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a b s t r a c t

Turbulent Flow Chromatography (TFC) is a powerful approach for on-line extraction in bioanalytical
studies. It improves sensitivity and reduces sample preparation time, two factors that are of primary
importance in drug discovery.

In this paper the application of the ARIA system to the analytical support of in vivo pharmacokinetics
(PK) and in vitro drug metabolism studies is described, with an emphasis in high throughput optimization.

For PK studies, a comparison between acetonitrile plasma protein precipitation (APPP) and TFC was
carried out. Our optimized TFC methodology gave better S/N ratios and lower limit of quantification (LOQ)
than conventional procedures.

A robust and high throughput analytical method to support hepatocyte metabolic stability screening
of new chemical entities was developed by hyphenation of TFC with mass spectrometry.

An in-loop dilution injection procedure was implemented to overcome one of the main issues when
using TFC, that is the early elution of hydrophilic compounds that renders low recoveries. A comparison

between off-line solid phase extraction (SPE) and TFC was also carried out, and recovery, sensitivity (LOQ),
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. Introduction

The marriage between high throughput and sensitivity repre-
ents one of the main goals of bioanalytical activities in support of
rug discovery in the pharmaceutical industry.

In early drug discovery, the number of PK studies of different
rojects is high and a large number of samples to be analyzed
re rapidly generated. Therefore it is very important to reduce the
ntire bioanalytical procedure in terms of sample preparation and
ample analysis, TFC is without a doubt useful tool to achieve the
forementioned goal as described in the literature [1–9].

TFC was introduced in 1997 (Quinn and Takarewski [10]) as a
echnique for the direct injection of biological fluids onto a col-
mn packed with 50 �m spherical porous particles. The separation

r extraction of analytes from biological matrices is performed
n the turbulent flow regime where plasma proteins are eluted
o waste while the drugs of interest are retained [11,12]. Turbu-
ence is defined as an eddy-like state of fluid motion where the

∗ Corresponding author. Tel.: +39 6 91093606; fax: +39 6 91093225.
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ere evaluated. The use of two parallel columns in the configuration of the
ease of the throughput.

© 2009 Elsevier B.V. All rights reserved.

inertial vortex forces of the eddies are larger than the viscous
forces, which tend to dampen the eddies out. Comparison between
the two major forces, inertial and viscous, produces a dimen-
sionless constant referred to as the Reynold’s number (Re). The
Reynold’s number establishes the line between laminar and turbu-
lent regimes. In a packed bed the Re number is well expressed by the
following equation: �dp/� = inertial forces/viscous forces, where �
is the linear velocity, dp (particle diameter) and � the viscosity.
When the operative conditions give a Re <1 the regime is lami-
nar, while with Re encompassed between 1 and 10, the regime is
turbulent.

Turbulent flow conditions can be achieved in 0.5 mm or 1.0 mm
internal diameter (ID) columns packed with particles greater than
50 �m at a flow rate of 1.25 mL/min or 4 mL/min, respectively. The
use of larger diameter particles eliminates the problem of back-
pressure, so that high linear flow rates can be reached.

This paper describes the advantages of Turbulent Flow Chro-

matography in bioanalytical studies. In particular we will focus our
attention on PK studies and hepatocyte stability assays. The elim-
ination of sample preparation steps such as solid phase extraction
(SPE) or acetonitrile precipitation (APPP) provides new levels of
productivity [13–16].

http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
mailto:fabio_bonelli@alice.it
dx.doi.org/10.1016/j.jpba.2009.10.005
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Table 1
On-line HTLC method.

Loading pump Eluting pump

Time (s) Flow (mL/min) Grad %A %B %C %D FD Tee Loop Flow (mL/min) Grad %B

Loading 2 1.25 Step 100 0 0 0 →

T

Out 1.5 Step 0
Loading 15 1.25 Step 0 0 100 0 → Out 1.5 Step 0
Loading 30 1.25 Step 100 0 0 0 → Out 1.5 Step 0
Transfer 30 0.2 Step 100 0 0 0 ← In 1.3 Step 0
Eluting 30 1.25 Step 0 0 0 100 ← In 1.5 Ramp 25
Eluting 30 1.25 Step 0 0 0 100 → Out 1.5 Ramp 50
Eluting 30 1.25 Step 0 100 0 0 ← In 1.5 Ramp 75
Eluting 30 1.25 Step 0 100 0 0 → Out 1.5 Ramp 100
Eluting 60 1.25 Step 40 60 0 0 ← In 1.5 Step 100
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obile phase A: 0.1% formic acid (FA) aqueous solution; mobile phase B: 0.1% (FA
hase D: 90% IPA solution (IPA:ACN 90:10, v/v); TFC Column: cyclone 50 mm×0.5 m

. Experimental

.1. Materials and reagents

NCEs (Compounds A, B, C, D) were synthesized at IRBM
. Angeletti, Merck Research Laboratories (Pomezia, Rome,
taly). 4-Methylumbelliferone (4-MU), umbelliferone (U), 4-

ethylumbelliferone-�-d-glucuronide (Gluc-4MU) and 6-�OH-
estosterone were purchased from Sigma–Aldrich (St. Louis,

O, USA). HPLC-grade water was purchased from Mallinckrodt
aker B.V. (Deventer, The Netherlands). Acetonitrile (HPLC-
rade), methanol (HPLC-grade), isopropanol (HPLC-grade), acetone
HPLC-grade) and acetic acid (glacial) 100% pro-analysis were
btained from Merck KGaA Darmstadt, Germany. Dimethyl sul-
oxide (DMSO) was from Sigma Chemical Co. (St. Louis, MO,
SA). Formic acid (98%) from Fluka Chemie GmbH (Buchs, Ger-
any) was used for mobile phase preparation. Drug-free rat

lasma with heparin lithium was obtained from Charles River
aboratories, Inc. (Les Oncins, France). 96-Well extraction plate
acked with Oasis HLB sorbent was obtained from Waters (Milford,
A, USA).

.2. Instrumentation

A Cohesive 2300 HTLC turboflow system, which included a qua-
ernary pump (used as a loading pump) and a binary pump (used
s a eluting pump) (Cohesive Technologies, Inc., Franklin, MA;
SA), was used for on-line extraction. A CTC HTS PAL autosampler

rom LEAP Technologies (Carrboro, NC, USA) was used for sample
njection refrigerated at 7 ◦C during analysis. An API 3000 triple
uadrupole from AB/MSD Sciex (Toronto, Canada) equipped with a

urboIonSpray interface was used as the detector. A Packard (Meri-
en, CT, USA) MultiPROBE1 II Plus HT liquid-handling system was
sed for all pipetting steps.

A 96-needle Apricot Personal Pipettor (Model PP-550MS-XH
pricot Designs, Inc., Monrovia, CA) was used for SPE.

Fig. 1. Switching valves positions dur
0 → Out 1.5 Step 0

onitrile (ACN) solution; mobile phase C: 15% acetic acid aqueous solution; mobile
, 60�m; analytical column: ACE C18 50 mm×4.6 mm ID, 5 �m; FD: flow direction.

A Turboflow Cyclone (50 mm×0.5 mm, 60 �m) column (Cohe-
sive Technologies, Inc., Franklin, MA, USA) was used as extraction
column and an ACE C18 (50 mm×4.6 mm, 5 �m) column (Advanced
Chromatography Technologies, Aberdeen, Scotland, UK) was used
as analytical column.

2.2.1. LC–MS/MS conditions
Chromatography was performed on an ACE C18 (50 mm×

4.6 mm, 5 �m) column (Advanced Chromatography Technologies,
Aberdeen, Scotland, UK) at room temperature with an injection vol-
ume of 10 �L. The mobile phase, consisting of solvent A (0.1% formic
acid in water) and solvent B (0.1% formic acid in acetonitrile), was
delivered at a flow rate of 1500 �L/min. The LC gradient started
from 100/0% (A/B) and changed to 0/100% (A/B) in 2.0 min remain-
ing constant to this ratio for 1 min. Then B% decreased to 100/0%
(A/B), remaining constant to this ratio until 2.0 min that was the
re-equilibration time.

2.2.2. On-line HTLC operative experimental conditions
The procedure we have applied to the direct injection analy-

sis of crude plasma and/or hepatocytes samples basically can be
described as four general steps: (1) loading, (2) transfer, (3) elution
and (4) equilibration [3,13].

The high throughput liquid chromatography (HTLC) parameters
are listed in the Table 1.

In the loading step (Fig. 1a) the plasma or hepatocyte sam-
ples are directly injected onto a narrow bore large particle size
extraction column (50 mm×0.5 mm, 60 �m) under turbulent flow
conditions. During this step, the matrix components are quickly
washed out and the analytes retained using an aqueous mobile
phase at 1.25 mL/min flow rate; after sample loading 15% acetic

acid mobile phase was introduced to remove proteins from the
extraction column [3] and finally 0.1% FA aqueous mobile phase
to eliminate the acetic acid and recreate the initial conditions.

The second step is to transfer the analytes onto a second column.
In the transfer step (Fig. 1b), the analytes are eluted from the extrac-

ing loading and transfer steps.
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Table 2
TFC eliminates plasma sample preparation.

Protein precipitation TURBOFLOW

Add internal standard to
plasma samples

Add internal standard to
plasma samples

Add acetonitrile Centrifuge
36 M. Verdirame et al. / Journal of Pharmaceut

ion column and transferred onto the reversed-phase analytical
olumn using a 60% organic mobile phase contained in the elution
oop (Fig. 1b). The flow rate for the loading pump was 0.2 mL/min
nd lasted for 30 s. An aqueous mobile phase is teed into the high
rganic mobile phase just before the analytical column, allowing
he analyte to focus on the head of the analytical column. In the
lution step, the analytes are separated on the analytical column
nd eluted to the mass spectrometer for determination [3]; dur-
ng the analytical column elution step, the TFC column is washed
nd the elution loop is filled with the 60% of organic phase for the
ext injection. In order to efficiently wash the extraction column,
e have divided the analytical gradient time in four time segments

llowing in this way to clean the extraction column with two differ-
nt mobile phases, B and D, in both flow and counter flow direction
ithout increasing the total run time.

Finally in the equilibration step, both TFC and analytical systems
re equilibrated for the next run.

The isopropanol and the acetic acid were added to extend the
FC column lifetime [3]. A 15% acetic acid and 90% IPA were respec-
ively used as mobile phases C and D to increase the protein
olubility and to prevent the accumulation of lipids. These eluents
long with the autosampler washing solvent composition (Wash
: acetonitrile/isopropanol/acetone, 40/30/30 (v/v/v); Wash B: 1%
cetic acid) were sufficient to obtain a carryover <0.1%. This was
etermined by comparing the peak area of the analyte in the blank
fter the analysis of the highest standard in plasma (5000 ng/mL).

.2.3. Mass spectrometry conditions
The mass spectrometer was operated in electrospray positive or

lectrospray negative ion modes. Nitrogen delivered from a high-
ressure dewar served as the nebulizer, auxiliary, source exhaust,
urtain and collision gas. The capillary voltage was set at 5500 V
n positive ion mode or −4500 V in negative ion mode, while
one voltage and collision settings were compound-dependent.
he instrument was operated under unit resolution. Peak detection
ode was selected reaction monitoring (SRM) with dwell time of

0 ms.
Analyte concentrations were determined by weighted linear

east-squares regression analysis, using Analyst Quantitation Wiz-
rd software version 1.4.1.

.3. Plasma sample preparation

.3.1. APPP procedure
The standard solutions and quality control samples were pre-

ared by serial dilution in plasma.
A stock solution of analyte was prepared in DMSO at a concen-

ration of 1.0 mg mL−1.
The stock solution was further spiked into rat plasma to make

C and QC working solutions at 50 �g/mL in plasma. A Packard
iquid-handling system was programmed for the preparation (with
ecessary dilutions) of calibration standards in control plasma, QC
amples, and clinical samples, in a 96-well extraction plate. Using a
iquid-transfer performance file and procedure for each step, 50 �L
liquots of the working solutions, standard and QC, respectively,
ere transferred into the assigned wells and diluted with blank
lasma to obtain calibration standards and QC solutions over the
.305–5000 and 2–5000 ng/mL concentration ranges, respectively.
n aliquot of 50 �L of each calibration standard and QC solution as

ell as clinical samples, was transferred into a new 96-well plate

nd added of 20 �L working internal standard and of 200 �L ace-
onitrile. The samples were then centrifuged for 20 min at 3000 rpm
nd the supernatant was dried under N2 current. The samples were
econstituted in 150 �L H2O/ACN 10/90 and finally injected onto
he LC–MS/MS system.
Centrifuge Inject to column
Evaporate to dryness
Reconstitute
Injection to column

2.3.2. TFC plasma sample preparation
The standard solutions and quality control samples were pre-

pared by serial dilution in plasma.
A stock solution of analyte was prepared in DMSO at a concen-

tration of 1.0 mg mL−1.
The stock solution was further spiked into rat plasma to make

CC and QC working solutions at 50 �g/mL in plasma. A Packard
Liquid-handling system was programmed for the preparation (with
necessary dilutions) of calibration standards in control plasma, QC
samples, and clinical samples, in a 96-well extraction plate. Using a
liquid-transfer performance file and procedure for each step, 50 �L
aliquots of the working solutions, standard and QC, respectively,
were transferred into the assigned wells and diluted with blank
plasma to obtain calibration standards and QC solutions over the
0.305–5000 and 2–5000 ng/mL concentration ranges, respectively.
An aliquot of 50 �L of each calibration standard and QC solution
as well as clinical samples, was transferred into a new 96-well
plate and added of 20 �L water containing an internal standard
at 1 �g/mL and of 20 �L 20% acetic acid. The samples were then
diluted with 60 �L of water and centrifuged at 3000 rpm for 10 min.
20 �L was injected into the LC–MS/MS for analysis.

A comparison between two different procedures is summarized
in the Table 2.

2.4. Hepatocytes samples preparation

Hepatocytes (rat or human) were incubated in Hepatocyte
Basal medium (Clonetics, CC3199) with the test compound for an
appropriate time period. At different time points, aliquots of the
cell suspension were removed, transferred in 96 deep well plates,
deproteinized by the addition of a equal volume of acetonitrile and
centrifuged at 1450× g for 10 min. The supernatant was subse-
quently dried, reconstituted in H2O 0.1% F.a. and cleaned-up by SPE
before LC–MS/MS analysis or injected directly onto TFC-LC–MS/MS
system.

2.4.1. SPE
SPE was performed using Apricot Personal Pipettor PP-550MS-

XH.
A 96-well extraction plate packed with 30 mg of Oasis HLB resin

was used for SPE.
SPE procedure for hepatocyte study sample clean-up prior to MS

analysis is specified in the following scheme:

SPE procedure for sample clean-up prior to MS analysis

Equilibration 1 mL MeOH 1 mL H2O
Sample load 200 �L in H2O 0.1% F.a.
Wash 5 mL H2O 0.1% F.a. (1 mL for 5 times)
Elution 1 mL ACN 0.1% F.a.

The eluate was dried and reconstituted in 150 �L H2O/ACN

90/10 (v/v) for LC–MS/MS analysis.

2.4.2. TFC
The sample preparation scheme has been highly simplified

using the novel developed TFC method, in fact, after quenching
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Table 3
Intra-day and inter-day precision and accuracy of compound B in rat plasma in the TFC-LC–MS/MS technique (n = 6 per day, 3 days).

Standard concentration (ng/mL) Mean SD Precision (%RSD) Accuracy (%RE)

Intra-day Inter-day Intra-day Inter-day Intra-day Inter-day Intra-day Inter-day

2 2.052 2.274 0.318 0.185 15.50 8.14 2.6 13.7
5 5.052 5.232 0.280 0.627 5.54 11.98 1.0 4.6

10 9.026 8.936 0.846 1.348 9.37 15.09 −9.7 −10.6
100 88.343 92.478 3.615 11.542 4.09 12.48 −11.7 −7.5

1000 927.981 934.734 35.871 97.216 3.87 10.40 −7.2 −6.5
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he intra-day precision and accuracy were between 3.87–15.5% and −11.7–2.6% (
10.6–13.7% (RE), respectively. %RSD = (SD/mean)×100. %RE = [(mean-nominal)/no

he samples with acetonitrile we can inject them directly onto
FC-LC–MS/MS system following the disappearance of the parent
ompound. With this methodology the complex SPE multistep pro-
edure can be bypassed.

4-MU was used as a positive control to test the hepatocyte func-
ionality.

. Results and discussion

.1. PK studies

A direct plasma injection method using TFC on-line with mass
pectrometry was developed in alternative to the protein precip-
tation routinely used in our laboratory to support quantitative
ioanalysis, with the intent of reducing sample handling and

ncreasing the throughput [15]. The on-line TFC-LC–MS/MS assay
or the determination of several compounds in rat plasma was vali-
ated, and linearity, accuracy, precision, recovery and matrix effect
ere evaluated.

Precursor ions for each compound were determined from Q1
pectra obtained during infusion of a neat solution at 1 �g/mL in
CN/H2O 1/1 (v/v) 0.1% formic acid via the TurboIonSpray source

TIS) into the mass spectrometer operated in positive or negative
onization mode with the collision gas off. The ionspray voltage was
500 V in positive ion mode and−4500 V in negative ion mode. The
IS interface temperature was maintained at 450 ◦C. Nitrogen was
sed as nebulizer, curtain and collision gas.

Instrument settings were optimized for each analyte to max-
mize the response for precursor/product ion transitions for the

ultiple reaction monitoring (MRM).

.1.1. Linearity
The assay showed an excellent linearity over a 0.305–

000 ng/mL range. The limit of quantification for the various com-
ounds was 1.22 ng/mL with the correlation coefficient of 0.99 for
he calibration curves in rat plasma. The curves were fit by the linear
egression method using a 1/x2 weighting.

.1.2. Precision and accuracy
The precision of the method was defined as the percentage

elative standard deviation (%RSD) calculated from replicate mea-
urements. The accuracy of the assay was defined as the percent
elative error (%RE) of the mean of the replicate measurements from
heoretical values. Precision and accuracy studies using 10 repre-
entative compounds were conducted by analyzing quality controls
QCs) prepared in biological matrix at six levels (2, 5, 10, 100, 1000,
000 ng/mL) with six replicates on 3 separate days. Our target was

o have at least 67% (4 out of 6) of QC samples within 20% of their
espective nominal value.

To ensure that no error occurred in the preparation of stock
olutions, quality control samples were made from a stock solution
eparate from that used to prepare standards.
476.262 4.30 9.94 −2.4 −4.2

spectively. The inter-day precision and accuracy were between 8.14–15.09% and
l]×100.

Table 3 summarizes the intra-day and inter-day precision and
accuracy for one representative compound for the TFC-LC–MS/MS
procedure. All intra- and inter-day precision and accuracy values
were acceptable and spanned the entire concentration range, which
indicated the method was very reproducible and robust to support
the quantitative analysis of diluted plasma samples. These results
were representative of the other compounds (%RSD and %RE were
≤20%) [17].

3.1.3. Recovery % and matrix interference
The specificity of this TFC-LC–MS/MS assay was evaluated by

testing six batches, each of them corresponding to a pool of 10
blank rat control plasma. No endogenous matrix interferences were
found at the retention times for the selected compounds.

To determine the extraction efficiencies or recoveries for the
analytes, the peak area ratios measured for spiked plasma samples
using TFC extraction were compared to the peak area measured
by direct injection (bypassing TFC extraction) of aqueous samples.
Total recovery of this method is a cumulative evaluation of both
the extraction efficiency and matrix effect [18]. Usually between
85 and 95% of recovery was obtained.

3.1.4. PK profiles by TFC-LC–MS/MS: comparison with the
conventional ACN PPT procedure

The new HTLC/MS/MS method previously validated (Sections
2.2.2 and 3.1) was compared to the protein precipitation (sample-
to-solvent ratio of 1:4) sample preparation method routinely used
in our laboratory [15]. This comparison was carried out for several
compounds that were dosed at 3 mpk both intravenously (IV) and
orally (PO). The plasma samples were collected at 0.0333, 0.0833,
0.25, 0.5, 1, 2, 3, 4, 5, 6, and 24 h post-IV dose and at 0.0833, 0.25,
0.5, 1, 2, 3, 4, 5, 6, and 24 h post-PO dose. There were three animals
in the IV and PO groups, respectively. A total of 69 plasma sam-
ples (33 IV and 30 PO plus 6 pre-doses) were analyzed under both
procedures.

In this paper we report two representative compounds: A and
B, analyzed after these two different procedures. Fig. 2a and b
shows representative plasma concentration–time profiles after IV
and PO dosing in animals using the APPP and the TFC methods.
In both IV and PO dosages, the same PK profiles were observed,
regardless of the sample preparation procedure. PK parameters
derived from the plasma concentrations for these two different
methodologies were found to be comparable for each compound,
while greater sensitivity was obtained by the on-line extraction
approach.

It is important to note that the capacity of TFC in focusing the
analyte on the column head allowed us to increment sensitivity.

As shown in Fig. 3, at 4.88 ng/mL (LOQ) in rat plasma, the signal-

to-noise (S/N) ratio achieved for compound B was 6, while it became
23.5 by using TFC methodology, with a fourfold improvement of
sensitivity (1.22 vs. 4.88 ng/mL). This allowed us to profile candi-
date B after PO dosing up until 6 h, conversely it was not possible
through APPP because all time points were BLQ (Fig. 2b and Table 4).
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Table 4
Comparison of pharmacokinetic parameters of compound A and compound B after IV and PO dosing.

Dose 3/mg/kg Compound A Compound B

PK Parameter Protein Precipitation TFC Protein precipitation TFC

IV 3 mg/kg AUC �M×h 10.0 10.0 1.8 1.7
Clearance (mL/min/kg) 13.0 12.5 58 55.7
Volume of distribution (L/kg) 4.0 3.5 18.0 18.3
T1/2 (h) 5.3 5.1 4.1 7.1

PO 3 mg/kg AUC �M×h 2.9 4.0 PK parameters not calculated because
all concentrations were BLQ

0.1

Cmax (�M) 0.4
Tmax (h) 3.0
F% 29

Fig. 2. (a) Direct comparison of mean concentration–time profiles of two com-
pounds (A and B) corresponding to intravenous dosing. Concentrations (n = 3 per
time point) were determined by protein precipitation LC–MS/MS approach and TFC-
LC–MS/MS procedure. (b) Direct comparison of mean concentration–time profiles
of two compounds (A and B) corresponding to an oral dosing. Concentrations (n = 3
per time point) were determined by protein precipitation LC–MS/MS approach and
TFC-LC–MS/MS procedure.

Fig. 3. Compound B: S/N ratios obtained by protein precipitation LC–MS/MS tech-
nique and TFC-LC–MS/MS technique.
0.4 0.01
3.2 2.3

40.3 7.8

For compound A better sensitivity was also achieved after TFC
procedure. An LOQ of 0.305 ng/mL was obtained after TFC proce-
dure and a LOQ of 2.44 ng/mL after ACN ppt.

3.1.5. Throughput
In order to satisfy demand in terms of throughput, the TFC

Aria TX2 System was set up using two parallel columns (two TFC
columns for on-line extraction at turbulent flow and two analytical
columns). In this configuration each system operates indepen-
dently, permitting multiple methods to run simultaneously and
hence halving the analysis time. This is accomplished through the
combination of the software controlling the Cohesive TX2 system
and the associated valve-switching module.

The pool after dosing, coupled to this parallel configuration,
allowed us to increase the throughput fourfold that of the single
analysis procedure providing an efficient use of the mass spectrom-
eter.

Four selected compounds were sorted for multiple-component
LC–MS/MS analysis according to the molecular weight of the par-
ent compound and to the molecular weight of some potential
metabolites in order to avoid interferences or cross-talk between
the analytes. Two compounds were assigned to two different pools
based on the criterion that the mass difference between any par-
ent compounds and potential metabolites should be 3 Da or larger
(for compounds containing chlorine or bromine, it should be 5 Da
or larger).

After having developed a specific and accurate LC–MS/MS
method for analysis in pool, the four selected compounds were
initially analyzed singly and the pharmacokinetic parameters
obtained were then compared to those obtained in the pool after
dosing analysis. After sample preparation according to Table 2, the
compounds were run onto the ARIA System: one batch of samples
on system 1 and another on system 2, each of which equipped with
a TFC column Cyclone 0.5 mm×50 mm, 60 �m and an analytical
column ACE C18 50 mm×4.6 mm ID, 5 �m.

Fig. 4 shows representative plasma concentration–time profiles
of compounds C and D after IV dosing in animals determined by
TFC-LC–MS/MS technique in single and in pool after dosing. Table 5
shows that the PK parameters of compounds C and D after both IV
and PO dosing are comparable by single and pool procedures.

This approach increased fourfold the throughput compared to
single analysis procedure (14 h vs.56 h).

Another important aspect is that the TFC allows to focus the
analyte on the column head, leading to an increment of sensitivity
and improving the peak shape, which is particularly useful when
plasma samples are analyzed in pool after dosing. In fact a dis-

advantage of this procedure is that the plasma concentration of
each compound is diluted when the samples are combined before
simultaneous compound analysis by LC–MS/MS.

In this case the LOQ obtained (1.22 ng/mL in single and
2.44 ng/mL in pool for compound C and 2.44 ng/mL in single and
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Table 5
Comparison of pharmacokinetic parameters of compound C and compound D after IV and PO dosing.

Dose 3 mg/kg Compound C Compound D

PK parameter TFC single TFC pool TFC single TFC pool

IV 3 mg/kg AUC �M×h 5.7 8.3 1.8 1.9
Clearance (mL/min/kg) 19 13.0 59 56
Volume of Distribution (L/kg) 7.9 4.6 7.1 7.3
T1/2 (hr) 6.9 6.7 2.1 2.0

PO 3 mg/kg AUC �M×h 0.
Cmax (�M) 0.
Tmax (h) 1.
F% 14

F
(
d

4
o

3

3

i

m
f
s
[
d
s
p
t

q
t
W
w
c

3

i

ig. 4. Direct comparison of mean concentration–time profiles of two compounds
C and D) from an intravenous dosing. Concentrations (n = 3 per time point) were
etermined by TFC-LC–MS/MS technique in single and in pool after dosing.

.88 ng/mL in pool for compound D) allowed the analytes to be
bserved until 24 and 6 h.

.2. Hepatocyte stability studies by TFC-LC–MS/MS

.2.1. Development and evaluation of the analytical procedure
Metabolic stability studies were conducted incubating freshly

solated or cryopreserved hepatocytes with test compound(s) and

onitoring the disappearance of the parent compound and the
ormation of major metabolites over time using fast, specific and
ensitive LC–MS/MS analysis. To reduce sample preparation time
14,16], we have developed an analytical method that permits the
irect injection of supernatant onto the TFC-LC–MS/MS [19,20]
ystem, adopting the in-loop dilution injection avoiding the SPE
rocedure that so far has been always performed in our laboratory
o obtain appropriate samples to be analyzed by LC–MS/MS.

Hepatocyte samples typically contain 50% acetonitrile after
uenching. Injecting sample rich of acetonitrile onto a 20 �L loop,
he hydrophilic compounds will be lost due to a very early elution.

e covered this issue injecting the sample onto a 500 �L loop filled
ith polar solvent where the acetonitrile percent results dramati-
ally reduced.

.2.2. On-line loop dilution
A dilute mixture of 4-methylumbelliferone (4-MU) and the

nternal standard umbelliferone (U), used to probe the glucuronida-
8 0.5 0.5 0.4
1 0.1 0.1 0.1
6 1.0 2.3 1.2

6 28 24

tion phase II hepatocytes activity, was prepared in acetonitrile
at a concentration of 5 �g/mL. Using an automated TX2 Sys-
tem, 50 injections of sample (10 �L) were subjected to turbulent
flow extraction at 1.25 mL/min by a 0.5 mm×50 mm Cyclone
column (Cohesive Technologies) followed by focusing into a
4.6 mm×50 mm ACE C18 5 �m column (Table 1).

An acetonitrile gradient separated and eluted the analytes
to a TurboIonSpray-API3000 system (AB/SCIEX), which permit-
ted multiple reaction monitoring (MRM) of each analyte: 4-MU
(174.8/119.1) and U (160.7/132.8) in negative ion mode.

We repeated the experiments after having modified the sys-
tem to induce on-line dilution by forcing the injected samples
(10 �L) through a 500 �L loop (inverting the plumbing configura-
tion column-carrier/mobile phase). In this way the sample solution
results sufficiently diluted within the loop.

Without on-line dilution, 50 injections of mix prepared with
acetonitrile produced analyte peak areas that were less than half of
those from the mix injected with turbulent flow dilution. This result
confirms that if the supernatant is directly injected onto the TFC col-
umn, the amount of ACN causes a low recovery of the hydrophilic
compounds (4-MU and U), while the injection of the supernatant
by the on-line dilution loop shows that the diluted amount of
ACN avoids an early elution from the TFC column. Moreover the
robustness, measured as relative standard deviation (%RSD) on 50
injections with dilution loop procedure, was 5.28 and 4.69 for 4-
MU and U, respectively.

3.2.3. Linearity and LLOQ determination
The recovery, sensitivity (LLOQ), matrix effect and robustness of

this approach were evaluated.
Testosterone and 4-methylumbelliferone (4-MU) were used as

probes for cytochrome P450 3A-mediated metabolism and glu-
curonidation activity of hepatocyte suspension.

To assess the precision and accuracy of the TFC–MS/MS method,
the corresponding 6�-hydroxytestosterone and the glucuronide
of 4-MU were quantified. Eleven points standard curves were
prepared in the medium containing hepatocyte suspension and
50% of acetonitrile for each analyte to verify the linearity and
the sensitivity. Standard curves were processed identically to

samples.

4-MU, Gluc-4MU, 6�OH-testosterone were chosen as repre-
sentative compounds to assess the precision and accuracy of the
TFC–MS/MS method because they are used as probes to test hepa-
tocyte functionality. Eleven points standard curves were prepared
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Table 6
4-MU, 6 �OH-test and Gluc-4MU calibration curves in the medium containing hep-
atocyte. Acceptance criteria and evaluation parameters.

4-MU 6 �OH-test Gluc-4MU

CC ng/mL Accuracy Accuracy Accuracy
0.97 N/A N/A N/A
1.95 N/A N/A 99.4
3.9 91.5 104 97.7
7.8 106 98.9 110
15.6 114 86.6 98.5
31.2 114 101 91.8
62.5 99 101 96.2
125 112 104 106
250 90.8 104 106
500 87.4 99.8 104
1000 84.5 101 91.7

Corr. Coeff 0.9906 0.9981 0.9977

i
l

c
s
t

t

3

i
a
c
e
r
c

incubation concentration of 5 �M. The procedure involved dupli-

F
(

LLOQ (ng/mL) 3.9 3.9 1.95
Recovery% 102 105 94.4
Matrix effect (dev. from 100%) 110 97 102

n the medium containing hepatocyte for each analyte to verify the
inearity and the sensitivity.

A dynamic range of 0.9–1000 ng/mL was chosen. Calibration
urves were calculated from the peak area ratio of analyte/internal
tandard using least square linear regression of the area ratio vs.
he theoretical concentration of the standards.

Acceptance criteria included a correlation coefficient ≥0.99 for
he CC with the accuracy value within 100±20% (Table 6).

.2.4. Recovery
For each analyte a spiked solution (500 ng/mL) in buffer contain-

ng hepatocyte was extracted adding acetonitrile 0.1% and formic
cid (1:1, v/v) (Sol. A). A second solution of analyte at the same

oncentration was prepared in the supernatant coming from the
xtraction of buffer containing hepatocyte (Sol. B). The peak area
atio of analyte between Sol. A/Sol. B×100 was used in the recovery
alculation (Table 6) [18].

ig. 5. (a) 4-Methylumbelliferone rat and human hepatocyte stability SPE vs. FC. (b) 4-M
c) Compound A rat and human hepatocyte stability SPE vs. TFC. (d) Compound C rat and
d Biomedical Analysis 51 (2010) 834–841

3.2.5. Matrix effect
For each analyte a spiked solution (500 ng/mL) was prepared

both in the supernatant coming from the extraction of buffer con-
taining hepatocyte (Sol. B) and in the aqueous solution (Sol. C)
[18].

The effect of the hepatocyte matrix on the response for each
analyte was calculated by applying the formula shown below. A
deviation from 100% suggests that the hepatocyte matrix has con-
tributed to the suppression (<100%) or enhancement (>100%) of
analyte response (Table 6):

Peak area analyte hepat. buffer
Peak area analyte aqueous solution

× 100

3.2.6. Robustness
The assay robustness was evaluated with a continuous series

of 150 injections of 4-MU (250 ng/mL) spiked in the supernatant
coming from the extraction of buffer containing hepatocyte (Sol.
B). The same method was followed for Gluc-4MU.

The relative standard deviation %RSD was 4.62% for 4-MU and
5.15% relative to Gluc-4MU.

3.2.7. Application: human and rat hepatocytes stability→ TFC vs.
SPE

Rat and human hepatocytes stability studies for many struc-
turally diverse NCEs from different Merck programs were
determined by LC–MS/MS assay using the TFC procedure and
compared to data that had been previously generated using the
conventional Solid Phase Extraction procedure.

As part of the validation of the overall metabolic stability pro-
tocol, degradation of 4-methylumbelliferone and formation of its
corresponding glucuronide were followed.

4-MU was used as a positive reference control at a starting
cate sampling at 0, 30, 60, 120, 180 and 240 min post-incubation.
The resulting acetonitrile-quenched samples were analyzed by two
methodologies (SPE extraction and TFC), and the percentage of 4-
MU remaining (normalized against the 0 min concentration) as well

ethylumbelliferone glucuronide formation in rat and human hepatocyte SPE vs. FC.
human hepatocyte stability SPE vs. TFC.
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s the formation of its glucuronide was monitored as a function of
ime.

The results obtained after the two different procedures were
ound comparable both in human and rat hepatocytes (Fig. 5a–d).

Regarding the NCEs, in this paper we report the human and
at hepatocyte stabilities of two representative compounds A and
. The data emerging from the comparison between two differ-
nt methodologies, TFC vs. SPE, are outlined in Fig. 5c and d. The
esults obtained with the new TFC assay were very similar to those
f the conventional SPE assay. For compound A, the incubation data
howed that the percentage remaining at 4 h in human hepatocytes
as 38.97% by SPE and 34.86% by TFC, while in rat hepatocytes it
as 14.03% and 12.86% by SPE and TFC respectively.

For compound C, the incubation data showed that the percent-
ge remaining at 4 h in human hepatocytes was 87.18% by SPE and
4.85% by TFC, while in rat hepatocytes it was 73.37% and 62.09%
y SPE and TFC, respectively.

. Conclusion

The use of Turbulent Flow Chromatography in conjunction with
C–MS/MS techniques has proved to be an excellent tool for high
hroughput analysis of drug candidates in biological matrices, in
oth in vivo and in vitro studies.

A simple on-line extraction system has been described to ana-
yze compounds in plasma that minimizes sample preparation, and
ncreases sensitivity and productivity.

Further improvement in throughput was achieved by introduc-
ng two separate LC-systems. Each system operates independently,

ermitting multiple methods to run simultaneously and hence
alving the analysis time.

In addition to PK measurements, the TFC-LC–MS/MS system
as also been used to support analysis of samples generated from
epatocyte stability studies and an analytical method has been

[

[

[

d Biomedical Analysis 51 (2010) 834–841 841

developed for this purpose. With the introduction of the on-line
in-loop dilution technique, the sample preparation procedure was
dramatically simplified.

This methodology could be more broadly applied for the analysis
of a wide variety of cellular systems and biofluids.
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