow-rate of 5.0
lowing the determination of lower concentrations of ml /min. A 500-ml sample was loaded onto the
prednisolone. cartridge with diluted acetic acid (0.75 min at 2.0

ml /min) to minimize possible carry-over, followed
by a washing step with 3.75 ml of 25:75 methanol–

2 . Experimental diluted acetic acid (0.5%) at a flow-rate of 5.0
ml /min. The elution was started with 25:75 metha-

2 .1. Chemicals and instrumentation nol–acetic acid (0.5%), and subsequently within 0.1
min the methanol percentage was increased to 50%.

All on-line SPE–MS experiments were performed This percentage was maintained for 1.15 min. A
with a Prospekt sample handler (Spark, Emmen, The flow-rate of 1.0 ml /min was used during elution.
Netherlands) using one six-port valve, the cartridge- Quantitation was performed by the use of external
switching device, and a solvent delivery unit (SDU). calibration, i.e. by comparing the signal of spiked
Activation, conditioning, sampling, trapping, and buffer or spiked serum with known quantities of
washing were done using the SDU. The effluent was prednisolone added to the same matrix.
connected to waste during these steps. All steps of
the SPE procedure were carried out using a forward- 2 .3. Mass spectrometry
flush mode. A cartridge was replaced after single
use. A second flow stream from a Series 1100 An LCQ Classic ion-trap MS (Thermoquest, San
gradient pump (Hewlett-Packard, Waldbronn, Ger- Jose, CA, USA) equipped with an APCI source was
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used. The vaporiser temperature was set at 3508C. 3 . Results and discussion
The sheath gas and auxiliary gas (both nitrogen)
were 34 and 3 (arbitrary units), respectively. The 3 .1. Optimisation of the SPE procedure
discharge current was set at 5.00mA and the
capillary voltage was 15.00 V. The temperature of When applying SPE, steroid- or hormone-like
the heated capillary was 1708C, and the tube lens compounds are commonly extracted from the sample
offset was set at 40.00 V. All scans were recorded in by use of an apolar extraction phase[25–27].
the full-scan mode with three microscans over the Therefore, the apolar C phase and two polymeric18

range ofm /z 295 to 370 using the positive-ion mode. phases (PLRP-S and Resin GP) were investigated for
The maximum injection time was set at 300 ms. the extraction of prednisolone. The sample was
Helium was applied as cooling gas and collision gas. loaded onto the cartridge after which the stationary
Extracted ion chromatograms in all MS modes were phase was washed with buffer at pH 8.5, 7 or 3.

1obtained for [M1H] (m /z 361) or fragment ions These pH values should ensure that the system
n

60.5 Th. The isolation width during MS experi- would be compatible with MS (use of volatile
ments was 2.0 Th. The collision energy applied buffers, e.g. ammonium acetate), while a good buffer
during MS–MS experiments was 20%. capacity (pH 8.5 and 3) was still maintained or a pH

An API3000 triple-quadrupole MS (MDS-Sciex, near that of serum was applied (pH 7). After
Concord, Canada) was used with both an APCI and washing, a 10-min gradient from 0 to 100% metha-
an APPI [22] source. The settings used during nol, buffered at the same pH, was used for the
single-MS analysis and multiple-reaction monitoring elution. Diode-array detection was applied during the
(MRM) are presented inTable 1. In the single-MS optimisation of the SPE procedure. The peak shape
mode a Q1-scan was performed fromm /z 100 to and the position for the analyte with regard to the
400. In the MRM modem /z 361.1 was fragmented matrix were the criteria for the selection of an
and the products atm /z 307.0 and 325.0 were appropriate stationary phase. With the polymeric
monitored. When applying APCI, nitrogen was used phases, hardly any separation between the analyte
as curtain gas and auxiliary gas, and zero air was and the matrix could be obtained.
used as nebulising gas. During APPI experiments, With the C stationary phase, no separation was18

only nitrogen was used. The lamp protection gas was observed at pH 8.5. Decreasing the pH to 7 or 3 did
set at about 1 l /min, and a lamp current of 0.75 mA not move the prednisolone peak due to the fact that
was used. Toluene was used as dopant, which was prednisolone is a neutral species. However, the
added to the auxiliary gas line via a T-piece. A retention of the co-extracted matrix components was
flow-rate of 50ml /min was used. increased, resulting in more distinction between

prednisolone and the matrix compounds. The best
results were obtained at pH 3. It was possible to
wash the cartridge with 25:75 methanol–dilutedT able 1
acetic acid (0.5%) at a flow-rate of 5.0 ml /minSettings of the triple-quadrupole MS during Q1-scan and MRM

experiments without breakthrough of the analyte from the ex-
traction phase. This ensured that the early elutingNebulizer gas (arb) 15 Q0 (V) 210.00
matrix compounds, i.e. polar components, wereCurtain gas (arb) 10 IQ1 (V) 211.00

aCAD (arb) 0 (4 ) ST (V) 216.00 removed. Furthermore, a high recovery (comparison
bNeedle current (mA) 2.00 RO1 (V) 211.0 of spiked samples and aqueous solutions) was ob-

Temperature (8C) 450 IQ2 (V) 218.0 tained for the analyte (that is, for spiked samples noaOrifice (V) 20 RO2 (V) 2100 (225.0 )
a losses of analyte were observed during the samplingRing (V) 50 ST3 (V) 2120 (245.0 )
a and washing step). Subsequently, the elution wasCEM 2500 RO3 (V) 2102 (227.0 )

DF (V) 2100 performed starting at 25% methanol and increasing
a this to 50% within 0.1 min. No further increase inNumbers in brackets are settings for MRM experiments.
b For APPI experiments—source offset voltage52000 V. the percentage of methanol was used so that most of
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 the co-extracted and apolar matrix components that
were not removed during the wash step were retained
by the stationary phase, and could therefore not
interfere with the MS detection. After each analysis
the cartridge was discarded. The final extraction
procedure is presented inTable 2.The total analysis
time was about 4 min. The first optimisation was
performed applying DAD, and subsequently the
results of single-MS analysis were compared with
those of DAD analysis. Obviously, applying MS may
result in the detection of matrix compounds not
observed with DAD. Thus, further evaluation of the
total SPE–MS procedure will be necessary.

3 .2. SPE–MS system

3 .2.1. Use of ion-trap MS
An ion-trap MS was applied for the SPE–MS

system. The vaporiser temperature was set at 3508C,
which gave adequate evaporation and no memory
effect was observed. However, extensive fragmenta-
tion was observed due to the thermolability of the
analyte and/or the easy CID of prednisolone. The
fragmentation pattern and a mass spectrum in the MS
mode are shown inFig. 1A and B.The fragmenta-
tion of prednisolone implied that the parent ionm /z Fig. 1. (A) Structure and fragmentation pathway of prednisolone
361 was only about 54% of the total abundance. in the ion-trap MS; (B) mass spectrum (MS mode); (C) mass

spectrum (MS–MS mode, fragmentation ofm /z 361).With MS–MS experiments, no formation of the
fragments withm /z 329 and 301 were observed,
suggesting that these ions were indeed formed by
thermal degradation. Three fragments, i.e.m /z 343, to-noise (S /N) ratio, even though only about 15% of
325 and 307, were formed after CID of the parent the signal of the product ion was converted into these

1ion [M1H] (Fig. 1C). Fragmentm /z 343 gave the fragments.
highest signal, but the summation of the extracted The use of the ion-trap MS in the single-MS mode
ions of m /z 307 and 325 resulted in the best signal- (Fig. 2A) showed severe matrix interferences, which

T able 2
Optimised SPE procedure for C cartridges18

Solvent Flow-rate Volume Time
composition (ml /min) (ml) (min)

Activation Methanol 5.0 2.5 0:00–0:50
Conditioning Acetic acid (0.5%) 5.0 3.75 0:50–1:25

aSampling Serum (500ml) 2.0 1.5 1:25–2:00
Washing 75:25 (v /v) 5.0 3.75 2:00–2:75

acetic acid–methanol
Elution 50:50 (v /v) 1.0 1.25 2:75–4:00

acetic acid–methanol
a Sampled with excessive amount of acetic acid (0.5%).
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 T able 3
2Analytical data of the SPE–MS systems for the determination of

prednisolone in serum using an ion-trap MS (MS–MS mode) and
a triple-quadrupole MS (MRM mode)

Ion-trap MS Triple-quadrupole MS
APCI

APCI APPI

LOD (ng/ml) 5 10 10
aLinearity (R) 0.9944 0.9962 0.9959

b b bRange (ng/ml) 10–550 10–275 10–275
cRSD (%) 8.8 9.9 10.2

a Weighted regression 1/x.
b Maximum concentration investigated.
c At 20 ng/ml, n56.

representative chromatogram of spiked serum is
depicted inFig. 2C.Some tailing of the prednisolone
peak was observed. Preliminary validation results
showed good linearity and reproducibilities over the
investigated concentration range. The limit of quanti-
tation was about 10 ng/ml (relative standard devia-
tion ,15%). Comparing the signals after extraction
from buffer and from serum showed higher signals
for the latter. At 10 ng/ml, the signal after extraction
from serum was about two times as high as the
signal after extraction from buffer. This decreased to
a factor of about 1.5 at 20 ng/ml and was about 1.2
at higher concentrations (30–550 ng/ml). A post-
cartridge continuous infusion of the analyte while
extracting blank serum[28], showed a similar ion
enhancement effect. This matrix effect will be fur-
ther explored in the near future.

3 .2.2. Use of triple-quadrupole MS
Another type of MS, a triple-quadrupole instru-

ment, was used with an APCI and APPI source. TheFig. 2. (A) SPE–MS with an ion-trap MS using the APCI
vaporiser temperature was set at 4508C for adequateinterface for extraction of blank serum (total ion count,m /z

295–370); (B) SPE–MS–MS of blank serum and summation of evaporation of the eluate. With lower temperatures,
extracted ionsm /z 307 and 325, (C) SPE–MS–MS of serum memory effects were observed. The high temperature
spiked with 10 ng/ml prednisolone.

caused severe fragmentation of prednisolone due to
thermal degradation. Therefore, the scan range for
the triple-quadrupole MS (Q1 scan) was enlarged in

made the detection of concentrations below about 50 comparison with analysis with the ion-trap MS
ng/ml impossible. The application of MS–MS re- (single MS) to be able to detect all fragments
sulted in clean chromatograms after extraction of formed. Still, similar chromatograms as with the
blank serum (Fig. 2B) and an improved LOD (5 ion-trap MS were obtained in the single-MS mode
ng/ml; determined as three times the level of spikes (Q1 scan) upon analysis of serum samples (Fig. 3A).
in the chromatogram) was observed (Table 3). A However, applying MS–MS (MRM mode), moni-
good reproducibility and linearity were obtained. A toring the same fragments as with the ion-trap MS
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 same level and no improved sensitivity was ob-
served. Upon the extraction of prednisolone from
buffer, in which no chemical noise interfered with
the determination, a lower LOD was observed with
APPI in comparison with APCI. About a factor of
five more sensitivity was observed with APPI than
with APCI, which indicates that APPI may indeed
give better sensitivity if no chemical noise deterior-
ates the detection. These results were in accordance
with the results of other studies[22,23].

The determination of the LOD (three times the
blank level) after extraction from serum and de-
tection with the triple-quadrupole MS was rather
ambiguous due to the presence of the matrix. In this
study, constant signals were obtained with the blank
serum. However, with real-life samples, often no
blank sample is available, thus making detection at
such low levels more unpredictable. The presence of
matrix interference from blank serum may be due to
similar fragmentation pathways of co-extracted com-
pounds, since many endogenous compounds such as
steroid hormones have similar fragmentation patterns
[16,17]. The loss of H O is rather easy to establish2

from any hydroxylated compound. With hormone-
like compounds, the loss of two or more H O2

molecules is very common[16,20].
The difference in matrix interference between the

ion-trap MS (MS–MS mode) and the triple-quad-
rupole MS (MRM mode) is probably due to the
difference of the MS–MS principles. In the ion-trap
MS, only the precursor ion is accelerated sufficiently
to be fragmented. Fragments are readily stabilised in
the centre of the trap, thereby decreasing the po-

Fig. 3. (A) SPE–MS with a triple-quadrupole MS using the APCI tential for further fragmentation. In the triple quad-
interface for extraction of blank serum (Q1 scanm /z 100–400); rupole MS, more fragmentation is commonly ob-
(B) SPE–MS–MS of blank serum (MRM mode, transition ofm /z

served[17,18], since all ions are accelerated. This361 tom /z 325 and 307); (C) SPE–MS–MS of serum spiked with
implies that an ion that is already fragmented will10 ng/ml prednisolone (offset 500 cps).
still be accelerated towards the end of the second and
the third quadrupole. Thus, a formed fragment
(product ion) may thereby collide and fragment

(that is m /z 325 and 307), did not completely further in the second and the third quadrupole. This
eliminate the matrix interference (Fig. 3B). The has the consequence that not only the analyte is more
LOD was now about 10 ng/ml (Table 3). A repre- easily fragmented (as observed during MS–MS
sentative chromatogram is depicted inFig. 3C.With experiments), but also the matrix components. In a
APPI, similar results were observed as with APCI triple quadrupole MS, the higher level of interference
with respect to sensitivity, linearity and reproducibil- can thus be due to product ions (ions should already
ity (Table 3). The matrix interference was at the be formed in the source or in the first quadrupole to
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m /z 361) and their consecutive fragments, which is R eferences
less common in an ion-trap MS.
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