
International Journal of Mass Spectrometry 238 (2004) 131–137

Effective strategies for the development of specific, sensitive and
rapid multiple-component assays for cassette dosing

pharmacokinetic screening

Ron Huang, Mark Qian, Susan Chen, Peter Lodenquai, Hang Zeng, Jing-Tao Wu∗

Millennium Pharmaceuticals Inc., 45 Sidney Street, Cambridge, MA 02139, USA

Received 10 September 2003; accepted 9 December 2003

Abstract

Enabled by liquid chromatography/tandem mass spectrometry (LC/MS/MS) based multiple-component assays, cassette dosing is an effective
tool to significantly improve the throughput for pharmacokinetic (PK) screening. However, this higher throughput approach also carries its
l les are also
s elopment of
a ic separation
a hich involve
p ffectiveness
o compounds.
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imitations. In addition to potential drug–drug interactions, the multiple-component assays used to analyze cassette-dosing samp
ubject to potentially serious errors. In this work, a systematic approach has been taken to investigate each critical step in the dev
specific, accurate, and rapid multiple-component assay. These steps include pool selection, sample preparation, chromatograph
nd assay qualification. Based on the results, effective strategies for the development of multiple-component assays are proposed w
roactive pool assignment, on-line extraction, monolithic-column separation and cassette/discrete response comparison. The e
f these strategies was evaluated by comparing the pharmacokinetic results between discrete and cassette studies for over 20
tatistically good correlation between discrete and cassette data was established.
2004 Published by Elsevier B.V.
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. Introduction

In an effort to reduce the ever-increasing cost associated
ith the high attrition rate in drug development, the evalua-

ion and optimization of absorption, distribution, metabolism,
nd elimination (ADME) properties of new chemical enti-

ies has been shifted upstream into the early discovery stage
n the pharmaceutical industry[1,2]. This shift has signifi-
antly increased the workload on ADME screening. Partic-
larly, with the implementation of combinatorial chemistry
nd parallel assays for in vitro potency screening, the number
f new chemical entities that are put into ADME screening
as increased dramatically. While numerous high-throughput

n vitro ADME studies have been developed and success-
ully implemented, the prediction of in vivo ADME proper-
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ties based on in vitro methods has not always been succ
[3,4]. Therefore, pharmacokinetic (PK) screening in vivo
mains to be the primary screening method in many drug
covery programs. To improve the throughput of the an
studies and the subsequent bioanalysis, a new PK sc
ing approach involving a parallel concept, namely cas
dosing was first reported in 1995[5]. In this approach, mu
tiple compounds are dosed to the same animal followe
bioanalysis using liquid chromatography/tandem mass s
trometry (LC/MS/MS) based multiple-component assays
going through a similar work cycle of a conventional d
crete PK study, the PK properties for multiple compou
can be obtained simultaneously, resulting in considerabl
hanced throughput. Since its introduction, the use of the
sette dosing approach has been reported by several g
[6–12].

Like any other high-throughput strategies, cassette
ing carries its limitations and risks. The PK properties
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tained from cassette dosing could potentially deviate signifi-
cantly from those in discrete studies if certain biological con-
cerns are not addressed properly[13,14]. Among these con-
cerns, drug–drug interactions due to the inhibition of P450
enzymes or drug transporters are potentially a major source
of error. In addition to potential errors from these biological
concerns, serious error can also occur if the specificity, accu-
racy, and sensitivity of the multiple-component assays are not
ensured during analytical method development. First, com-
pounds in the cassette may interfere directly with each other,
if they overlap in mass and chromatographic retention time.
This kind of interference is relatively easy to detect. Also,
interference can result from mass and retention time over-
lap with a metabolite of another compound in the cassette.
It is sometimes difficult to predict this kind of interference
since the metabolic profile and the retention time of metabo-
lites are usually unknown at this stage. In addition, analyt-
ical results may be biased due to the differentiation of ion
suppression effects with and without the other compounds
in the cassette. These kinds of errors are sometimes over-
looked but can become significant in some cases. Finally,
another potential limitation is related to the assay sensitiv-
ity. Late time point concentration information may be lost
since dose levels are often considerably reduced in cassette
dosing.
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reaction monitoring (MRM) mode using positive ion electro-
spray ionization.

2.2. On-line extraction system

A home-built on-line extraction system similar to the one
previously reported was set up by making some minor mod-
ification of the LC/MS/MS system described above[10].
Briefly, an additional binary HPLC pump (1100, Agilent
Technologies, Palo Alto, CA, USA) was employed to deliver
solvent for on-line extraction. An extraction column (Cy-
clone, 0.5 mm× 50 mm, Cohesive Technologies, Franklin,
MA, USA) with smaller column i.d. than previously reported
was interfaced to the LC/MS/MS system via an electrically
actuated six-port valve preinstalled in the Agilent pump col-
umn oven. Samples in their biological matrices were injected
directly onto the system after mixing with an equal volume
of internal standard in high aqueous solution. The injection
volume was 50�L. The sample was loaded and washed on
the extraction column with water at 1 mL/min for 1 min. The
retained analyte was then back-flushed and eluted onto the
separation column via column switching using a gradient at a
flow rate of 400�L/min. The extraction column was recycled
with methanol and water at 1 mL/min for 1 min, respectively.
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In this work, we studied each critical step in the de
pment of a multiple-component LC/MS/MS method
roposed strategies to develop specific, accurate and
ultiple-component assays in support of cassette dosin
lso report our evaluation of the results of cassette do
erformed using these strategies.

. Experimental

.1. LC/MS/MS system

The LC/MS/MS system consisted of a binary HPLC pu
10 AD, Shimadzu Corporation, Columbia, MD, USA),
utosampler (HTS PAL, Leap Technologies, Carrboro,
SA) and a triple-quadrupole mass spectrometer (API-4
pplied Biosystems Inc., Foster City, CA, USA). All the
omponents were controlled through Analyst software (
ion 1.2, Applied Biosystems Inc.) on a Pentium IV compu
nless otherwise noted in the text, formic acid (0.1%) in

er and acetonitrile were used as mobile phases A and
pectively. For separations that use conventional partic
olumns (YMC AQ column, 2 mm× 50 mm, Waters Co
oration, unless otherwise noted in the text), gradient el
ode was used with a total flow rate of 400�L/min. For sepa

ations that use monolithic columns (Chromolith SpeedR
P-18e, 4.6 mm× 50 mm, Merck KgaA, Darmstadt, Ge
any), gradient elution with a total flow rate of 4 mL/min w
sed for separation and the flow was split down to 0.4 mL
ia a Tee before introducing into the mass spectromete
his work, the mass spectrometer was operated in mu
.3. Sample preparation

For the protein precipitation method, an aliquot of 50�L
f the plasma sample was transferred to a 96-deep-well
he sample was then mixed with 150�L of acetonitrile con

aining the internal standard at 100 nM. After vortexing,
amples were centrifuged at 3000× g for 10 min. The su
ernatant was dried down and reconstituted in 150�L of 5%
cetonitrile with 0.1% formic acid. An injection volume
0�L was used.

For the on-line extraction method, an aliquot of 50�L
f the plasma sample was mixed with 50�L of an aqueou

nternal standard solution (200 nM) in a 96-deep-well p
he samples were ready for injection after vortexing.

.4. Chemicals and materials

All commercially available chemicals were purcha
rom Sigma (St. Louis, MO, USA) and they were used w
ut further purification. All proprietary compounds used

his work were synthesized at Millennium Pharmaceuti
nc. (Cambridge, MA, USA).

.5. Animal study

Three male Sprague–Dawley rats were used in each
ette dosing study. Each of these rats was dosed with a m
f compounds at 0.5 mg/kg each in 50% HP cyclodextri
n IV bolus. Plasma samples were collected at 0, 0.25
, 2, 3, 4, 8 and 24 h, respectively.
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3. Results and discussion

As an approach to perform PK screening in a parallel
mode, cassette dosing can significantly improve throughput
while saving both animal and bioanalytical resources. Even
a relatively small cassette size, such as a five-in-one cas-
sette, allow PK screening at more than twice the speed as
with discrete studies. This includes confirming the winner
from each cassette in a subsequent discrete study. However,
cassette dosing is a highly specialized technique and should
never be implemented without a set of optimized strategies
in place. As part of the effort to develop strategies to min-
imize risks associated with cassette dosing, we studied the
steps involved in the development of a multiple-component
LC/MS/MS method for cassette dosing.

The first step in the method development for multiple-
component LC/MS/MS method is to choose which com-
pounds can be dosed in one cassette. This is often referred
to as pool selection. A good pool selection strategy can sig-
nificantly reduce the method development time in the sub-
sequent steps and increase the success rate of a multiple-
component method. The major challenge in this step is to
set the right selection criteria that maintain a balance be-
tween quality and throughput. For example, compounds that
have potential for interference may be omitted from the cas-
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known, only mono- and di-hydroxylation metabolites were
listed. Phase II metabolites such as glucuronides were not
listed inTable 1because the range of the molecular weight for
these compounds is relatively narrow and not likely to have
mass overlap between parent compounds and any conjugates.
Compounds were assigned to different pools based on the cri-
terion that the mass difference among any parent compounds
and potential metabolites in the same cassette should be 3 Da
or larger (for compounds containing chlorine or bromine, it
should be 5 Da or larger). In this case, a few compounds did
not meet this criterion, and thus, they were subject to experi-
mental testing. The PK reference compound and compounds
D, I, F, and H have the same or similar molecular weight.
These compounds were infused into the mass spectrometer
and it was found that the product ions of the PK reference
compound are largely different from those from compounds
D, I, F, and H. Therefore, the PK reference compound was
still used. Compounds I and H were also tested since they
were assigned in the same pool and only differ by 2 Da. The
final pool assignment was listed in the last column ofTable 1.

An important step in multiple-component LC/MS/MS
analysis is sample preparation. Sample preparation for cas-
sette dosing has different requirements compared with single-
component assays. Because of the potentially diversified
chemical properties of the compounds in the cassette, it is
i ple
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ette to ensure quality. Also, as many compounds as po
hould remain in the pool to maintain the throughput. In
ork, a proactive pool assignment strategy was establ

o address this dilemma starting with a pool of compoun
ufficient quantity to dose in multiple cassettes. Compo
ith any slight potential for interferences were proactiv
ssigned to different pools rather than being dropped.
ool selection process usually involves both calculation
xperimental testing.Table 1list 12 test compounds and
K reference compound that were submitted for poo

ection for three five-in-one cassettes. The compounds
orted according to the molecular weight of the parent c
ound. During the calculation step, the molecular weigh
ome potential metabolites were calculated and listed. S
he metabolic profile for the series of compounds were

able 1
ool assignment for 12 compounds

ompound MW (parent, free base) MW (mono-hydroxy

366 382
379 395
380 396

K reference 380 396
382 398
382 398
390 406
393 409
407 423
407 423
472 488
474 490
505 521
parent + 16) MW (di-hydroxylation, parent + 32) Pool ass

398 #1
411 #1
412 #3

412 #1, #2, and #
414 #2
414 #3
422 #3
425 #2
439 #1
439 #2
504 #2
506 #3
537 #1

mportant that generic and relatively non-selective sam
reparation methods are used. Among the commonly
ample preparation methods, protein precipitation me
enerally offers good recovery on a wide range of c
ounds, and therefore, is suitable for multiple-compo
ssays. An alternative method for sample preparation
n-line high-flow extraction method. In this method, sam

n their biological matrices are injected directly onto an
raction column operated under a high linear flow rate.
nalytes are eluted onto a second column via column sw

ng for separation. This method is relatively non-selec
ffers great simplicity as samples in their original biolog
atrices can be injected directly onto the system.Fig. 1shows

he MRM chromatograms for a 250 nM five-in-one stand
nalyzed on the on-line high-flow column switching syst
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Fig. 1. MRM chromatograms for a 250 nM five-in-one rat plasma sample injected directly onto the high-flow on-line extraction with column switching
system.

All five components were resolved with a total runtime of
four minutes including extraction. It should be noted that
compound 3 contained a MRM transition that was identical
to the MRM transition used for monitoring compound 1. The
high separation efficiency provided by this column switching
method was able to fully resolve the interfering peak.

To minimize the potential risks for interference and ion
suppression in multiple-component assays, it is important to
obtain sufficient separation of the analytes from endogenous
components and other analytes and their metabolites in the

pool. Theoretically, separation can be achieved through ei-
ther extraction or chromatography. Since relatively nonse-
lective extraction methods such as protein precipitation and
on-line extraction are used, good chromatographic separa-
tion becomes crucial to achieve this goal. As it is difficult to
predict the presence and the retention time of all potential
metabolites, an effective approach used to minimize poten-
tial interference is to increase the number of theoretical plates
of the separation. However, an increase in theoretical plates
is usually achieved through employing longer columns and
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longer runtime, resulting in reduced throughput. Recently, the
use of monolithic columns for bioanalysis has been reported
[15–17]. The major advantages of the monolithic column in-
clude a lower column backpressure and a flatter van Deemter
curve[18]. Therefore, a considerably higher flow rate can be
employed without generating a high backpressure or com-

F
(
G

promising separation efficiency, resulting in higher speed and
higher-quality separation. This unique feature makes mono-
lithic column a suitable tool for multiple-component assays.
Fig. 2 shows the total ion MRM chromatograms of a five-
in-one mixture using a monolithic column and a conven-
tional particulate column. Both columns offered a runtime
ig. 2. Comparison of the chromatographic resolving power within the same
B) for a five-in-one cassette dosing study. The monolithic column was a 4.
ermany). The particulate column was a 2.1 mm× 20 mm DASH-18 column (Th
runtime between a monolithic column (A) and a conventional particulate column
6 mm× 50 mm Chromolith SpeedROD C18 column (Merck KgaA, Darmstadt,
ermo Electron Corporation, Waltham, MA, USA).
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Table 2
Comparison of ULOQ standard (2500 nM) responses as a single component and as a part of a mixture with other compounds in the cassette

Sample name Area ratio (analyte/IS) before optimization Area ratio (analyte/IS) after optimization

Single component Mixture Difference (%) Single component Mixture Difference (%)

Compound 1 2.14 1.84 −14.0 1.61 1.58 −1.9
Compound 2 2.37 1.98 −16.5 2.09 1.83 −12.4
Compound 3 1.72 1.03 −40.1 0.98 0.8 −18.4
Compound 4 1.67 1.00 −40.1 1.04 1.00 −3.8

of two min. However, using the peak marked by an asterisk
as an example, the particulate column only offered a total
of 4821 theoretical plates while the monolithic column of-
fered a total of 25,754 theoretical plates. Given the same
runtime, the monolithic column offered five-fold more re-
solving power and therefore, reduced the risk of potential
interferences.
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Another potential source of error for multiple-component
LC/MS/MS assays are the differences in the matrix between
the standards and the samples. In the standards, the concen-
trations of all analytes are at the same concentration. In the
samples, however, the concentrations of different analytes
are usually significantly different. Sometimes one or all of
the other analytes may not be present at all. If the analyte re-
sponse is dependent upon the concentration of other analytes
due to ion suppression, then errors could occur as the ion sup-
pression effect is different between samples and standards.
To evaluate and minimize the risks for this type of error, a test
was added to the standard method development procedures
for multiple-component assays. In this test, two standards at
the upper limit of quantitation (ULOQ) were prepared in pre-
extracted blank matrix. One of the standards was prepared
with all the other analytes present and at the ULOQ and the
other standard was prepared without any other analytes. The
responses of these two standards were compared. Any sig-
nificant discrepancies in response (>30% of the discrete re-
sponse) between the analyte alone and the analyte in mixture
indicate the potential of ion suppression. One of these exam-
ples is shown inTable 2, where the response comparisons
for four compounds in a cassette dosing study were listed.
With the original multiple-component LC/MS/MS method,
there was a response discrepancy for compounds 3 and 4.
A t re-
s elute
( hro-
m t suc-
c good
s 0 to
1 . The
r

ig. 3. Comparison of half-life values determined by discrete and cassette
osing studies. (A) The correlation of half-life values between discrete and
assette dosing studies. (B) The relative percentage difference of half-life
alues between discrete and cassette dosing studies. The relative difference

is calculated as (cassette half-life− discrete half-life)/discrete half-life×
00%.
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n inspection of the chromatograms indicated this migh
ult from ion suppression as compounds 3 and 4 co-
chromatograms not shown). An effort was made to c
atographically resolve compounds 3 and 4 but was no

essful. Since all of the compounds showed reasonably
ensitivity, the injection volume was thus reduced from 5
0�L and the response comparison was re-conducted
esults for the optimized method are also shown inTable 2.

ith the reduced injection volume, the response discre
ies for all compounds in this cassette were less than
herefore, the final sample assay was performed usin
educed injection volume.

The strategies described above have been used to de
ultiple-component LC/MS/MS methods to analyze pla

amples collected from cassette dosing studies. Other s
ies have also been developed to improve the in-life po
f cassette dosing studies. These strategies include do
uction, cassette size control, and P-450 inhibition scr

ng. A PK reference compound is always included and
ose is limited to i.v. route only. Both the assay related

n-life strategies form a systematic approach for conduc
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cassette-dosing PK screening at the authors’ laboratories.
These strategies are continuously evaluated and improved
on an on-going basis.Fig. 3A lists the half-life values be-
tween discrete and cassette dosing studies for a total of 23
compounds across different therapeutic targets. A correla-
tion factor of 0.9432 was observed between discrete and cas-
sette data. These data were further investigated in more de-
tail by plotting the cassette-dosing half-life values as relative
percentage difference from discrete-dosing half-life values
(Fig. 3B). As shown inFig. 3B, the test compounds dis-
tributed evenly on both sides of the baseline (discrete values),
indicating there was no systematic bias in this cassette dos-
ing approach. It is also worth noting that the magnitude of the
relative differences was slightly different across the baseline.
There appeared to be more false positives (cassette half-life
values are 50% or more higher than discrete ones) than false
negatives (cassette half-life values are 50% or more less than
discrete ones). More data points need to be collected to prove
the statistical significance of this observation.

4. Conclusions

Four critical steps have been investigated for the method
development of multiple-component assays for cassette dos-
i ation,
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s r of
c rac-
t no-
l is-
i OQ
s in the
s nent
a e and
c these
s

Acknowledgements

We would like to thank Drs. Frank Lee, Suresh Balani, Hua
Yang, Raj Nagaraja, and Wei Yin for insightful discussions
and performing PK analysis.

References

[1] S.A. Roberts, Curr. Opin. Drug Discov. Dev. 6 (2003) 66.
[2] J. Lin, D.C. Sahakian, S.M. de Morais, J.J. Xu, R.J. Polzer, S.M.

Winter, Curr. Top. Med. Chem. 3 (2003) 1125.
[3] C.M. Masimirembwa, U. Bredberg, T.B. Andersson, Clin. Pharma-

cokinetics 42 (2003) 515.
[4] S. Ekins, B.J. Ring, J. Grace, D.J. McRobie-Belle, S.A. Wrighton,

J. Pharmacol. Toxicol. Methods 44 (2000) 313.
[5] W. Potts, D. Lundberg, J.B.H. Peters, G. Stelman, P. Sandhu, ISSX

Proc. 8 (1995) 404.
[6] J. Berman, K. Halm, K. Adkison, J. Shaffer, J. Med. Chem. 40

(1997) 827.
[7] T.V. Olah, D.A. McLoughlin, J.D. Gilbert, Rapid Commun. Mass

Spectrom. 11 (1997) 17.
[8] M.C. Allen, T.S. Shah, W.W. Day, Pharm. Res. 15 (1998)

93.
[9] L.W. Frick, K.L. Adkison, K.J. Wells-Knecht, P. Woodland, D.M.

Higton, Pharm. Sci. Technol. Today 1 (1998) 12.
[10] J.-T. Wu, H. Zeng, M. Qian, B.L. Brogdon, S.E. Unger, Anal. Chem.

72 (2000) 61.
[11] L. Liang, C. Chi, M. Wright, D. Timby, S. Unger, Am. Biotech.

[ un.

[ 01)

[
[ ass

[ ogr.

[ her,

[ s of
ng. These steps include pool selection, sample prepar
hromatographic separation, and method qualification. B
n the results of this investigation, it is proposed that
election be performed with a sufficiently large numbe
ompounds. Protein precipitation or on-line high-flow ext
ion is the method of choice for sample preparation. Mo
ithic columns provide good separation without comprom
ng throughput. A comparison of the responses of a UL
tandard in the presence and absence of other analytes
ample is an important step to qualify a multiple-compo
ssay. A comparison of PK parameters between discret
assette studies for over 20 compounds indicate that
trategies are effective.
Lab. 17 (1999) 8.
12] F. Beaudry, J.C.Y. Le Blanc, M. Coutu, N.K. Brown, Rapid Comm

Mass Spectrom. 12 (1998) 1216.
13] R.E. White, P. Manitpisitkul, Drug Metab. Dispos. 29 (20

957.
14] D.D. Christ, Drug Metab. Dispos. 29 (2001) 935.
15] J.-T. Wu, H. Zeng, Y. Deng, S.E. Unger, Rapid Commun. M

Spectrom. 15 (2001) 1113.
16] N. Barbarin, D.B. Mawhinney, R. Black, J. Henoin, J. Chromat

B 783 (2003) 73.
17] Y. Hsieh, G. Wang, Y. Yang, S. Chackalamannil, W.A. Korfmac

Anal. Chem. 75 (2003) 1812.
18] N. Weng, Y.-L. Chen, W. Shou, S. Zhou, X. Jiang, Proceeding

the 51st ASMS Conference, WOCpm.


	Effective strategies for the development of specific, sensitive and rapid multiple-component assays for cassette dosing pharmacokinetic screening
	Introduction
	Experimental
	LC/MS/MS system
	On-line extraction system
	Sample preparation
	Chemicals and materials
	Animal study

	Results and discussion
	Conclusions
	Acknowledgements
	References


