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ABSTRACT

The application of a continuous-flow dialysis system, consisting of a membrane dialyser and a trace enrichment column, in on-line
combination with tandem mass spectrometry via a thermospray interface is described. The method is applied to the quantitation of
drugs in complex biological matrices containing macromolecular interferences. The potential of the method is demonstrated by the
quantitative analysis of the anti-cancer drug rogletimide in the plasma of patients after treatment.

INTRODUCTION

The quantitation of drugs in biological fluids is
an important aspect of drug development and test-
ing, e.g. with respect to pharmacokinetics. In many
cases, mass spectrometry (MS) is involved in these
studies, often in combination with separation meth-
ods such as gas or liquid chromatography (GC or
LC). The major reasons for using MS are related to
its sensitivity and the ability to work with stable
isotopically labelled internal standards. The use of
tandem mass spectrometry (MS~MS), especially tri-
ple quadrupole instruments, in this field has been
advocated by Yost and co-workers [1,2]. Effective
screening of drugs and metabolites by the use of
soft ionization techniques and highly selective MS—
MS methods can be achieved in this way [1-3]. Sim-
ilar approaches were described for environmental
analysis by Hunt ef al. [4]. One of the features of
these approaches is that the biological samples are
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analysed without significant sample pretreatment,
and at any rate without chromatographic separa-
tion. However, we feel that in the routine analysis of
complex biological samples some sample pretreat-
ment is obligatory prior to MS-MS in order to
avoid source contamination. Great progress has
been made in the development of the on-line cou-
pling of liquid-phase methods to MS and MS-MS
via interfaces for LC-MS. In this way it is possible
to perform the necessary sample pretreatment on-
line.

Continous-flow membrane dialysis (CFD), i.e. a
combination of a membrane dialyser and a trace
enrichment column [5-7], has been demonstrated to
be an effective sample pretreatment method in the
analysis of complex samples containing macromo-
lecular interferences, e.g. plasma, especially when
used in combination with a selective detection
method. The plasma sample is introduced in a (buf-
fered) aqueous donor stream, which is dialysed to
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an acceptor stream. The latter is subsequently en-
riched onto a short trapping column. The trapping
column is eluted with an appropriate solvent and
the eluate is directed to an analytical LC column for
separation and subsequent detection. However, in
combination with a highly selective detector such as
a (tandem) mass spectrometer, the trapping column
can be coupled directly via an LC-MS interface,
without the need for an additional analytical sep-
aration, as has been demonstrated by our group in
the phase system-switching approach [8,9].

In this paper the on-line combination of CFD
and MS-MS via a thermospray interface is de-
scribed. The potential of the approach is demon-
strated by the quantitative bioanalysis of rogleti-
mide in plasma.

Rogletimide, 3-ethyl-3-(4-pyridyl)piperidine-2,6-
dione (pyridogluthetimide, PG, 1 in Fig. 1), an ana-
logue of aminogluthetimide, is under investigation
as an aromatase inhibitor to be used in the treat-
ment of post-menopausal women suffering from
oestrogen-dependent breast carcinoma [10-12]. The
human metabolism of PG has recently been eluci-
dated with the use of thermospray LC-MS [13].
Some preliminary results regarding the detection of
PG metabolites using the CFD-MS approach are
reported here as well.

EXPERIMENTAL

Continuous-flow dialysis

The CFD system (see Fig. 2) consisted of a Skalar
Analytical (Breda, Netherlands) Model 1000 auto-
sampler, containing a Model 2002 multichannel
peristaltic pump and a Model 5275 70-cm perspex
dialysis block containing a cuprophan membrane
(cut-off value 10 kilodaltons) coupled to two Rheo-
dyne (Cotati, CA, USA) Model 7010 switching
valves controlled by a Model 75A matrix timer
(Kipp & Zonen, Delft, Netherlands). The laborato-
ry-made trapping column (12 mm X 2 mm 1.D.)
was hand-packed under reduced pressure with 40—
63 um Polygosil Cg particles (Machery-Nagel, Dii-
ren, Germany).

Plasma (1.26 ml) was introduced in an air-seg-
mented (0.23 ml/min) donor stream (demineralized
water, 0.42 ml/min) to the dialysis membrane. The
non-segmented acceptor stream (demineralized wa-
ter, 0.60 ml/min) was concentrated on the trapping
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Fig. 1. Structures of the compounds investigated. 1 = Roglet-
imide (PG); 2 = gluthetimide; 3 = PG-N-oxide; 4 = 4-hydroxy-
PG: S = 2-ethyl-2(4-pyridyl)-5-hydroxypentanamide; 6 = 4-cth-
yl-4-(4-pyridyl)-S-hydroxypentanamide; 7 = 2-ethyl-2-(4-pyri-
dyl)-S-carboxypentanamide. Et = ethyl.

column, which was subsequently desorbed for ei-
ther liquid chromatography with UV detection,
MS-MS with a thermospray interface, or LC-MS
with a thermospray interface.

CFD in combination with LC and UV detection
The method was first developed and tested using
a CFD system in combination with LC with UV
detection. The eluate of the trapping column was
directly introduced onto the analytical column. In
these experiments, the LC system consisted of a Jas-
co (Tokyo, Japan) Model Familic 300S pump. a
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Fig. 2. Schematic diagram of the continuous-flow dialysis system
coupled to tandem mass spectrometry via a thermospray inter-
face. | = Autosampler; 2 = dialysis block; 3 = donor stream to
waste; 4 = acceptor stream; 5 = switching valve; 6 = trapping
column; 7 = desorption solvent; 8 = tandem mass spectrometer
with thermospray interface; 9 = to waste.

Rheodyne Model 7125 injection valve equipped
with a 20-ul injection loop, a Pye Unicam (Cam-
bridge, UK) Model LC3 variable-wavelength UV
detector operating at 254 nm and a Model BD40
flatbed recorder (Kipp & Zonen). The column was a
100 mm X 4.6 mm I.D. column slurry packed in the
laboratory with 5-um Nucleosil Cg particles (Ma-
chery-Nagel). Isocratic elution was performed with
a mobile phase of 30% methanol in 100 mmol/l am-
monium acetate.

CFD in combination with a thermospray interface for
LC-MS and MS-MS

The CFD system was coupled to a Finnigan
MAT (San Jose, CA, USA) TSQ 70 tandem mass
spectrometer equipped with a Finnigan MAT ther-
mospray interface. The thermospray system was
run with a mobile phase of 50% methanol in 50
mmol/l ammonium acetate at a flow-rate of 1.2 ml/
min in discharge-on mode (1 kV). The vaporizer
temperature and the repeller potential were opti-
mized daily with respect to signal intensity and sta-
bility [14]; typical values were 100°C and 50 V, re-
spectively. The ion source block temperature was
kept at 200°C.

In MS-MS experiments, air was used as the colli-
sion gas (0.05 Pa). The collision energy was opti-
mized at 60 eV. The effluent of the trapping column
was introduced directly to the thermospray inter-
face, bypassing the analytical column. In LC-MS
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experiments, the effluent of the trapping column
was introduced into the analytical column, which
was connected to the thermospray interface. The
column and mobile phase were the same as used in
the UV experiments.

Chemicals and sample treatment

Demineralized water was used throughout this
study. Methanol and ammonium acetate were pur-
chased from Baker (Deventer, Netherlands).

System development was performed using pooled
plasma samples. Patients’ plasma samples were col-
lected before and 0, 0.5, 1, 2, 4, 6, 8, 12, 15, 24, 28,
32, 36 and 48 h after a single oral dose of 800 mg of
PG. The samples were kept at —20°C for a pro-
longed period of time. Before use, they were de-
frosted at room temperature, diluted with deminer-
alized water, and 10 ug of gluethetimide (Glu, 2 in
Fig. 1) in 100 ul of methanol were added to 2 ml of
plasma as an internal standard. Then, 1.26 ml of the
sample were introduced via the autosampler with-
out any further treatment. In quantitative studies,
the plasma samples collected 0-12 h after adminis-
tration were diluted twenty-fold and those collected
15-48 h after administration four-fold. In the pre-
liminary studies with the metabolites no dilution
was applied and no internal standard was added.

RESULTS AND DISCUSSION

Setting up the CFD system

In developing a CFD system for a particular ap-
plication, several aspects must be taken in consid-
eration, e.g. the selection of an appropriate column
packing material for the enrichment of the dialysate
and of a mobile phase. The latter should be capable
of an efficient desorption of the compound of in-
terest from the trapping column and should be fa-
vourable to the LC-MS interface. Furthermore, at-
tention must be paid to the flow direction, i.e., con-
current or counter-current dialysis and forward-
flush or back-flush desorption from the trapping
column, and to the optimization of the experimen-
tal parameters. The general importance of these pa-
rameters has been discussed by others [5-7,15,16].
In the present study, limited attention was paid to
these aspects. No significant differences were ob-
served between the various flow directions indicated
above. Counter-current dialysis and forward-flush
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desorption were used throughout the study. Effi-
cient desorption of PG from the trapping column is
possible with an aqueous mobile phase containing
more than 20% methanol; generally 50% methanol
was used. The presence of ammonium acetate had
no influence on the desorption characteristics. The
breakthrough volume of the trapping column for
PG was found to be 10.2 ml, at a flow-rate of 0.5
ml/min, of 50 ug/ml PG in water, corresponding to
a loading capacity of the trapping column for PG of
ca. 500 pg, which is sufficient for the application at
hand. PG shows poor UV characteristics; the on-
column minimum detectable concentration in the
CFD-LC-UV system is ca. 0.5 ug/ml (254 nm). Re-
covery after dialysis was found to be ca. 33%. The
coefficient of variation in peak area on the UV de-
tector was found to be 3.8% (n=15) at the 10 ug/ml
level.

The analysis time is ¢a. 14 min per sample. Al-
though not actually performed, the CFD-MS-MS
system can be run automatically and unattended
when sufficient precautions in terms of control feed-
back are taken (see, for example, ref. 17).

Thermospray MS of PG

The mass spectrum of PG under thermospray
conditions is characterized by an intense peak of the
protonated molecule at m/z 219; some minor frag-
ment peaks are observed as well. The detection limit
of PG in column bypass injection without the CFD
system is 50 ng/ml; good linearity is observed in the
range 50 ng/ml to 20 pg/ml.

The product-ion spectrum of the protonated mol-
ecule of PG under thermospray MS-MS conditions
1s given in Fig. 3a. The base peak of the spectrum,
m/z 134, most likely results from a cleavage of the
piperidine ring with charge retention of the pyridyl

ring (CoH 5N ¥). In the CFD-MS-MS analysis of

standard solutions of PG, using selected monitoring
of the reaction 219 — 134, good linearity was ob-
served over the range 5-1000 ng/ml. The detection
limit was ca. 4 ng/ml. This detection limit indicates
that despite the dilution and the poor recovery in
the dialyser a significant gain in concentration de-
tection limit, relative to column bypass injections, is
achieved as a result of the trace enrichment column,

Selection of an internal standard
Although good linearity was observed for PG un-
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Fig. 3. Product-ion spectra of (a) rogletimide and (b) gluthet-
imide obtained after thermospray introduction; 200 ng injected.
Right-hand scale: arbitrary units.

der thermospray conditions, for a proper quantita-
tion of PG in patients’ plasma samples and internal
standard should be used. As no isotopically labelled
PG was available, an analogue of PG, i.e. gluthet-
imide (Glu, 2 in Fig. 1), was selected as internal
standard. The thermospray mass spectrum of Glu is
characterized by an intense peak at m/z 218 owing
to the protonated molecule; no significant fragmen-
tation is observed. Quantitatively, and somewhat
surprisingly, the responses of Glu and PG under
thermospray conditions are similar. The product-
ion spectrum of the protonated molecule of Glu is
given in Fig. 3b. The compound shows considerable
fragmentation. The peak at m/z 131, which will be
used in selected reaction monitoring, is most likely
due to a piperidine ring cleavage, leading to an ion
with an elemental composition of CoH-O".

Glu can also be used in the CFD system under
the same conditions as used for PG. The loading
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capacity of the trapping column for Glu was found
to be ca. 350 ug, which is sufficient for this applica-
tion.

Quantitative analysis of PG in plasma

After establishing the applicability of the method
with spiked pooled plasma samples, the patient’s
plasma samples were analysed during the CFD-
MS-MS approach in column bypass mode. Cali-
bration of the method was done with spiked sam-
ples using the patients’ plasma taken before the ad-
ministration of PG. Calibration and patients’ sam-
ples were measured in one series of experiments and
in random order. The samples were analysed in se-
lected reaction monitoring (219 — 134 for PG and
218 — 131 for the internal standard Glu). With
spiked samples containing 1 ug/ml Glu and/or 0.8
ug/ml PG the possibility of mutual interferences in
the selected reaction monitoring was experimentally
excluded. Although a series of calibration samples
could succesfully be measured without the addition
of an internal standard, quantitation with an in-
ternal standard is preferred for the analysis of the
post-treatment samples in order to correct for irreg-
ular ionization behaviour and other fluctuations in
time.

With the series of calibration samples analysed
with internal standard, good linearity was observed
over the range 5-360 ng/ml. The determination lim-
it of PG in plasma is found to be 5 ng/mj, indicating
the effectiveness of the CFD as sample pretreatment
in the analysis of real samples. The coefficient of
variation in the peak area was found to be 5.2%
(n=1>5) at the 100 ng/mg level. In the post-treatment
patients’ samples, plasma concentrations of PG be-
tween 330 ng/ml and 40 ug/ml were observed.
Therefore, dilution of the plasma samples was nec-
essary to enable the measurement of the levels with-
in the range of the calibration plot. A typical select-
ed product-ion monitoring trace for a patient’s
plasma sample taken 36 h after administration is
given in Fig. 4. The maximum plasma level found is
ca. two-fold higher than that previously reported
for PG [12] (see below).

A prerequisite of the applicability of the CFD
approach is that the protein binding of the drug of
interest is weak, i.e. readily reduced under condi-
tions amenable to the CFD system. The plasma
protein binding of PG was reported to be ca. 17%
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Fig. 4. Selected product-ion monitoring of the reactions for PG
(m/z 219 — 1314) and Glu (m/z 218 — 131, internal standard) in
CFD-MS-MS. Sample: four-fold diluted patient’s plasma sam-
ple, 36 h after administration. Other conditions: see text.

and was not concentration-dependent [12]. More-
over, dilution of the plasma sample often reduces
the protein binding. These effects were not further
investigated for PG in this study.

Analysis of metabolites with the CFD system

In principle, the CFD approach can also be used
to detect and quantitate drug metabolites in plas-
ma. PG-N-oxide (3 in Fig. 1) has previously been
reported to be the principal metabolite of PG
[11,12]. Plasma levels of PG-N-oxide up to ca. 2
pg/ml following a single oral dose administration of
1 g of PG have been reported [12]. The metabolism
of PG was studied more extensively by Poon et al.
[13] using thermospray LC-MS. Several metabo-
lites were found in plasma, although some of them
appeared to be present at low levels (assuming
about equal response in thermospray ionization for
the various metabolites). The most abundant me-
tabolite was PG-N-oxide (3, molecular weight 234).
Furthermore, 4-hydroxy-PG (4, molecular weight
234), 2-ethyl-2- and 4-ethyl-4-(4-pyridyl)-5-hydrox-
ypentanamide (5 and 6, respectively, molecular
weight 222) and 2-ethyl-2-(4-pyridyl)-5-carboxy-
pentanamide (7, molecular weight 237) were found
with significant abundance [13]. However, the last-
mentioned compound is too polar to be trapped on
the trapping column used in the CFD experiment.

The development of a CFD-MS system for the
detection and quantitation of the metabolites of PG
in plasma is hampered by the fact that several me-
tabolites have the same molecular mass. The par-
ent-ion spectra of the various metabolites in MS—
MS also showed insufficient specificity for isomeric
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discrimination by multiple reaction monitoring.
Therefore, a chromatographic separation prior to
the MS detection is needed. Some preliminary ex-
periments with CFD coupled to an LC-MS system
enabled the detection of two of the major metabo-
lites, i.e. PG-N-oxide (3) and 4-hydroxy-PG (4).
More extensive experiments, e.g. directed at investi-
gating the loadability of the trapping column for
these moré polar metabolites and at quantitative as-
pects, aré needed for a full assessment of the poten-
tial of the CFD approach in the quantitation of PG
metabolites.

The work on the metabolites of PG revealed a
possible source of overestimation of the PG level in
plasma. The major metabolite, PG-N-oxide, is un-
der thermospray conditions readily converted to
PG; the intensity ratio of the peaks at m/z 219 and
m/z 235 appears to be very sensitive to the condi-
tions and not very reproducible. From this it may
be concluded that part of the PG concentration
measured in patients’ plasma must be attributed to
PG-N-oxide. In principle, this problem can obvi-
ated by the use of a short separation column be-
tween the CFD and the MS-MS, as PG and PG-N-
oxide have significantly different retention charac-
teristics. It must be emphasized that this unfavour-
able coincidence is typical for PG, which was cho-
sen as the model compound for this study, but must
not be considered detrimental for the CFD-MS-
MS approach as such.

CONCLUSION

The method described here differs both in the ex-
perimental mode and in the field of application
from the microdialysis systems which are used in
the in vivo monitoring of, for instance, neurotrans-
mitters [18). Such systems have also been coupled to
a mass spectrometer, either via a valve containing a
loop to collect the dialysate {19] or directly to a low-
flow LC-MS interface [20].

The CFD approach in on-line combination with
MS and MS-MS via an LC-MS interface is an easy,
rapid and versatile method for the quantitative
monitoring of drug levels in biological samples. The
method is useful if the presence of macromolecular
compounds in the sample prohibits the direct in-
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troduction via a thermospray interface. No further
sample pretreatment is necessary. The determina-
tion limits that can be achieved are compound-de-
pendent, as is common with thermospray ioniza-
tion. The method provides on-line sample precon-
centration. An automatic sequential trace enrich-
ment of dialysates system (ASTED) is commercially
available from Gilson Medical Electronics (Villiers-
le Bel, France).

REFERENCES

I H. O. Brotherton and R. A. Yost, Anal. Chem., 55 (1983)
549.

2 R. A. Yost, R. J. Perchalski, H. O. Brotherton, J. V. Johnson

and M. B. Budd. Tafanra, 31 (1984) 929.

P. Rudewicz and K. M. Straub, Anal. Chem., 58 (1986) 2928.

4 D.F.Hunt, J. Shabanowitz, T. M. Harvey and M. L. Coates,

J. Chromatogr., 271 (1983) 93.

D. C. Turnell and J. D. H. Cooper, J. Chromatogr.. 395

(1987) 613.

6 J. D. H. Cooper, D. C. Turnell, B. Green and F. Verillon, J.
Chromatogr., 456 (1988) 53.

7 U. R. Tjaden. E. A. de Bruijn, R. A. M. van der Hoeven, C.
Jol, J. van der Greef and H. Lingeman. J. Chromatogr., 420
(1987) 53.

8 E. R. Verheij. H. J. E. M. Reeuwijk, G. F. LaVos, W. M. A,
Niessen, U. R. Tjaden and J. van der Greef. Biomed. Environ.
Mass Spectrom., 16 (1988) 393.

9 A. Walhagen, L.-E. Edholm, C. E. M. Heeremans, R. A. M.
van der Hoeven, W. M. A. Niessen, U. R. Tjaden and J. van
der Greef, J. Chromatogr.. 474 (1989) 257,

10 A. B. Foster, M. Jarman, C.-S. Leung. M. G. Rowlands, G.
N. Taylor, R. G. Plevey and P. Sampson, J. Med. Chem., 28
(1985) 200.

11 A.Seago, P. E. Goss, L. J. Griggs and M. Jarman, Biochem.
Pharmacol., 35 (1986) 2911.

12 B.P. Haynes, M. Jarman, M. Dowsett, A. Mehta, P. E. Len-
ning, L. J. Griggs, A. Jones, T. Powles, R. Stein and R. C.
Coombes, Cancer Chemother. Pharmacol., 27 (1991) 367.

13 G. K. Poon, R. McCague, L. J. Griggs. M. Jarman and [. A,
S. Lewis, J. Chromatogr., 572 (1991) 143.

14 C. E. M. Heeremans, R. A. M. van der Hoeven, W. M. A,
Niessen, U. R. Tjaden and J. van der Greef. J. Chromatogr.,
474 (1989) 149.

I5 M. M. L. Aerts, W. M. J. Beek and U. A. Th. Brinkman, J.
Chromatogr., 500 (1990) 453,

16 D.S. Stegehuis, U. R. Tjaden and J. van der Greef, J. Chro-
matogr., 511 (1990) 137.

17 C. Lindberg. J. Paulson and A. Blomqvist, J. Chromatogr.,
554 (1991) 215.

18 U. Tossman, LC - GC Int., 3 (10) (1990) 40.

19 S. D. Menacherry and J. B. Justice, Jr., Anal. Chem., 62
(1990) 597.

20 R. M. Caprioli and S. N. Lin, Proc. Natl. Acad. Sci. U.S.A..
87 (1990) 240.

W

w



