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Abstract

An integrated approach to quantitative bioanalysis, incorporating turbulent flow chromatography (TFC) with mass spectrometric detection,
was developed to supportin-house drug discovery and development efforts. Activities such as metabolic stability screening and pharmacokinetic
characterization support are carried out on a single unified platform. Two different TFC column-switching configurations, parallel and serial,
are presented. The first, a parallel TFC column configuration, is capable of high-throughput analysis but carryover can reach as high as 0.24%.
The characteristics of the instrument operating in the parallel configuration are provided for analysis of samples generated during in vitro
metabolic stability assessments, a key screen during the lead optimization phase of drug discovery. Operating in this configuration, the system
has the capability of performing on-line solid phase extraction and analysis of approximately 400 samples containing phosphate-buffered
saline in approximately 14 h. The second, a serial TFC column configuration, was used to perform direct plasma injection analysis. The
advantage of the serial configuration is the relatively low carryover (<0.040%) observed due to increased number of valve washes; however
these extrawashes lead to increased injection cycle times. A method developed using the serial TFC column configuration for the determination
of dihydropyridines in plasma samples is given as an example. Analytical performance criteria examined during method development and
validation included linearity, accuracy, precision, and recovery. The robustness of the technique was demonstrated by applying the method in
the analysis of over 2500 plasma samples generated during preclinical drug development studies. Further, combined analysis of plasma anc
brain tissue was performed using acetonitrile precipitation as sample pretreatment for both matrices.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction ability screening, to later-stage in vivo pharmacokinetic char-
acterization of promising lead candidates continues to play
The role of liquid chromatography-mass spectrometry important roles in guiding lead optimization efforts. Liquid
(LC-MS)indrug discovery and development has not changed chromatography interfaced with mass spectrometry employ-
since Lee and Kerns reviewed the topic approximately 4 yearsing atmospheric pressure ionization has paved the way for the
ago[1]. The ubiquitous phrase “doing more with less” fea- early-stage activities to be performed almost in parallel with
tures more prominently than ever during lead candidate gen-the screening of compounds for biological receptor activity.
eration and selection. This situation is further exacerbated in This has prompted one researcher to boldly suggest that these
a small pharmaceutical company faced with a limited work- screenings may precede biological receptor activity screen-
force. Quantitative analytical support ranging from first-stage ing in the future2].
“pharmaceutical profiling” or “drugability” activities, such The use of in vitro drug metabolism approaches for the
as aqueous solubility, in vitro metabolic stability, and perme- prediction of various in vivo pharmacokinetic characteristics
is widely practiced in the pharmaceutical industry. In par-
* Corresponding author. Tel.: +1 201 802 7205; fax: +1 201 802 7170.  ticular, in vitro metabolic stability assessment using hepatic
E-mail addressong@memorypharma.com (V.S. Ong). subcellular fractions to predict in vivo hepatic clearance is
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employed as part of the initial screening of candidates in a sis of plasma samples, drug quantitation in complex tissues
lead optimization program. This is because the liver is the have been reported involving the use of LC-[13-19] in-
main organ involved in the metabolism of xenobiotics, the cluding techniques incorporating on-line SPE with column-
process by which most drugs are cleared from the body. Theswitching[14,19] However, most methods require lengthy
correlation between in vivo hepatic clearance values and theoptimization and/or sample preparation procedures, which
intrinsic clearance values determined from liver microsomal would not be well-suited for the throughput-oriented drug
incubation experiments is also well documenfgd6]. The discovery environment.
application of this in vitro screening approach consistently  Turbulent flow chromatography (TFC) with on-line solid
generates hundreds of samples for analysis in a single batchphase extraction and column-switching has emerged over the
prompting researchers to develop clever analytical techniquedast 6 years as analytical chemists continually strive to re-
involving LC-MS [7-9]. Korfmacher et al[7] introduced duce time-consuming manual sample preparation. In TFC
an automated system for quantitative analysis of metabolic approaches, separation or extraction of analyte(s) from bi-
stability samples incorporating LC-MS and automated data ological sample matrices is performed in the turbulent flow
processing strategies. Samples were analyzed serially using aegime. While the concept of TFC is not ng20,21], Quinn
relatively lengthy HPLC gradient analysis time (L0 min). Re- and Takarewski22] were the first to recognize the viability
cently, Xu et al[8] realized higher throughput by utilizingan  of this technique to achieve fast separations of small analyte
eight-channel parallel LC-MS system capable of analyzing molecules from the larger biomolecules commonly encoun-
eight samples simultaneously. However, careful preselectiontered in the biological matrices. The mechanism of separa-
of analytes must be practiced to ensure mass differentiationtion or extraction, made possible by the large porous particles
within the same set of injections. While these systems can (e.g., 6Qum) in the extraction column packing material, was
dramatically increase the throughput in quantitative analysesdiscussed extensively in the original patent publicaf#].
of samples, a dedicated LC-MS platform is required render- Briefly, the approach involves using high linear flow rates
ing each system less flexible for other bioanalytical support that are accessible through the use of large particle diame-
activities. ters in a packed column. The higher flow rates causes the
For in vivo characterization of pharmacokinetics and typical laminar flow profile to transition into a turbulent flow
bioavailability, it is necessary to administer the drug to se- profile beyond a certain threshold flow rate. Turbulent flow
lected animal species both intravenously and by the intendedis characterized by a plug profile at the solvent front instead
route of administration (usually oral). Whole blood sam- of a parabolic profile for laminar flow. It is widely believed
ples are collected over a predetermined time course afterthat this turbulent flow profile facilitates higher mass trans-
dosing, and the drug is quantified in the harvested plasmafer rate through the formation of “eddies” within the flow of
by a suitable bioanalytical method. Concurrently, it is also solvent. The higher flow rate coupled with increasing analyte
useful to collect plasma/tissue samples from animals testeddiffusion rates within the porous particles combine to give
during in vivo pharmacological models. Based on the con- reduced plate heights that are significantly lower than pre-
centration/effect (pharmacokinetic/pharmacodynamic) rela- dicted in the Van Deemter equation. While the efficiencies
tionship, it may be possible to establish a link between in of these separations may not be as high as separation in the
vitro pharmacologic activity and the behavior of acompound laminar flow regime, turbulent flow allows the separation of
in vivo. Of particular importance for a drug discovery pro- small analyte molecules from the much larger biomolecules
gram targeted towards neurodegenerative diseases is the meaery effectively. This strategy is evident from various research
surement of drug concentration in brain tissue samples togroups that have successfully applied this technique in recent
ascertain the extent of brain penetration by the drug can-years[23—-29]
didate. LC-MS plays an unsurpassed role as the enabling In our laboratory, an integrated approach employing a
technology for high-throughput quantitative bioanalysis in single LC-MS platform was used to support quantitative
the aforementioned activity. The unmatched selectivity and bioanalysis during both metabolic stability screening and
sensitivity of tandem mass spectrometry (MS/MS) enables pharmacokinetic characterization. Our goal was to minimize
sample analysis times of 5min or less. However, one bot- sample handling and increase throughput for analysis of com-
tleneck still remains: plasma and tissue samples require theplex matrixes, by coupling the capability of on-line turbulent
extraction of analyte(s) from endogenous proteins and lipids flow technology with the selectivity of mass spectrometric
that would typically obstruct the flow through a liquid chro- detection. In this paper, the throughput and reproducibility
matography column. Therefore, sample preparation is still of TFC-LC-MS for analysis of samples generated from
a necessary step in the analysis of biological samples andthe metabolic stability screening protocol is highlighted.
is commonly achieved by protein precipitation, solid phase We further evaluated overall system performance for direct
extraction (SPE), or liquid—liquid extraction. More recently, plasma analysis using a two-analyte method with a structural
column-switching extraction approaches in the form of ei- analog as an internal standard. The direct plasma injection
ther a reusable extraction column or a disposable cartridgemethod was evaluated with regards to linearity, accuracy,
have enjoyed a resurgen¢®0]. Although the analysis of  precision, recovery, and ruggedness. Also presented is a
tissue samples is not performed as routinely as the analy-strategy used for combined plasma and tissue sample anal-
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ysis, which showcase the inherent flexibility of the system RSP liquid handling workstation (Research Triangle Park,

and its ability to function as a single platform for quantitative NC, USA). The workstation was used to combine the

bioanalysis. microsomes (2Q.L of 20 mg/mL preparation) with 0.1 M
phosphate buffer (350L) in a Costa 1.2 mL polypropy-
lene 96-cluster-tube plate (Corning, NY, USA) maintained at

2. Experimental 37°C. The test article (p.L of 50 uM solution in methanol
to give a final incubating concentration of W) was then
2.1. Materials and reagents added to the mixture. The reaction was initiated following

the addition of NRS (12pL) to give a final incubating

Formic acid, methanol (HPLC grade), acetonitrile (HPLC volume of 0.5 mL. The tubes were positioned on an orbital
grade), and water (OmniSolv grade) were purchased fromshaker maintained at a temperature of@7and allowed to
EM Science (an affiliate of Merck KgaA, Darmstadt, Ger- incubate/shake for up to 60 min. To quench the reaction at
many) through VWR Scientific (West Chester, PA, USA). preselected intervals, a 10 aliquot from the tubes was
Potassium phosphate buffer (0.1 M) was obtained from transferred to a 96-deep-well microtiter plate (kept aC}
Sigma—Aldrich Corporation (St. Louis, MO, USA). Human containing 10QuL of acetonitrile in each well. Incubation
liver microsomal preparations were purchased from In Vitro mixtures without NRS or microsomes were used as negative
Technologies (Baltimore, MD, USA). The NADPH regen- controls. Testosterone was used as a positive control at the
erating system (NRS) containing the appropriate co-factors same concentration as the test article. Upon completion of
was obtained from Gentest (Woburn, MA, USA). Cyclote the assay, the plates were mixed well and centrifuged at
HTLC columns were supplied by Cohesive Technologies 2000—-3000« g for 10 min. The supernatant (1Q. aliquot)
(Franklin, MA, USA). Phenomenex Lunag3n C18(2) ana-  was subsequently analyzed.
lytical cartridge columns (20 mm 4.0 mm) were purchased
from Phenomenex (Torrance, CA, USA). Nimodipine was 2.3.2. Plasma-only and plasma/tissue analyses
obtained from Alexis Biochemicals (San Diego, CA, USA). All samples were prepared in 96-deep-well (1.2mL)
MEM 1003, a Memory Pharmaceuticals development can- Greiner Masterblock plates purchased through VWR Sci-
didate, was supplied by Bayer AG (Wuppertal, Germany). entific. For plasma-only analyses, 50-300of plasma were
Control (drug-free) animal plasma was purchased from diluted by the addition of water (1:1 ratio, v/v) containing in-

Biochemed Pharmacologicals (Winchester, VA, USA). ternal standard. The diluted plasma sample was then mixed
well and a 25uL aliquot was subsequently analyzed.
2.2. Solutions and standards The tissue sample in the examples given in this paper

was brain, which had been previously homogenized. Water

All stock solutions for spiking biological samples were was added (3:1 ratio; v/iw) during the homogenization
prepared in methanol as 1 mg/mL solutions. A separately process to attain a homogenate consistency that allowed easy
weighed and prepared stock solution was used for prepara-sample transfer by means of an air displacement pipette.
tion of quality control (QC) samples. These stock solutions For combined plasmal/tissue analyses, 50+ill00f plasma
were subsequently diluted to give individual intermediate or tissue homogenate was diluted by acetonitrile (2:1 ratio,
working solutions (typically in 50% methanol:50% water, v/v) containing internal standard. The sample was then
v/v) for spiking of control plasma. The concentrations of mixed well and centrifuged at 2000-30Q@ for 10 min.
the working solutions were selected such that the volume The resulting supernatant was isolated and subsequently
of methanol introduced would not exceed 3% of the volume analyzed (2L aliquot).
of plasma. Calibration standards (numbering between 8
and 10 concentration levels) were prepared in the nominal 2.4. Instrumentation
range from 0.5 to 500 ng/mL. Quality control samples
were prepared similarly from separate working solutions  Automated homogenization of brain tissue samples was
to give nominal concentrations in plasma of 0.5, 1.5, 15, carried out on a Tomtec AutogiZ2r(Tomtec Corporation,
and 400 ng/mL. Internal standard stock solution was also Hamden, CT, USA). A Tomtec Qua®®®6 Model 320 was
prepared at a concentration of 1 mg/mL in methanol and used for various liquid transfers involving 96-well microtiter
subsequently diluted to produce a working solution at a plates.
nominal concentration of 40 ng/mL in water (plasma-only Samples for analysis (2B aliquot) were delivered by a

analysis) or acetonitrile (plasma/tissue analysis). Leap Technologies/CTC HTS PAL autosampler (CTC An-
alytics, Zingen, Switzerland) equipped with a 1300 in-

2.3. Sample preparation jector syringe, a 5Q.L injection loop, and three sample
storage drawers, each capable of holding two 96-well mi-

2.3.1. Invitro human liver microsomal incubations crotiter plates. A Cohesive Technologies 2300 HTLC sys-

An automated in vitro metabolic stability assay using hu- tem, which consisted of two separate binary solvent pumps
man liver microsomes was carried out on a Tecan Gehesis and a valve-switching module comprising two Valco six-port
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valves, was used as the sole TFC-LC system. One solventither selected ion monitoring (for metabolic stability) or se-
pump was used for sample loading and extraction in the lected reaction monitoring (for plasma-only or plasma/tissue
turbulent flow regime while the other operated as the ana- analyses) with dwell times of 100-150 ms.
lyte elution pump. The binary mobile phase of both pumps  Mass spectrometer data acquisition and quantitation were
consisted of water with 0.1% formic acid (mobile phase performed using the Analyst software, Version 1.2. For
A) and acetonitrile with 0.1% formic acid (mobile phase plasma and/or tissue analyses, calibration curves were de-
B). TFC at a flow rate of 5mL/min of 100% A was em- rived from the peak area ratio of analyte/internal standard,
ployed during sample loading and extraction, which was using least squares linear regression of the area ratio ver-
facilitated by a CyclonB! HTLC (50 mmx 1.0 mm) col- sus the nominal concentration of the standards. A weighting
umn packed with 6Q.m porous particles. Analytes trapped of 1/, with x the concentration of a given standard level,
on the HTLC column were reverse-eluted onto a separatewas generally found to give an optimal fit to the concentra-
analytical cartridge column (Phenomenex Luna C18) using tion/response data. Deviations from the regression line were
fast gradient liquid chromatography at 1.25mL/min. A lin- calculated using the regression equation to back-calculate the
ear gradient of 10-90% B facilitated the elution of most expected concentration at each standard level. Quality con-
analytes. The 2300 HTLC system was controlled by the trol (QC) sample concentrations were also calculated from
2300 HTLC Version 1.4.1 software from Cohesive Tech- these regression curves, using the observed analyte/internal
nologies. The column effluent was split in 1:4 ratio, with standard ratio.
the smaller fraction directed into the mass spectrometer ion
source.

The Cohesive 2300 HTLC was coupled to an Ap- 3. Results and discussion
plied Biosystems-Sciex API 3000 triple quadrupole mass
spectrometer (Foster City, CA, USA) operating under In our laboratory, there were two modes (serial and par-
pneumatically-assisted electrospray (TurbolonSpyagn- allel) of column configuration utilized incorporating TFC.
ization conditions. Nitrogen delivered from a high-pressure Fig. lillustrates the serial TFC-LC-MS-MS configuration,
dewar served as the nebulizer, auxiliary, source exhaust, curwhich consists of a single TFC column (e.g., Cycibe
tain, and collision gas. Calibration of the mass axis was HTLC) operating atturbulent flow with a single analytical LC
performed using polypropylene glycol. Unit mass resolution column operating atlaminar flow coupled to a mass spectrom-
(0.7 Da peak width at half-height) was observed for both the eter. The stepwise methodology that was pre-programmed on
first and second mass analyzers. Mass spectrometer data athe system is given ifiable 1 In this serial configuration, di-
quisition was controlled via a contact-closure signal received luted plasma is loaded onto the TFC column at 5mL/min
from the Cohesive 2300 HTLC. Peak detection mode was (by loading pump) with mobile phase A (water with 0.1%

to MS

Analytical Column

Bottom,

Valve A "ﬁ

to MS

to waste

TFC Column

| Loading pump H Autosampler |

Fig. 1. Schematic of the serial TFC-LC-MS-MS configuration.
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Table 1
Serial column TFC-LC-MS-MS methodology (SD = solvent delivery; CD = column flow direction); see corresponding schefigtit in
Time (min) Loading pump Valves module Eluting pump Description
Flow (mL/min) B (%) SD CD Flow (mL/min) B (%)
0 5 - Load — 1.25 10 Load sample and discard plasma
0.25 5 - Load <« 1.25 10 Reverse wash
0.42 5 - Elute <« 1.25 90 Elute sample to detector
1.42 5 - Elute “«~ 1.25 90 Hold
1.92 5 100 Load <« 1.25 Clean column
2.42 5 - Load — 1.25 - Clean column
2.92 5 100 Load — 1.25 - Clean column
3.08 5 100 Elute <« 1.25 90 Clean column
3.25 5 100 Load — 1.25 90 Clean column
3.42 5 100 Elute <« 1.25 90 Clean column
3.58 5 100 Load — 1.25 90 Clean column
3.75 5 100 Elute — 1.25 10 Re-equilibration
3.92 5 100 Load « 1.25 10 Re-equilibration
4.08 5 - Load — 1.25 10 Re-equilibration

formic acid) for 15s (se€&ig. 1, top). The TFC column is  ventdelivery (SD) and valve/column direction (CD) changes
reverse-washed for 10 s by switching Valve A. The trapped were necessary steps to minimize overall system carryover.
analyte(s) are then reverse-eluted onto the analytical columnWe systematically investigated the number of steps required
at 1.25mL/min using a gradient from 10% to 90% mobile and found that a minimum of two load/elute SD cycles was
phase B (acetonitrile with 0.1% formic acid) for 1 min and necessary. The resultant overall run time per injection was
held at 90% mobile phase B for an additional 30 s @Egel, just over 4 min.

bottom). Analytes are separated by laminar flow chromatog- A parallel TFC-LC-MS—-MS configuration can also be
raphy and introduced into the mass spectrometer. At thisrealized by taking advantage of the unique combination of
time (1.92 min), the loading pump, which had been continu- software that controls the Cohesive 2300 HTLC and the as-
ously washing the TFC column with 100% mobile phase A, sociated valve-switching module. The parallel configuration
switches to 100% mobile phase B. The subsequent steps areonsists of two TFC columns for on-line extraction at tur-
then used to wash the valves and tubing further. Although bulent flow and a single analytical colummig. 2). In this

the latter steps appear redundant, the combinations of sol-configuration, two separate column-switching methods were

Binary Pump 2
to MS Elution pump
Valve B
to waste

Top,

TFC Column 2

Binary Pump 1
Loading pump

Autosampler

Analytical Col

Valve A

TFC Column 1

Bottom,

TFC Column 2

Binary Pump 1
Loading pump

. Binary Pump 2
Autosampler Analytical Col to MS Elution pump
Valve A Valve B

to waste

TFC Column 1

Fig. 2. Schematic of the parallel TFC-LC-MS-MS configuration.
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Table 2
Parallel column TFC-LC-MS-MS methodology (SD = solvent delivery; CD = column flow direction); see corresponding schefigti2 in
Time (min) Loading pump Valves module Eluting pump Description
Flow (mL/min) B (%) SD CD Flow (mL/min) B (%)
0 5 - Elute <« 1.25 10 HTLC column 1 load
0.50 5 100 Load — 1.25 90 Elute sample to detector
1.25 5 - Load — 1.25 90 Hold
1.75 5 100 Elute «~ 1.25 90 Hold
1.92 5 100 Load — 1.25 - Clean column
2.08 5 - Load — 1.25 10 Re-equilibration
0 5 - Elute — 1.25 10 HTLC column 2 load
0.50 5 100 Load <« 1.25 90 Elute sample to detector
1.25 5 - Load <« 1.25 90 Hold
1.75 5 100 Elute — 1.25 90 Hold
1.92 5 100 Load <« 1.25 - Clean column
2.08 5 - Load <« 1.25 10 Re-equilibration

actually used in an alternating sequeniable 2outlines the 3.1. Metabolic stability screening (parallel
two sequential methods. Diluted plasma is loaded onto TFC TFC-LC-MS)
column 1 for 30 s at 5 mL/min while analytes elute from TFC
column 2 to the analytical column (s€&g. 2 top). At the Samples from in vitro experiments such as metabolic sta-
next step, the valve is switched and the trapped analytes arebility assessments were analyzed using the parallel config-
reverse-eluted from TFC column 1 onto the analytical col- uration since starting concentrations were known a priori
umn using a gradient from 10% to 90% mobile phase B for and carryover effects of less than 0.50% were not consid-
45s and held at 90% mobile phase B for an additional 30 s ered significant. Although it may not be necessary to carry
(seeFig. 2, bottom). The subsequent steps are used to washout additional sample pretreatment beyond quenching with
and re-equilibrate both TFC columns to prepare for the next acetonitrile or an acidic solution, we have found that it is of-
sample. The cycle then repeats itself using the same methoden a better practice to introduce samples that are relatively
although the column directions are reversed relative to the free of non-volatile buffer components into the mass spec-
preceding injection. The cycle time per injection is essen- trometer in order to maintain continuous mass spectrometer
tially halved as one TFC column is washed while the other is operation. This practice has the added benefit that subsequent
in-line with the analytical column and mass spectrometer. It metabolite profiling can be carried out using the same sys-
is worthwhile to note that although the parallel configuration tem and sample for candidates that were shown to be less
allows higher throughput, the individual valves cannot be iso- metabolically stable.
lated for additional cleaning unlike the serial configuration. As part of the validation of the overall metabolic stability
The absence or presence of memory effects or carryoverprotocol, testosterone was used as a positive reference
is perhaps the single most important parameter to considercontrol at two starting incubation concentrations, 0.5 and
when evaluating a technique employing direct plasma anal-5uM. The procedure involved quadruplicate sampling
ysis and column-switching. Whereas the mass spectrometelat 0, 15, 30, and 60 min post-incubation. The resulting
is considered to be relatively free of carryover effects, the acetonitrile-quenched samples were analyzed, and the
same cannot be expected for the Cohesive 2300 HTLC or thepercent of testosterone remaining (normalized against the
autosampler. Consequently, the two configurations of the Co-0 min concentration) was monitored as a function of time.
hesive 2300 HTLC system described above were subjectedBecause the procedure involved automated liquid transfers
to a carryover evaluation. For this test, water-diluted plasma and incubation, the precision of the results obtained reflects
(2:1 ratio, v/v) was used as the sample matrix although we not only the analytical merits, but also the reproducibility
have subsequently observed no difference in the degree ofof the liquid handling workstation used for this purpose.
carryover between water-diluted plasma and plasma-free or-Further, as part of on-going quality control, the percent of
ganic solutions. The carryover effect of injecting a high con- testosterone remaining at 60 min was tabulated for each
centration (Jng/mL) followed by a blank sample preparedin batch of incubation. From the precision results as measured
the same matrix was tested. Because we have observed thdiy the relative standard deviation (R.S.D.) obtained for two
carryover was compound-dependent, we used the “stickiest”incubation concentrations at the selected sampling times and
compound, nimodipine, that we had encountered. Results ob-across multiple analytical batches/days, two observations
tained from the serial configuration showed a lower carryover could be madeTable 3. First, excellent precision (R.S.D.
(0.045%, based on peak area of carryover peak to the peakk 9%) was obtained by simply using relative peak area
area of high concentration) relative to the parallel configura- comparisons, obviating the need for internal standard
tion (0.24%). We attributed this to the extra washes that were addition (Table 3A). Second, the interbatch testosterone
possible in the serial configuration. incubation datafable 3B) showed that after 24 (5M) and
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Table 3 N _ _ of selectivity, linearity, accuracy, precision, and recovery are

Percent remaining of testosterone (0.5 andv§ showing (A) intrabatch evaluated for a method involving the measurement of two

precision as measured by relative standard deviation after 0, 15, 30, and . . g . .

60 min, and (B) interbatch precision tabulated for the 60 min value dlhydmpynd_mes (nlmodlplne and MEM j_'003’ a Memory
Pharmaceuticals development candidate) in mouse plasma. A

Time (min) Mean peak area Remaining (%) R-S-D- method based on the serial TFC-LC-MS—MS configuration
@) , was utilized in the analysis of plasma samples because this
"(')C“bat'on Concemzr%t';;fg'\;) 100 - configuration minimized carryover effects. Although simi-
15 177E+07 88 24 lar methods for rat and dog plasma were also developed,
30 1.52E +07 75 34 mouse plasma analysis highlights an advantage of using on-
60 1.35E+07 67 8.2 line HTLC extraction. The mouse yields the least total vol-
Incubation concentration (O}8V) ume of plasma per unit time among the three animal species;
0 2.41E+06 100 3.2 therefore, a limited sample volume is available for analysis.
15 2.14E+06 89 1.0 Only 50pL of mouse plasma was needed in this analysis
28 1;?2:82 ?g 2:2 because pre-concentration was carried out on-line, and no
Interbatch statistics Testosterone incubation concentration reconstitution in a separate volume of solvent was neces-

(60 min value) sary. Although the stability of both nimodipine and MEM
®) SuM - 0.5uM 1003 was evaluated in different plasma matrices and un-

Number of batches 24 M der varying conditions, for brevity, it will not be reported

Mean % remain (60min) 67 69 here.

S.D. 85 858

RS.D. 13 13 3.2.1. Selectivity

Analytes and internal standard (nitrendipine, a structural
41 (0.5nM) consecutive batches of incubations, the mean analog) were detected by tandem mass spectrometry using
percent remaining at 60 min was 67% (R.S.D.=13%) and selected reaction monitoring under negative ionization con-
69% (R.S.D.=13%), respectively. The results suggest thatditions. The full-scan negative ion mass spectrum and product
overall reproducibility in the metabolic stability protocol jon (of the M — H]~ ion) mass spectrum of nimodipine are
was acceptable for batch-to-batch comparison of compoundshown inFig. 3. Similar fragmentations were observed for
stability. If further refinementin reproducibility were needed, MEM 1003 and nitrendipine. The selected transitions for ni-
then one could envision using percent remaining values modipine, MEM 1003, and nitrendipine waréz417— 122,
normalized to testosterone values for cross-comparison. m/'z431— 136, and/z359— 122, respectively. To evaluate
The parallel TFC-LC-MS-MS configuration operating the selectivity of the overall method, six different sources of
under a simple gradient provided the throughput necessarycontrol or blank plasma samples were evaluated for interfer-
for rapid metabolic stability screening by facilitating the ence at the retention times of interest. The chromatogram of
analysis of almost 400 samples X®6-well microtiter  each blank plasma sample was scrutinized for potential peaks
plates) in a single, overnight batch. In addition, initial that could interfere with quantitation, but none were found
metabolite profiling of relatively unstable compounds for any of the compounds. In addition, the risk of “crosstalk”
could be undertaken the following day. Identification of or the ability of one SRM channel causing a false positive
metabolically labile sites on these compounds is an aid to peak in another was examined by injecting a 100 ng/mL so-
the medicinal chemist in further structural optimization. |ution of each compound separately. The absence of crosstalk
This approach is similar to one recently introduced by was verified by the absence of a quantifiable chromatographic
Lim et al. [25] in which possible metabolites are profiled peak in the SRM channels other than the compound that was
by data-dependent full-scan product ion experiments in jnjected.
conjunction with simultaneous monitoring of parent drug  The carryover observed for nimodipine in the serial
metabolic stability using an ion-trap mass spectrometer. The TFC-L.C-MS-MS configuration was 0.045%, as measured
authors showed that direct analysis by TFC coupled with by injection of a blank sample after the highest standard.
fast-gradient laminar-flow chromatography was sufficient | ess carryover (0.025%) was observed for MEM 1003. These
for the resolution of a drug and its regioisomeric metabolites. values correspond to approximately 45% and 25% of the
response of the lowest standard or lower limit of quantita-
3.2. Plasma-only analysis (serial TFC-LC-MS-MS) tion (LLOQ) for nimodipine and MEM 1003, respectively. A
common practice for bioanalytical laboratories is to have a
It is often believed that a technique for quantitative anal- pre-defined limit for carryover as a percentage (i.e., 20—30%)
ysis of plasma samples is not considered fully mature unlessof the response of the LLOQ from which to designate a
it has been validated according to the guidelines set forth method as carryover-free. However, declaration of analysis
in the bioanalytical method validation guidance for industry which meets the criterion above as carryover-free would be
[30] and applied extensively for analysis of study samples. risky even if freedom from carryover were defined as 20% the
Hence, an example is provided in which the various aspectsresponse of the LLOQ since the concentrations of toxicolog-
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Fig. 3. Mass spectrum of nimodipine (top) and product ion mass spectrum of corresponding [(iW&}117 Da) ion.

ical study samples may span a large range and a sample witta hominal range of 0.5-500 ng/mL to allow sufficient dy-
more than twice the concentration of the highest standard namic range for determination of the high concentrations an-
would contribute significantly to the next sample at or close ticipated from dose-range finding toxicological studies. Cal-
to the LLOQ. Therefore, we believed it was more prudent ibration curves were calculated from the peak area ratio of
to quantify the percentage of carryover, and use this value analyte/internal standard, using least squares linear regres-
to determine if a high concentration (i.e., above the highest sion of the area ratio versus the theoretical concentration of
calibration standard) determined for one sample will affect the standards and were found to be linear with correlation

quantitation of the subsequent sample. coefficient values better than 0.997.
3.2.2. Linearity 3.2.3. Accuracy and precision
Control (blank) plasma was spiked with aqueous so- Intrabatch (also known as within batch) and interbatch

lutions of analytes to produce calibration standards with accuracy and precision were assessed by analyzing six repli-
known concentrations of analytes in the nominal range of cates of each level of quality control (QC) samples in each
0.5-500 ng/mL. The SRM chromatograms of a blank, the of three separate batches. The QC levels are at the lower
lowest (0.48 ng/mL or 6 pg on-column) and highest standard limit of quantitation (LLOQ QC, 0.48 ng/mL), low (QCL,
(480 ng/mL or 6 ng on-column) for nimodipine and MEM  1.4ng/mL), middle (QCM, 14ng/mL), and high (QCH,
1003 are given ifrigs. 4 and Srespectively. It is important 398 ng/mL) concentrations of the corresponding calibration
to note that although the signal-to-noise ratio at the LLOQ curve. The overall accuracy and precision of the QC sam-
suggested that a lower LLOQ would be attainable, we choseples were evaluated for the different batches and the results
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Fig. 4. Selected reaction chromatogram (417/122) of (A) blank, (B) lowest, and (C) highest calibration standards of nimodipine in water-stihzted pla

are tabulated immables 4 and Jor nimodipine and MEM gest that the method is reliable for the measurement of ni-
1003, respectively. For nimodipine, the intrabatch accuracy modipine and MEM 1003 in mouse plasma. Further evi-
and precision values calculated on each of the three sepadence of method robustness is presented in study sample
rate batch runs for QC samples easily met the validation ac-analysis.

ceptance criteria of 108 15% (and+20% for the LLOQ

QC) for accuracy and <15% (and <20% for the LLOQ QC) 3.2.4. Recovery

R.S.D. Mean interbatch (from three separate batches) accu- To determine the extraction efficiencies or recoveries for
racy values ranged from 95.2% to 102%, while the R.S.D. the analytes and internal standard, the peak area ratios mea-
values ranged from 3.55% to 9.37%. For MEM 1003, sim- sured for plasma QC samples using TFC extraction were
ilar results were observed for intrabatch accuracy and pre-compared to the peak area ratios measured by direct injec-
cision values. Mean interbatch accuracy values ranged fromtion (bypassing TFC extraction) of aqueous QC samples.
97.6% to 106%, while the R.S.D. values ranged from 3.81% For the direct injection experiment, no valve-switching was
to 9.44%. The interbatch statistics were well within accept- needed. The elution pump was used to apply the gradient
able limits of accuracy and precision. These results sug-with a minor hold time adjustment added at the beginning
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Fig. 5. Selected reaction chromatogram (431/136) of (A) blank, (B) lowest, and (C) highest calibration standards of MEM 1003 in water-diluted plasma

to account for the absence of extraction. Peak area ratios of In addition to the determination of absolute recovery, the
analyte/internal standard were used in the recovery calcula-effect of the plasma matrix on the response for each ana-
tions so that the recovery of the internal standard could be lyte was evaluated for suppression or enhancement effects.
evaluated concurrently as this method quantifies the analytesMatrix effects were examined by comparing peak area ratios
using nitrendipine as the internal standard. For nimodipine, for plasma versus aqueous QC samples using TFC extraction.
the overall mean recovery calculated from the recoveries of Any significant deviation from 100% recovery would suggest
QCL, QCM, and QCH samples was 84.4% with an R.S.D. that the plasma matrix was contributing to the suppression
of 8.19% about the mean across the three QC concentra{<100%) or enhancement (>100%) of analyte response. For
tion levels. For MEM 1003, the overall mean recovery was nimodipine, the overall mean recovery calculated was 79.9%
89.5% withaR.S.D. of 6.14% about the mean across the threewith an R.S.D. of 2.35% about the mean across the three QC
QC concentration levels. In general, the results suggestedconcentration levels suggesting that the lower overall recov-
that consistent recoveries were obtained across the differentery obtained for the compound was most likely due to sup-
concentrations. pression effects from the matrix. For MEM 1003, the overall
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Table 4 Table 5
Intrabatch and interbatch statistics from three separate batches of the meaintrabatch and interbatch statistics from three separate batches of the mea-
surement of nimodipine in water-diluted mouse plasma surement of MEM 1003 in water-diluted mouse plasma

Calculated nimodipine concentration (ng/mL) Calculated MS11003 concentration (ng/mL)

LLOQ QC QCL1.44 QCM14.4 QCH 399 LLOQQC QCL1.43 QCM14.3 QCH 398

0.479 0.478
Batch 1 Batch 1
Replicate 1 196 145 137 370 Replicate 1 ®22 142 144 388
Replicate 2 ™65 160 140 404 Replicate 2 ™85 164 143 433
Replicate 3 74 128 137 403 Replicate 3 44 151 138 427
Replicate 4 ™59 146 142 368 Replicate 4 ®01 150 150 400
Replicate 5 B46 146 132 406 Replicate 5 ®15 153 139 424
Replicate 6 ®03 147 142 396 Replicate 6 87 142 144 422
Mean 0491 145 138 391 Mean 0492 150 143 416
S.D. Q0322 0102 Q383 175 S.D. Q0279 00816 0429 176
R.S.D. (%) 656 7.01 277 448 R.S.D. (%) 566 543 300 423
Mean accuracy 102 101 96 980 Mean accuracy 103 105 100 104
Batch 2 Batch 2
Replicate 1 ®06 152 134 362 Replicate 1 ™43 152 134 383
Replicate 2 ®19 127 133 381 Replicate 2 ™53 136 138 392
Replicate 3 B33 133 135 374 Replicate 3 ®B77 147 134 391
Replicate 4 ®14 139 133 378 Replicate 4 90 139 138 378
Replicate 5 m71 140 136 375 Replicate 5 0163 151 138 386
Replicate 6 ®56 155 140 379 Replicate 6 ®50 142 143 396
Mean 0517 141 135 375 Mean 0463 145 138 388
S.D. 00284 0108 0264 679 S.D. Q00569 00653 0333 659
R.S.D. (%) 549 7.65 195 181 R.S.D. (%) 123 4.52 242 170
Mean accuracy 108 9 939 939 Mean accuracy Q8 101 962 974
Batch 3
Batch 3 -
Replicate 1 057 140 134 390 Replicate 1 (590 156 135 408

. Replicate 2 ®24 138 142 379
Replicate 2 ®79 131 132 353 .

. Replicate 3 0189 183 139 335
Replicate 3 ™39 176 137 354 .

. Replicate 4 ®17 174 126 411
Replicate 4 0148 149 131 419 .

. Replicate 5 0194 150 142 394
Replicate 5 %42 161 144 418 Replicate 6 ®03 155 144 414
Replicate 6 ®08 148 149 401 P

Mean 0462 151 138 389 Mean 0520 159 138 390
S.D. Q0370 0164 0666 300
S.D. Q0596 0159 Q719 297
R.S.D. (%) 712 103 4.83 7.69
RSD (%) 129 105 522 163 Mean accurac 109 111 ¢i5) 980
Mean accuracy 96 105 957 975 Y
e Interbatch statistics
Interbatch statistics Number of values 18 18 18 18
Number of values 18 18 18 18
Mean 0492 151 140 398
Mean 0490 146 137 385
S.D. Q0464 0123 0532 232
S.D. Q0459 0125 Q486 205
R.S.D. (%) A4 811 381 583
R.S.D. (%) 937 857 355 532 Mean accurac 103 106 <4 100
Mean accuracy 102 101 95 965 Y

mean recovery was 94.9% with an R.S.D. of 5.46% about thethe course of Samp|e ana|ysiS, which translated to approx-

mean across the three QC concentration levels indicating thatimately 500 water-diluted plasma study samples (excluding
there was negligible matrix effect on the quantitation of the cajipration standards and QC samples) analyzed on a per TFC
column basis. The percent accuracy of 242 QC sets or 726
individual QC samples accumulated from the different stud-
ies supported were tabulated and graphically represented in

compound.

3.2.5. Study sample analysis

Similar methods were developed for the determination of Fig. 6 in which a QC set represents three QC concentration
nimodipine and MEM 1003 in rat and dog p|asma_ These levels (lOW, middle, and hlgh concentrations). The results in-
methods were successfully applied in the analysis of over dicated that the method based on TFC was sufficiently ro-
2500 samples from separate mouse, rat, and dog precnnbust to support the quantitative analysis of diluted plasma
ical studies. Overall, five TFC columns were used during samples.
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145% T termined using non-precipitated plasma versus precipitated
. QC Mid plasma subjected to the same analytical procedure following
1309 | QC High © precipitation. Ay=mxline, where the slopean, is equal to
s 1, is also plotted on the same graph as a visual aid. There
< o ‘ B o was essentially no difference between values measured with
Z115% 1= ‘;@A - fA z AAAAA Mmﬂ 5 and without acetonitrile protein precipitation. This result sug-
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In general, during the lead optimization stage of drug dis-
Number of QC Sets

covery, a bioanalytical laboratory is challenged with the mea-
Fig. 6. Percent accuracy of QC samples tabulated from the execution of SPre”?e”t O_f_ a _myr_lad of compqundg ranglng from low to
methods developed for the measurement of nimodipine and MEM 1003 in Nigh lipophilicities in complex biological matrices. There-

rat, dog, and mouse plasma (in support of various preclinical studies). fore, judicious choice has to be made regarding the extent of
method development and optimization for a given compound.

3.2.6. Comparison with protein-precipitated plasma A generic liquid chromatrographic gradient method that en-

concentrations compasses most or all analytes is preferred and tandem mass

It has been Suggested that p|asma concentrations deterspectrometric detection in the SRM mode is relied upon for
mined using TFC represents free drug (not bound to plasmaselectivity.
proteins) concentratiorj40]. This situation may hold true if In our laboratory, measurement of analyte concentrations
physiological conditions, such as pH and ionic strength, were in plasma and brain were of paramountimportance to support
maintained throughout the course of analysis. However, thein Vivo pharmacology experiments. While it is possible to
conditions employed during sample loading include expos- optimize a method for each analyte to be measured in plasma
ing samples to 0.1% formic acid at a flow rate of 5mL/min and/or brain homogenate samples using calibration standards
for 30's, which we believe would disrupt most non-covalent Prepared inthe corresponding matrix, itis often not pragmatic
protein—drug interactions. Nevertheless, an experiment wasto do so. One reason is because the number of samples does
conducted to determine if there was any difference in con- not jUStify extensive Optimization. Instead, it is essential to
centrations measured by injection of water-diluted plasma have a reliable method in terms of accuracy and precision
(no precipitation) relative to concentrations measured after in the analysis. In addition, although it is prudent to utilize
acetonitrile precipitation of plasma proteirféig. 7 shows the same matrix for preparation of calibration standards, our

a plot of MEM 1003 concentrations for study samples de- goal was to minimize the number of animals that needed to be
sacrificed to obtain sufficient blank brain tissue. Therefore,

we wanted to apply the same sample preparation and analysis
procedure for both plasma and brain homogenate to allow
for quantitation of samples from both matrices in a single
analytical batch.

100 4 Heinig and Buchel{19] recently reported that by care-

ful method optimization and judicious selection of internal
standard, human plasma can be used as calibration standards
for quantitation of several drugs in rat plasma and various
rat tissue samples. In our laboratory, since most of the ini-
tial pharmacological studies were tested in rodent models,
rat plasma was readily available and was used to prepare

10007

Concentration with precipitation (ng/mL)
>

. calibration standards for quantitation of plasma and brain
. samples. For analyses involving plasma/brain samples, a sin-
gle unified methodology was applied; that is, plasma and
0.1 y 1- p 0 000 brain tissue homogenates were precipitated with acetonitrile

as sample pretreatment prior to analysis. As described in the
experimental section, brain tissue had to be homogenized
Fig. 7. Plot of sample concentrations measured by acetonitrile-precipitated by th_e addition of three-fold amount of water t_o achleye a

plasma versus water-diluted plasma (line is shownyfermx where the consistency comparable to plasma and to provide a suitable
slope,m, is equal to 1 is plotted for visual aid). suspension of homogenized tissue for subsequent solubiliza-

Concentration without precipitation (ng/mL)
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tion with acetonitrile. Although a two-fold amount of water not every compound was amenable to this combined ap-
would be preferable in order not to dilute the original sample proach for plasma/tissue analysis, the overall data suggested
concentration in the crude brain tissue, it has been our expe-that TFC-LC-MS-MS was a flexible analytical platform
rience that the viscosity of the resulting homogenate made it capable of supporting quantitative bioanalysis of biological
difficult to aliquot. matrices.

Samples were analyzed by serial or parallel TFC-LC-
MS-MS depending on the extent of carryover, which was
compound-dependent. To assess the accuracy and precisiod. Conclusion
of each analysis, quality control samples prepared both
in plasma and brain homogenate were included in each Our goal was to develop an integrated approach to quanti-
analytical batch containing plasma calibration standards. tative bioanalytical support with minimal sample preparation
Basically, this allowed direct comparison of plasma and prior to analysis. Through the use of automated liquid han-
brain homogenate QC samples calibrated against plasmadling workstations, most tedious sample transfer steps can be
standards. Each batch typically comprised low (approxi- minimized. The Tecan Genesis robotic workstation is capa-
mately three to five times the lowest standard) and high ble of generating four 96-well microtiter plates in 2 h from in
(approximately 75-90% of the highest standard) QC samplesvitro liver microsomal incubation assays and alleviating most
prepared in brain homogenate, whereas an additional middlerepetitive manual sample preparation steps. For analysis, TFC
QC level (approximately midway in the calibration range) using the Cohesive 2300 HTLC coupled to the AB-Sciex API
was included for QC samples prepared in plasma. The reasor8000 triple quadrupole mass spectrometer was the enabling
for this difference was primarily due to the availability of technology in achieving this goal. In the parallel HTLC col-
plasma relative to brain tissue. umn mode, the system was capable of analyzing the almost

Data was tabulated for 60 compounds from batches 400 samplesinasingle overnight batch or approximately 14 h
in which both plasma and brain samples were analyzed.with minimal ion source contamination.
The results are presented in graphical formatFig. 8§, Beginning with a generic template for plasma and/or tissue
which plots the number of compounds analyzed and the analysis, simplified plasma and brain tissue analytical meth-
corresponding mean accuracy (in percentage relative toods (as separate or combined methods) were developed for
theoretical concentration) of brain QC samples. The meanover 99% of the compounds that we have encountered dur-
accuracy reported iRig. 8 represents the average of all QC ing lead optimization in drug discovery in the past 3 years.
samples and was normalized to the mean percent accuracyBy providing continued bioanalytical support through drug
from the plasma QC samples of the same batch. The graphdevelopment, knowledge on the analytical nuances that tend
showed that approximately one-third of the compounds to differ from compound-to-compound was preserved. This
did not fall within an arbitrarily set acceptance criterion strategy, in turn, facilitated more rapid method development
of 75-125% mean accuracy (for discovery support). For and validation as a compound progressed into becoming a
these compounds, the brain samples were re-analyzed usingiable lead candidate for preclinical safety studies.
calibration standards prepared in brain homogenate. In gen- In addition to the activities discussed above, the system
eral, data obtained from the original analysis (using plasma has also been used to support analysis of samples generated
standards) compared favorably with data from the re-analysisfrom protein binding experimen{81], permeability (Caco-
(using brain standards) after adjusting for the difference 2)screening, and aqueous solubility measurements. Inthe lat-
using the percent accuracy normalized to plasma QCs. Whileter assay, the TFC-LC-MS-MS system, also equipped with

a parallel UV/vis diode-array detector, is operated in a third
configuration. The configuration was a straightforward (no

175 turbulent flow) liquid chromatography with ultraviolet and
mass spectrometric detection system requiring only a single
binary pump for generating a gradient for separation. Switch-
ing between the different configurations to accommodate the
varying functions require only minutes with the high flow
rates facilitating rapid re-equilibration. These functions serve
to further support the truly multi-tasking options accessible
with this single instrumental platform.
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