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a b s t r a c t

The evaluation of ADME properties contributes importantly to drug candidate selection and therefore is
crucial for the drug discovery process. Providing a sufficiently high-throughput capability in laboratories
dedicated to early pharmacokinetic studies will thereby shorten the entire drug discovery process. In
this paper an integrated and fully automated LC–MS/MS-based platform is described, which enables the
assessment of in vitro metabolic stability, a key ADME parameter. An ultra-rapid injection system was
coupled to a triple quadrupole mass spectrometer and hard- and software were customized to perform
sample identification, cleanup, MS compound optimization and sample measurement without man-
ual interaction. Conventional chromatography was initially evaluated but was later replaced by solid
etabolic stability

igh-throughput mass spectrometry
utomation
igh-speed robotics

phase extraction as the only purification step. Ultra-fast robotics, combined with a generic step gradient
enables analysis times of 8 s/sample. Reproducibility and quality of data has been found fully comparable
to data generated by validated LC–MS/MS methods. The system handles data for mass spectrometric
compound optimization and MRM (Multiple Reaction Monitoring) analytics in a fully automated way
and exhibits great potential for a generalized use in ADME replacing currently applied conventional

LC–MS/MS approaches.

. Introduction

The optimization of the drug discovery process made over
he past decades has been facilitated by the increasing chemi-
al synthesis capabilities using technologies such as combinatorial
hemistry. It has also benefited by the implementation of high-
hroughput technologies to rapidly identify potent drug candidates
rom large compound libraries. One key remaining challenge
elated to ADME (absorption, distribution, metabolism, excretion),
n integral part of early drug discovery processes, is the charac-
erization of these compounds. Fast and robust technologies are
eeded to provide adequate high quality ADME data. In contrast to
otency investigations in high-throughput screening (HTS) cam-
aigns, ADME properties of potential drug candidates can only be
ddressed by simultaneously quantifying individual compounds.
n this regard, mass spectrometric (MS) technologies are indis-
ensable, since they deliver adequate sensitivity, selectivity, and

peed for the analytical process. However, early investigation of
DME properties has not been able to keep pace with the increas-

ng demands generated by the implementation of synthetic and
creening technologies.
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The timely delivery of valid ADME data is crucial for the fast pro-
gression of hit and lead candidates and constitutes an integral part
of a drug discovery strategy. Over the past 15 years pharmaceu-
tical companies increased specialization of laboratories dedicated
to early drug discovery investigations. More recently, automation
technologies such as pipetting robots have been established for
ADME assays. In order to keep pace with the increased sample load,
efforts were recently directed towards integrating new analytical
methodologies with the aim to further shorten analysis times while
maintaining data quality.

In early pharmaceutical research LC–tandem MS methodologies
have provided the basis for pharmacokinetic investigation of lead
compounds. In the past decade manifold approaches increasing
throughput in the ADME field specifically addressed the analyt-
ical part of these processes. Most importantly, these approaches
include rapid LC gradients using monolithic columns [1–3] or
ultra-fast HPLC technologies based on short columns [4–8] and
column packing material with smaller particle sizes [9–11]. All
of these approaches significantly decreased analysis times com-
pared to conventional LC–MS/MS systems. Hence, analysis times

range between 0.1 and 2 min and are strongly dependant on the
autosampler system ultimately limiting the pacing of the LC–MS
system [7,12]. In order to further reduce analysis times multiplex-
ing systems [1,13–18] or pooling approaches [3,19,20] have been
reported as further advancements for shortening the analytical

dx.doi.org/10.1016/j.ijms.2010.07.004
http://www.sciencedirect.com/science/journal/13873806
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rocess. An aspect common to all these analyses involves sample
reparation methods like solid phase extraction (SPE), liquid–liquid
xtraction (LLE) or protein precipitation (PPT) protocols, followed
y linear chromatographic gradients in HPLC–MS measurements
oth processes are considered to be essential for the elimination
f matrix effects. Furthermore, it has been shown that approaches
ombining fast HPLC and high resolution mass spectrometry allow
mission of the compound optimization step necessary for tandem
S technology and generate both quantitative and qualitative data

9]. Recently the DART (direct analysis in real time) technology,
customized ionization-source replacing conventional chromato-
raphic separation, has been coupled to an autosampler and used
or assaying metabolic stability in the range of 50 s/sample [21].

We document herein for the first time a customized rapid
nd integrated analysis system (RIAS) which has been applied to
mass spectrometric evaluation of metabolic stability as a key

arameter of ADME studies [22]. The new RIAS implements a
apidFireTM system, which in combination with a triple quadrupole
ass spectrometer has previously been applied exclusively for the

etermination of enzyme inhibitors [23–30] via standard analy-
is of well-known marker substrate biotransformations. The above
entioned hardware components of the analytical setup have been

armonized to communicate with a specific master software. This
aster software controls the software of the rapid injection sys-

em and the mass spectrometer by means of a software solution
ased on LabVIEW developed in-house. The RIAS is able to operate
utomatically at 8 s/sample. Together with workflow tools cover-
ng other aspects of the entire process (such as experiment request,
ample generation, data analysis and reporting), the approach
esults in a seamless automated data handling and data process-
ng. The data generated by the RIAS have been compared to results
enerated with validated LC–MS/MS systems and the system has
he potential for further uses in various ADME applications.

. Experimental

.1. Materials and chemicals

Acetonitrile (gradient grade) was purchased from Merck (Darm-
tadt, Germany), methanol (gradient grade) from J.T. Baker
Deventer, Netherlands), formic acid (p.a.) and trifluoroacetic acid
TFA, reagent grade) from Sigma–Aldrich (St. Louis, MO, USA)
nd water was obtained from an in-house water purification sys-
em (Elgastat Maxima HPLC, Elga Ltd., High Wycombe Bucks, UK).
mmonium acetate (p.a.) and ammonia solution (25%, p.a.) were
urchased from Merck (Darmstadt, Germany). The test compounds
lprenolol, buspirone, dextromethorphan, diclofenac, diltiazem
nd verapamil were purchased from Sigma–Aldrich (St. Louis, MO,
SA), diazepam and midazolam from Roche Pharma AG (Grenzach-
yhlen, Germany); the residual 159 proprietary compounds were

ynthesized in-house at Boehringer Ingelheim Pharma GmbH & Co
G (Biberach, Germany). All compounds were within a molecu-

ar mass range of 250 and 700 Da; calculations of logP and TPSA
total polar surface area) were performed with ACD/Labs (version
1, ACD Inc, Toronto, Ontario, Canada) and were found to have a

og P of −0.7–9 and a total polar surface area (TPSA) of 12–139 Å2.
artridges for the RapidFireTM system were obtained from BioCius
Woburn, MA, USA), the 0.8 mL 96-well plates and the “Easy Peel”
ealing mats were purchased from Thermo Scientific (Hamburg,
ermany).
.2. Sample preparation

Samples taken from an in vitro metabolic stability assay (com-
ound concentration 1 �M) were taken at 0, 5, 15, 30 and 45 min
f Mass Spectrometry 296 (2010) 1–9

and were subsequently quenched with a 2-fold volume of acetoni-
trile in order to precipitate protein and to stop enzymatic reactions.
An aliquot of a proprietary generic internal standard at a con-
centration of 2 �M was added to each sample and samples were
centrifuged at 4000 rpm and 4 ◦C (centrifuge 5810R, Eppendorf,
Hamburg, Germany) for 20 min. The supernatants were transferred
to 0.8 mL 96-well plates. The sample plates were heat-sealed and
stored at −20 ◦C until analysis. Directly before analysis, plates were
thawed and centrifuged at 4000 rpm for 5 min. Tuning solutions of
the analyzed drugs were provided on separate plates for mass spec-
trometric compound optimization at a concentration of 1 �M in
50% methanol. All sample and tuning plates were barcode labeled
and associated with a file containing all relevant analytical infor-
mation e.g., compound name, molecular formula, experiment ID,
position on the plate and internal standard code. The information in
the corresponding file was readily accessed by the master software
of the injection system via barcode reading.

2.3. Instrumentation

Analytical sample handling was performed by a rapid-injecting
RapidFireTM autosampler system (BioCius, Woburn, MA, USA). The
system consists of a plate handler equipped with a barcode scanner,
a rapid sample injection device and a solid phase extraction car-
tridge. High-speed robotics (injection needle static in x/y-axis but
movable in z-axis, plate nest movable in x/y-axis but static in z-axis)
and fast switching rotary valves enable high flow rates. Since the
original RapidFireTM system was capable of injecting only line-by-
line from 96- or 384-well plates the system software was modified
to enable use as a flexible autosampler. The system contains two
wash stations located next to the plate nest to facilitate interim nee-
dle washes between sample washes. The wash stations are under
continuous flow, filled with water and with methanol.

To facilitate the use of 0.8 mL 96-well plates, the plate handling
device and the injection needle (“sipper”) were adapted in-house.
The sipper guide had to be beveled with a 30◦ angle in order to
pierce reliably and without any punch-outs the sealing mats of
the sample plates. As the new system was designed to run unat-
tended, there is no method development and interactive pre-check
in terms of method selectivity during the mass spectrometric anal-
ysis. Therefore, four troughs were built into the system next to the
plate nest to enable blank matrix injections for the confirmation of
selectivity of the analytical method.

The RapidFireTM technology is based on classic column switch-
ing [31] and the technical solutions developed for solvent
management and column switching are depicted in Fig. 1A–C. Liq-
uid sample is aspirated by a vacuum pump into a 10 �L sample
loop for 250 ms (A) and subsequently flushed for 3000 ms onto a
C4 cartridge (B) (3.8 �L bed volume; BioCius, Woburn, MA, USA)
with the aqueous mobile phase. The solid phase extraction step
retains the analyte while removing interfering matrix (e.g., buffer
components). The analyte is desorbed and back-eluted from the
cartridge for 3000 ms with an organic mobile phase and flushed
into the mass spectrometer (C). The mass spectrometric detection
was performed on a TSQ Vantage from ThermoFisher (San Jose, CA,
USA). While performing the back flush into the mass spectrometer,
the sample loop and relevant tubing were flushed with the organic
mobile phase to prevent carry-over of analyte or matrix compo-
nents into the next sample. Equilibration for the subsequent sample
is performed in state A (Fig. 1) and requires another 500 ms. In order
to further minimize carry-over effects, the wash station of the sys-

tem was used to perform needle washes with pure water (100%)
and pure methanol (100%) between samples. The solvent deliv-
ery setup consists of three continuously running and isocratically
operating HPLC pumps (G1310A, Agilent, Waldbronn, Germany):
Pump 1 (99.9% water, 0.09% formic acid and 0.01% TFA, flow rate
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Fig. 1. Schematics solvent and sample delivery of the RIAS (rapid and integrated analysis system) based on RapidFireTM technology: High flow rates and fast switching valves
allow a cycle time of ∼8 s per sample depending on the sample matrix the combination. (A) The sample is aspirated into the sample loop, and adsorbed on a solid-phase
extraction cartridge. (B) A subsequent aqueous solvent wash eliminates matrix components. (C) The backflush into the mass spectrometer is performed with organic solvent,
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hile the sample loop is flushed with organic solvent to prepare aspiration of the
sed for compound optimization and sample measurement in negative ionization m
witched to pH 2.5 for sample measurement in positive ionization mode. Time need

.25 mL/min) performs sample loading onto the cartridge and the
PE-wash. Pump 2 (99.9% acetonitrile/methanol (1:1, v:v), 0.09%
ormic acid and 0.01% TFA) runs at a flow rate of 1.25 mL/min and
erforms an organic flush of the sample loop and the tubing (rotary
alves 1, 2 and 3; state C). Pump 3 is eluting the analytes from the
artridge into the mass spectrometer with the organic mobile phase
rom pump 2 (flow rate 1.25 mL/min).

The validated LC–MS/MS system consisted of two HPLC
umps (PU-980, Jasco, Groß-Umstadt, Germany), one binary pump
G1312A, Agilent, Walbronn, Germany), coupled to a 2000QTrap

ass spectrometer (AB Sciex, Foster City, CA, USA) and was run with
olumn switching technology and a throughput of 1 min/sample.
his system was validated against linear gradient LC–MS/MS sys-
ems earlier.

.4. MS compound optimization

A prerequisite for sensitive and selective “Multiple Reaction
onitoring” (MRM) analytics with triple quadrupole mass spec-

rometers is the determination of the compound-specific MRM
ransitions by tuning of MS parameters. State-of-the-art mass spec-
rometers automatically perform both compound optimization and

ample measurement in a fully automated and software-aided way
or compounds in positive and negative ionization modes. For this
urpose the mass spectrometer was set to “optimization mode”
y the QuickQuanTM (ThermoFisher, San Jose, CA, USA) software
riggering the automated compound optimization and to “MRM
ing sample. (D) Schematics of automated solvent pH-switch: Solvent at pH 7.4 is
Depending on the compound-specific ionization mode the diverter valves 1–3 are
r equilibration after switching pH solvent is less than 1 min.

mode” for quantitative analysis. Since for compound optimization
pure compound solutions (1 �M) are used, the wash-step from the
RapidFireTM system was reduced from 3000 to 1000 ms. A persis-
tent mass spectrometric signal of the targeted compound during
the optimization process was achieved by reducing the eluting
flow rate to 0.3 mL/min. Timing of injections was set to deliver
an analyte signal to the mass spectrometer upon request from the
QuickQuanTM software, for both MS and MS/MS optimization. The
mass spectrometric compound optimization takes less than 1.5 min
yielding the basic mass spectrometric parameters ionization polar-
ity (positive or negative), S-lense, CE voltage and, most importantly,
the determination of the optimized MRM transition. Optimized
parameters are stored in the QuickQuanTM database and can be
automatically retrieved for sample measurement in MRM mode. In
order to facilitate compound optimization for positive and negative
ionization modes compound tuning is performed at pH 7.4. In the
first step the analyte solution is loaded with aqueous 10 mM ammo-
nium acetate onto the cartridge and eluted back into the mass
spectrometer with organic solvent (95% acetonitrile/methanol (1:1,
v:v) and 5% 10 mM ammonium acetate; pH 7.4).

In case of a higher ionization yield in negative ionization mode,
pH 7.4 (solvent A: 10 mM ammonium acetate; solvent B: 95% ace-

tonitrile/methanol (1:1, v:v) and 5% 10 mM ammonium acetate)
is maintained for sample measurement. For samples displaying a
higher signal response in positive ionization mode the system auto-
matically switches from pH 7.4 to 2.5 (solvent C: 99.9% water, 0.09%
formic acid and 0.01% TFA; solvent D: 99.9% acetonitrile/methanol
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1:1, v:v), 0.09% formic acid and 0.01% TFA), in less than 1 min. This
as achieved by implementation of three diverter valves which
ere positioned behind the degasser of the isocratically work-

ng pumps of the RIAS. A scheme outlining the automated solvent
H-change is depicted in Fig. 1D. Individual changes of the high-
hroughput sampling system in wiring for signal handling were
dapted in-house.

.5. Software

The RapidFireTM control and interface software were cus-
omized and obtained from BioCius (Woburn, MA, USA). The mass
pectrometry software QuickQuanTM 2.3, XcaliburTM 2.0.7, XDK
.0.2.15 and mass spectral data processing software QuickCalcTM

.0.2 were purchased from ThermoFisher (San Jose, CA, USA). The
atabase used to store processed MS data is Microsoft SQL Server
005 (Microsoft Corporation, Redmont, WA, USA). The LabVIEW
oftware (version 8.6.1) from National Instruments (Austin, TX,
SA) was programmed in-house operating as master software

or the entire system. The software is functional according to so-
alled “handshake” principles with the RapidFireTM system and
he TSQ Vantage mass spectrometer. Final data analysis and cal-
ulation of compound half-lifes was performed by AssayExplorer
.2 (Symyx, Sunnywale, CA, USA). Half-lifes were calculated in the
ssay Explorer software by plotting an automated linear regression
f ln % parent compound vs. time and calculating ln(2)/k where
represents the slope of the regression curve. Correlation (r2)
as calculated and visualized in TIBCO® Spotfire® version 2.2.0

TIBCO®, Palo Alto, CA, USA).

. Results and discussion

An efficient analytical system applicable to early drug discov-
ry integrates hardware speed, robustness with reproducibility
nd sensitivity. According to these requirements, the goal was
o establish a system for the automated and high-throughput

ass spectrometric analytics applicable to metabolic stability
nvestigations and additional in vitro ADME assays. The inte-
rated and customized RapidFireTM system consists of a flexible
utosampler with a fast sample injection module and an online
olid-phase extraction unit capable of running multiwell-plates
n 96- or 384-well format. A time-saving feature of this sys-
em is the movable x-/y-tray, which rapidly places the sample
late into programmable sample positions while the aspiration
eedle remains fixed. The customized implementation of assay-
ype barcoding principles into the autosampler hardware was

first improvement with regard to assay-type recognition and
utomated initiation of corresponding analytical processes. Thus
ample plates from ADME assays can be introduced into the sys-
em without manual interaction. As a consequence, the system
as capable of differentiating sample plates and plates for mass

pectrometric compound optimization. Since for triple quadrupole
ass spectrometers the determination of the compound-specific
RM-transitions and elementary voltages like the S-lense and col-

ision energy are prerequisite for obtaining quantitative data, the
ystem automatically performs both, compound optimization and
ample measurement in a fully automated way. The challenge of
ptimizing mass spectrometric conditions was previously solved
y flow-injection analysis (FIA) [32] constant infusion of the analyte
olution [33,34]. Hence, most often switching between optimiza-

ion and measurement involved manual hardware changes, e.g.,
olumns had been bypassed to enable flow-injection or separate
utosamplers were used for constant infusion via an additional
alve [34]. In the present approach this issue was solved with a
imed multiple injection series (“pseudo infusion”) by applying a
f Mass Spectrometry 296 (2010) 1–9

low flow rate (0.3 mL/min). Thus, the analytes elute slowly but
continuously over time in a broadened peak shape suited for opti-
mization procedures. Technical requirements enabling the specific
timing and application of different flow rates are managed by the
LabVIEW interface software which performs the bidirectional com-
munication (“handshake”) between the HT-autosampler and the
mass spectrometer. With respect to the hierarchic order of system
components, the LabVIEW software is the master software for the
entire system and is the key for the communication and timing
between the analytical devices and ultimately the decisive factor
for the achieved level of automation and speed.

3.1. Workflow

Increasing throughput in sample analysis requires not only high
speed analytical instrumentation but also a concomitant work-
flow optimization to achieve a compatible information flow. It is
therefore indispensable to integrate the described high-throughput
analytical system into the entire process. Within many pharma-
ceutical companies, ADME investigations and ADME data profiling
are provided by central service units to different research projects.
Central sample preparation laboratories generate different kinds of
ADME samples which are then transferred to a central MS analysis
unit. The central sample preparation units perform the desired type
of ADME assay and transfers barcode labeled sample plates as well
as file information per plate to the analytical unit. The details of the
optimized entire workflow process will be described elsewhere.

Only a short peak review in the program QuickCalcTM is required
obtaining an overview of the peak areas of an entire metabolic sta-
bility experiment for one compound. Subsequently, processed data
are transferred into an SQL database. The SQL database serves as the
retrieval layer for the data analysis software and result calculation
engine (AssayExplorer), finally providing ADME parameters like
half-lifes and upscaled in vitro–in vivo parameters, such as clear-
ance and percent hepatic blood flow. The calculated data is finally
reported to a global database allowing scientists to execute queries
and assemble structure activity relationships (SAR). Thus, integra-
tion of the RIAS into the entire information flow of drug discovery
avoids time-consuming and error-prone manual transactions of
information. Beside data evaluation, manual intervention within
the whole process is limited to sample feeding, solvent refilling
and exchange of the cartridge after ca. 2500 samples injections.

3.2. Automation and speed

Since the RIAS (rapid and integrated analysis system) was set
up to constitute an integral part of the drug discovery workflow
it is capable of automatically exploiting information by barcode
scanning. A prerequisite for information access is that all required
information is provided on the computational network. This infor-
mation comprises e.g., the assay type, compound name and other
specific content necessary with regard to experiments and proce-
dures, shared by all the assays robotics of the metabolic stability
experiments as well as the RIAS and is applied as a trigger for
activities of the system.

Time needed for automated compound optimization of a
validated mass spectrometric system typically ranges around
1.5 min/compound for MS and MS/MS optimization and is prin-
cipally independent of the type of in vitro assay. With the
experimental setup of RIAS presented above, the speed of sample
analysis was minimized to 8 s/sample which equals a throughput

of 450 samples per hour. Technical factors reducing the sample to
sample cycle time are the optimized microfluidic system including
the fast switching rotary valves of the RapidFireTM as well as the
quickly movable x-/y-tray. Of crucial importance is the abandon-
ment of conventional chromatography, which has been reduced to
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ig. 2. HT-mode data processing. Typical data processing view of the HT–MS/MS s
or subsequent retrieval into data analysis software for further calculations. In this e
n the lower MRM transition the peaks from first and final internal standard demon

he application of a simple step gradient on a solid phase extraction
artridge as the only purification step.

In early drug discovery quantitation of NCEs (new chemical
ntities) has to be performed mostly without stable labeled inter-
al standards (IS) due to their time consuming and therefore
ost-intensive synthesis. Nevertheless the principal use of inter-
al standards is advantageous and advisable in order to balance
ariability in the analytical process. Therefore generic internal
tandards constitute a compromise allowing the correction of inter-
erences from matrix even if the IS are structurally different. This
pplication of IS is used in both methods, conventional LC–MS/MS
nd RIAS. Application of conventional HPLC gradient methods com-
only results in different retention times of the analyte and the IS.

hus, matrix components which co-elute with the analyte or IS may
iffer and may interfere differently with the ionization processes
f the analyte or IS. Applying the RIAS, a step gradient simultane-
usly elutes both the analyte and the IS from the column with the
ame matrix components. As a consequence, potential quenching
ffects in the MS ionization process affect both, the analyte and the
nternal standard in a similar way.
.3. Data processing

Data processing was performed in high-throughput mode which
acilitates the peak review and reduces number of data files since all
amples from an assay series are included in a single file [12,14,18].
in high-throughput mode. After a quick peak review data are stored in a database
le buspirone is metabolized from human liver microsomes (upper MRM transition).
blank matrix injections facilitating the selectivity and carryover check.

To achieve accurate peak allocation as well as precise peak integra-
tion the switching time of valve 2 (Fig. 1C) of the HT-autosampler
was monitored and automatically added to the MS raw data file
during peak review in QuickCalcTM (Fig. 2). Processed MS raw data
are stored in a database and can be retrieved from the data anal-
ysis software. Fig. 2 depicts an example of typical peak review
in high-throughput mode of samples from a metabolic stability
assay. The MRM transition on the upper panel depicts the ana-
lyte trace, the MRM transition on the lower panel the trace of the
internal standard. Samplings of compounds from late time-points
of the metabolic stability assay were injected first i.e., the analysis
sequence was arranged from potentially low to high analyte con-
centrations, which minimizes sample to sample carry-over effects
and thus errors in quantitation and half-lifes.

3.4. Carry-over and sensitivity

Once the integral workflow of the RIAS has been established
the major requirements to the analytical system were minimal
carry-over effects and a maximized sensitivity. In order to mini-
mize sample carry-over the tubing of the rapid injection system

is flushed with organic solvent after each sample injection shown
in Fig. 1C). Furthermore one aqueous and one methanolic injec-
tion from the integrated wash station is executed between samples,
in order to clean the sipping needle from the inside and from the
outside. The example in Fig. 3 shows a representative carry-over
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Fig. 3. Investigation of carry-over and signal-to-noise levels. Injection series of 3× methanol and 3× blank matrix from a metabolic stability experiment (human liver
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icrosomes), followed by 6× a cocktail solution of midazolam and verapamil spike
nd 3× methanol to demonstrate low carry-over and high sensitivity of the system
how the high signal-to-noise level (3 × 105:1 for midazolam and 2 × 104:1 for vera
as 2% for midazolam and 3% for verapamil respectively.

nd signal-to-noise characteristics of the system. Hence, a cock-
ail of two classical phase I metabolism substrates, midazolam and
erapamil (300 nM each) in a matrix of a metabolic stability assay
ith human liver microsomes was prepared. A sequence of three
ethanolic and three blank matrix injections was followed by six

njections of the analytes, midazolam and verapamil, again fol-
owed by three injections of blank matrix. Almost no carry-over
ignal (0.2% for both, midazolam and verapamil) was observed and
high signal-to-noise level (3 × 105:1 for midazolam and 2 × 104:1

or verapamil) could be obtained as illustrated in Fig. 3 by amplify-
ng the baseline in the region of blank matrix injections by a factor
f 100.

.5. Reproducibility

Reproducibility is a further important prerequisite for quanti-
ative work and has been addressed at an early stage of validation
f the system. The RapidFireTM system in general is sensitive to
amples containing particles which might cause clogging of the
icrofluidic flow-path [25]. To prevent clogging all sample plates

re centrifuged before analysis. A system suitability test is com-
only performed before initiating the analysis of samples and

hecks the system regarding reproducibility, peak shape and sen-
itivity. As a result, reproducibility of the system was found to be
omparable to conventional LC–MS/MS systems. This is exempli-
ed by in Fig. 3 where a matrix of protein-precipitated incubations

rom a metabolic stability assay with human liver microsomes

as been spiked with a solution of midazolam and verapamil
300 nM each) and injected six times. The coefficient of variation
CV) was 2% for midazolam and 3% for verapamil, respectively
onfirming excellent reproducibility for LC–MS/MS analytics in
eneral.
the abovementioned blank matrix (300 nM conc. each) and again 3× blank matrix
signals in the time period from 0.2 to 1 min were amplified by a factor of 100 to

). Carry-over for both analytes was 0.2% and the CV of peak area for the 6 injections

3.6. Application to metabolic stability analysis

The RIAS, customized and validated according to the above
mentioned criteria, was tested in a fully automated way, covering
compound optimization (tuning plates) and sample measurement
(sample plates) for metabolic stability experiments. The setup of
the system enabled unattended processing of the provided 96-
well plates. The results from 48 metabolic stability assays using
human liver microsomes assaying a set of eight commercially avail-
able reference compounds are depicted in Fig. 4. The correlation
of half-lifes (t1/2) from a validated LC–MS/MS approach (x-axis)
and half-lifes from the newly customized RIAS (y-axis) with the
abovementioned reference compounds displayed an excellent cor-
relation with a correlation coefficient (r2) of 0.982.

The selected reference compounds represent high-, medium-
and low-clearance drugs and are prevalently used to characterize
enzymatic activities of phase I drug metabolizing enzymes, such as
cytochrome P450 isoenzymes (CYP450). Buspirone and verapamil
are highly cleared by N-dealkylation of CYP450 3A4 while mida-
zolam is rapidly hydroxylated. Alprenolol and diclofenac represent
high clearance drugs also underlying hydroxylation by CYP450 2D6
(alprenolol) and CYP450 2C9 (diclofenac). Dextromethorphan and
diltiazem undergo moderate dealkylation by CYP450 2D6 and 3A4
while diazepam, a low clearance drug, is slowly hydroxylated and
dealkylated by CYP450 2C19 and 3A4. The microsomal stability
assay as well as mass spectrometric analytics were performed on
the same day (n = 2) and repeated on 3 consecutive days (total n = 6)

for each of the reference compounds.

The real-life applicability was demonstrated with an extended
set of 470 metabolic stability experiments in various animal
species. 167 different compounds, reference compounds as well as
proprietary research compounds with a molecular mass range from
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F Correlation of half-lifes (t1/2) derived from a validated LC–MS/MS system (x-axis) and the
H ays which were executed on 3 consecutive days (n = 2) for each analyte.
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Fig. 5. Correlation of half-lifes of 167 compounds from 470 metabolic stability
ig. 4. Correlation of half-lifes of 8 model compounds in human liver microsomes.
T–MS/MS (y-axis) system “RIAS”. Data were acquired from metabolic stability ass

50 to 700 Da displayed a lipophilicity range (clog P) between −0.7
nd 9, which is representative for early drug discovery programs.
ince MS compound optimization in the RIAS is performed in a
ully automated way the operator did not require a priori knowl-
dge of the compound characteristics like molformula or structural
nformation. The assays and mass spectrometric experiments have
een performed under real-life research conditions, i.e., samples
nderwent multiple freeze and thaw cycles. In addition, sample
easurement in the validated LC–MS/MS assay and the RIAS have

ot always been performed on the same day. Fig. 5 shows a high
orrelation (r2 = 0.828) of half-lifes (t1/2) between the validated
C–MS/MS approach (x-axis) and the RIAS (y-axis). Due to the limits
f the biological experiments the last time point of sampling (sam-
ling of the metabolic stability assay of a research compound) was
aken at 45 min and an extrapolation by a factor of two (=90 min)
as considered to be acceptable apart from influencing a certain

ariance of the half-lifes (t1/2). In Fig. 5 the blue doted lines indicate
he border of 90 min and compounds beyond these lines are con-
idered to be stable. Sample degradation from multiple freeze and
haw cycles in connection with unknown stability characteristics
f research compounds are considered as the probable reasons for
utliers. During the data analysis process even small deviations in
he regression plot of the assays time-points lead to big differences
n half-lifes (t1/2) and therefore cause a typical spread in the cor-
elation plot for half-lifes beyond 90 min. Since outliers are found

or compounds measured by validated LC–MS/MS and by the RIAS
n equality of both methods with regard to reliability of half-lifes
s assumed.

The entire analytical process (MS compound optimization and
ample measurement) for 470 experiments lasted 120 h on the vali-

experiments. Correlation of half-lifes (t1/2) derived from a validated LC–MS/MS (x-
axis) system and the RIAS (y-axis). All data were obtained after fully automated
compound optimization with the new system. Samples from different species were
derived from 470 metabolic stability experiments with 167 compounds in different
species. Cycle time from sample to sample is 8 s based on RapidFireTM technology
compared to 1 min with the validated approach.



8 rnal o

d
i
s
d
s
t
t

3

t
o
b
r
o
2
w
b
o
s
A
o
a
e
c
m
b
m
b

R
f
e
p
t
t
t
t
a
g
h
n
a
c

4

d
v
a
I
s
i
r
t
r
o
c
r
a
a
f
a

[

[

[

[

[
[
[

[

[

[

[

[

[

[

[

[

[

[

[

[

A.H. Luippold et al. / International Jou

ated system but only 12 h on the RIAS – corresponding to 2338 fast
njections (3 s each) for MS tuning and 4700 injections (8 s each) for
ample measurement. By speeding up a factor of 10 while keeping
ata quality for reference compounds as well as for a representative
et of research compounds, we consider the RIAS as a superior sys-
em in generating data from metabolic stability assays compared
o the previously applied validated LC–MS/MS.

.7. Limitations and future directions

The setup of the HT-autosampler and mass spectrometer, con-
rolled by a tailored software solution, provides optimized speed
f sample measurement and thus data generation of metabolic sta-
ility assays. The current limitation for further increasing sampling
ate is the scan speed of the mass spectrometer. Analyte signals
riginating from the RIAS usually show a peak width at baseline of
s. Assuming that 10 data points are required to describe a peak
ith adequate precision, a narrow peak width implies a trade-off

etween scan speed of the mass spectrometer and the number
f data points from MRM transitions. Furthermore, the new high
peed makes demands on the capacity of the system components.
throughput of 450 samples/h extrapolated to 24 h equals a the-

retical throughput of 10,800 samples per day. However, in our
pplications the solid-phase extraction cartridge of the system is
xhausted already after 2500 injections. This necessitates a manual
artridge exchange approximately every 4 h. Most recent technical
odifications of the RapidFireTM system have addressed this issue

y implementing an automated cartridge exchange device. Further-
ore, further potential to decrease the sample to sample time may

e achieved if the mass spectrometer scan speed could be reduced.
In the present contribution, the speed and robustness of the

IAS (rapid and integrated analysis system) has been success-
ully demonstrated using metabolic stability experiments as an
xample. It remains to be seen whether other assays, e.g., in vitro
ermeability like CaCo-2 and PAMPA can be accelerated similarly,
hereby integrating the RIAS into other ADME processes. Currently,
he use of this HT–MS/MS in bioanalytics of pharmacokinetic and
oxicokinetic samples should be considered critically. Since the sys-
em is based on a step gradient with a concomitant elution of all
dsorbed compounds, in-source fragmentation of metabolites (e.g.,
lucuronides) to the parent compound could lead to higher, falsely
igher parent compound concentrations. Although the system has
ot yet been evaluated for phase II metabolites or in vivo samples,
dvanced MS pre-filter technology [35–39] may extend the appli-
ation area of the RIAS to phase I and phase II metabolite samples.

. Conclusions

The customized RIAS (rapid and integrated analysis system)
escribed provides a robust tool for high-throughput analysis of in
itro metabolic stability experiments including barcode-mediated
nd automated compound optimization and sample measurement.
ntegration into the ADME workflow including experiment request,
ample preparation up to the final result calculation and report-
ng has been achieved. Matrix and carry-over effects have been
educed by a sophisticated column switching. A sample to sample
ime of 8 s was achieved which is significantly faster than cur-
ent conventional LC–MS/MS systems. The excellent correlation
f eight known drugs and 159 proprietary Boehringer Ingelheim
ompounds between validated LC–MS/MS and RIAS data proves

obustness, reliability and competitiveness of the system. The RIAS
ppears to have the potential being employed also for other ADME
pplications, e.g., CaCo-2 and PAMPA thus becoming a universal and
ully automated system for a considerable range of in vitro ADME
pplications.
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