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bstract

A systematic, comprehensive strategy that optimizes sample preparation and chromatography to minimize matrix effects in bioanalytical
C/MS/MS assays was developed. Comparisons were made among several sample preparation methods, including protein precipitation (PPT),

iquid–liquid extraction (LLE), pure cation exchange solid-phase extraction (SPE), reversed-phase SPE and mixed-mode SPE. The influence of
obile phase pH and gradient duration on the selectivity and sensitivity for both matrix components and basic analytes was investigated. Matrix

ffects and overall sensitivity and resolution between UPLC® technology and HPLC were compared. The amount of specific matrix components, or
lass of matrix components, was measured in the sample preparation extracts by LC/MS/MS with electrospray ionization (ESI) using both precursor
on scanning mode and multiple reaction monitoring (MRM). PPT is the least effective sample preparation technique, often resulting in significant

atrix effects due to the presence of many residual matrix components. Reversed-phase and pure cation exchange SPE methods resulted in cleaner
xtracts and reduced matrix effects compared to PPT. The cleanest extracts, however, were produced with polymeric mixed-mode SPE (both reversed-
hase and ion exchange retention mechanisms). These mixed-mode sorbents dramatically reduced the levels of residual matrix components from
iological samples, leading to significant reduction in matrix effects. LLE also provided clean final extracts. However, analyte recovery, particularly
or polar analytes, was very low. Mobile phase pH was manipulated to alter the retention of basic compounds relative to phospholipids, whose

®
etention tends to be relatively independent of pH. In addition to the expected resolution, speed and sensitivity benefits of UPLC technology, a
aired t-test demonstrated a statistically significant improvement with respect to matrix effects when this technology was chosen over traditional
PLC. The combination of polymeric mixed-mode SPE, the appropriate mobile phase pH and UPLC® technology provides significant advantages

or reducing matrix effects resulting from plasma matrix components and in improving the ruggedness and sensitivity of bioanalytical methods.
2007 Elsevier B.V. All rights reserved.
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. Introduction

LC/MS/MS is a powerful analytical technique for quan-
itative bioanalysis due to its inherent high sensitivity and
electivity. It is susceptible, however, to matrix effects. The
mpact of matrix effects on the accuracy, precision and robust-
ess of bioanalytical methods is of growing concern in the
harmaceutical industry [1–11,13]. Residual matrix compo-
ents, endogenous phospholipids in particular, are a significant

ource of imprecision in quantitative analyses commonly con-
ucted by LC/MS/MS. Matrix effects, originally discussed by
ebarle and Tang [1] in the early 1990s, can be described as the
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ifference between the mass spectrometric response for an ana-
yte in standard solution and the response for the same analyte in
biological matrix, such as plasma. Matrix effects result from

o-eluting matrix components that affect the ionization of the tar-
et analyte, resulting either in ion suppression, or, in some cases,
on enhancement. Matrix effects can be highly variable and can
e difficult to control or predict. They are caused by numerous
actors, including, but not limited to endogenous phospholipids,
osing media, formulation agents and mobile phase modifiers
14–17]. Furthermore, different sources of plasma from the same
pecies can yield different validation results, such as standard
urve slope and precision [5]. The severity and nature of sup-

ression or enhancement may be a function of the concentration
f the co-eluting matrix components [17]. Matrix effects can be
ompounded by co-eluting metabolites, impurities or degrada-
ion products. Furthermore, matrix effects are analyte specific.

mailto:erin_chambers@waters.com
dx.doi.org/10.1016/j.jchromb.2006.12.030
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ll of the above factors can cause significant errors in the
ccuracy and precision of bioanalytical methods. Current FDA
uidance documents now require that these effects be evaluated
s a part of quantitative LC/MS/MS method development, vali-
ation and routine use [18]. Consequently, most current papers
escribing the quantitation of drugs in biofluids discuss matrix
ffects to some degree.

Several papers describing the evaluation of matrix effects
ave been published, providing the guidance and techniques nec-
ssary for researchers. There are two common methods to assess
atrix effects: the post-column infusion method [4,21,30,34,42]

nd the post-extraction spike method [6,10,12,19,22,28,29]. The
ost-column infusion method provides a qualitative assessment
f matrix effects, identifying chromatographic regions most
ikely to experience matrix effects. This is carried out by mon-
toring the instrument response of a constantly infused analyte
fter injecting an extract from a sample into the LC/MS/MS
ystem. This approach is limited in that it does not provide a
uantitative understanding of the level of matrix effect observed
y specific analytes, but merely identifies chromatographic
egions where an analyte would be most susceptible to suppres-
ion or enhancement. This technique allows one to intelligently
odify the elution time of an analyte so that it does not fall

nto suppression zones. However, this process can be quite time
onsuming and require significant optimization, particularly if
uantitation of multiple analytes in a single run is desired. In con-
rast, the post-extraction spike method quantitatively assesses

atrix effects by comparing the response of an analyte in neat
olution to the response of the analyte spiked into a blank matrix
ample that has been carried through the sample preparation pro-
ess. In this manner, quantitative effects on ion suppression or
nhancement experienced by all analytes in the sample can be
easured each time a change is made to the analytical method.
While most researchers now include an evaluation of matrix

ffects as part of method development, only some attempt to
ctually reduce or eliminate matrix effects. Some researchers
ave focused on optimizing sample preparation to reduce matrix
ffects [20–22], while others have focused on manipulating
hromatographic parameters [23,24]. Others assess the level of
atrix effects and compensate for the alteration in signal through

he use of an internal standard, often a stable isotope labeled
SIL) analog of the drug [25]. Still other papers describe the use
f flow splitting to reduce matrix effects [26,27] or the need to
esort to standard addition [28,29]. In some cases, researchers
pt to use an ionization source, such as APCI, that is less sen-
itive for their compound, simply because the matrix effects
xperienced with the more sensitive source are too great [30].
PCI has shown, for certain compounds, less ion suppression

nd can be a better choice for some assays based on sensitivity
nd accuracy/precision, but it is not immune to matrix effects
5,6,34].

We believe there is a need for a more complete and thorough
valuation and solution to the problem of matrix effects. This

olution should address the bioanalytical method as a whole,
reaking it down into its major components and providing rec-
mmendations based on logical experimentation. Researchers
eed an approach that systematically and critically assesses
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oth sample preparation and chromatographic techniques for
heir effectiveness in minimizing or eliminating matrix effects,
eading to the most robust, sensitive assay possible. We endeav-
ur to provide a comprehensive, systematic evaluation of both
ample preparation methods and chromatographic optimization
imed at reducing or eliminating matrix effects. In our stud-
es, we evaluated several sample preparation methods, including
rotein precipitation (PPT), liquid–liquid extraction (LLE),
ilica-based solid-phase extraction (SPE) and polymeric SPE.
ecause endogenous phospholipids have been identified as a
ajor source of matrix effects by multiple researchers, we mon-

tor the levels of the various phospholipids in the samples to
ompare relative cleanliness of final plasma extracts. Addition-
lly, it is important to consider the overall cleanliness of sample
xtracts as it relates to the concentration of endogenous material
eing deposited onto an analytical column, which may neg-
tively impact assay robustness, reduce column lifetime and
esult in increased MS maintenance. We also compared results
rom fast and slow gradients, low and high pH mobile phases,
nd HPLC and UPLC® chromatographic systems. The most
obust and sensitive analytical methods are developed when
ach of these elements is considered. Based on these experi-
ental results, we define a comprehensive approach to reducing
atrix effects in bioanalytical methods. For this work, the focus
as on the removal of phospholipids and the scope is limited

o method development from a pharmaceutical quantitative bio-
nalysis standpoint.

. Experimental

.1. Materials

Propranolol, atenolol, chlorpheniramine maleate, amitripty-
ine, pseudoephedrine, terfenadine, imipramine, clozapine,
ormic acid (FA) and ammonium hydroxide were purchased
rom Sigma Chemical (St. Louis, MO.) Risperidone and 9-OH
isperidone were purchased from Research Diagnostics, Inc.
Flanders, NJ.) All SPE sorbents were from Waters Corp. (Mil-
ord, MA 01757). Both 96-well 10 mg plate and 1 cc cartridge
ormats were used. Acetonitrile (ACN) and methanol (MeOH)
ere from J.T. Baker (Phillipsburg, NJ). Multiple lots of rat
lasma were purchased from Equitech Bio, Inc. (Kerrville, TX
8028) and pooled for analysis. Each experiment was carried
ut with eight replicates.

.2. LC/MS/MS conditions

Tandem mass spectrometry was performed using a Waters
uattro PremierTM tandem quadrupole MS system with pos-

tive ion electrospray ionization (ESI). MassLynx® software
versions 4.0 and 4.1) was used for data acquisition. The LC
ystem was either a Waters 1525� binary HPLC pump with a
aters 2777 Sample Manager or an ACQUITY UPLC® system.

olumns used were a 3.5 �m, 50 × 2.1 mm XTerraTM MS C18
r a 1.7 �m, 50 × 2.1 mm ACQUITY UPLC® BEH C18 col-
mn (from Waters Corp., Milford, MA) thermostated at 50 ◦C.
low rates were between 0.4 and 0.6 mL/min. Solvent A was
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ither 0.1% HCOOH in water (pH 2.7), 10 mM ammonium
cetate (pH 9, adjusted with ammonium hydroxide) or 10 mM
mmonium bicarbonate (pH 10). Solvent B was MeOH. Gradi-
nt separations were performed from 5% B to 95% B, tg = 2 min
slow gradient) or tg = 1 min (fast gradient). Injection volume
as 2–5 �L, depending on the sample loop installed. The LC
ow was directly introduced into the MS source without flow
plitting. The MS source and desolvation temperatures were
aintained at 120 and 350 ◦C, respectively. The desolvation and

one gas flows were set at 700 and 50 L/h. The MS capillary
oltage was 3.0 or 3.5 kV. MS/MS experiments were carried
ut with an argon pressure of approximately 2.6 × 10−3 mbar
n the collision cell (Q2). The cone voltage and collision energy
ere optimized for each analyte. The dwell time for each MRM

ransition was 0.05 s.
The phospholipids monitored were 1-palmitoyl-2-hydroxy-

n-glycero-3-phosphocholine (m/z 496.35), 1-stearoyl-2-hydr-
xy-sn-glycero-3-phosphocholine (m/z 524.37), 1-hexade-
anoyl-2-(9Z,12Z-octadecadienoyl)-sn-glycero-3-phosphocho-
ine (m/z 758.57) and 1-(9Z,12Z-octadecadienoyl)-2-(5Z,8Z,
1Z,14Z-eicosatetraenoyl)-sn-glycero-3-phosphocholine (m/z
06.57). A fifth glycerophosphocholine lipid of molecular
eight 703.57 was also monitored. A preliminary quadrupole-
OF experiment yielded data that were inconclusive with respect

o the placement of double bonds and the alkyl chain lengths.
e have identified the chemical formula as C38H74NO8P.

or each lipid, the transition monitored corresponded to the
rotonated mass of the precursor fragmented to m/z 184.3,
he mass of the polar head group, a trimethylammonium-ethyl
hosphate cation. An alternate experiment, described by Little
t al. [31] employs in-source collision induced dissociation
CID) with a high cone voltage (90 V) and a low collision
nergy (3 eV) to monitor the 184.3 ions only, resulting in
otal ion chromatograms (TIC) representing all compounds
ontaining the phosphocholine head group. Both methods were
sed in this work.

. Sample preparation methods

.1. Protein precipitation

.1.1. Dry and reconstitute method
Blank rat plasma samples were extracted as follows. A

50 �L aliquot of ACN, MeOH or 2% HCOOH in ACN was
dded to 250 �L rat plasma; this was vortexed and centrifuged
t 13,000 rpm for 5 min. The supernatant was removed, dried
own and reconstituted in 250 �L of 50:50 MeOH:H2O con-
aining 0.1–500 ng/mL of one or several of the 10 analytes listed
n Section 2.1. The particular concentration used was dependent
n the experiment, but the overall concentration range used in
his work encompassed typical analyte concentrations for bio-
nalytical assays in a pharmaceutical environment.

For recovery calculations, 5 or 10 mL of plasma were forti-

ed with analytes in 50:50 MeOH:H2O, the spike volume being
% of the total plasma volume. The same volume of unfortified
lasma was spiked with 5% by volume of 50:50 MeOH:H2O.
he post-spiked reconstitution solvent was prepared in 50:50

w
o
H
w

togr. B 852 (2007) 22–34

eOH:H2O, using the same volumes as for the plasma sam-
les. Dried-down fortified samples were reconstituted in 50:50
eOH:H2O. Dried-down blank plasma samples were reconsti-

uted in the post-spike reconstitution solvent.

.1.2. Dilute and inject method
A 300 �L aliquot of ACN or MeOH was added to 100 �L

at plasma; this was vortexed and centrifuged at 13,000 rpm for
min. One hundred microliters of the supernatant was removed
nd diluted with 100 �L of 50:50 MeOH:H2O containing 0.1, 1
r 5 ng/mL each of terfenadine, amitriptyline and/or propranolol.

.2. Liquid–liquid extraction

Liquid–liquid extraction (LLE) was carried out using three
ethods. Method 1 employed a 3:1 ratio of MTBE to plasma.
ethod 2 employed a 3:1 ratio of basified MTBE (5% NH4OH

n MTBE) to plasma. For Method 3, the extraction with basi-
ed MTBE was carried out as a two step extraction. In each
ase, the sample was vortexed and centrifuged at 13,000 rpm for
min. The supernatant was removed, dried down and reconsti-

uted in 250 �L of 50:50 MeOH:H2O. For Methods 1 and 2,
50 �L of MTBE was added to 250 �L rat plasma. For Method
, 750 �L of basified MTBE was added to the plasma, this was
ortexed, centrifuged and the supernatant removed and set aside
o be combined with the second extract. The pellet was then
xtracted a second time with 750 �L of basified MTBE, vor-
exed, centrifuged and the supernatant removed and added to the
rst extract. The combined extracts were dried down and recon-
tituted in 250 �L of 50:50 MeOH:H2O. Recovery calculation
amples were carried out as described for protein precipitation.

.3. Solid-phase extraction

.3.1. Polymeric mixed-mode strong cation exchange SPE
Oasis® MCX 10-mg (1 meq/g) 96-well plate.

.3.1.1. Dry and reconstitute method. The sorbent was condi-
ioned with 500 �L of MeOH followed by equilibration with
00 �L of H2O. A 250 �L aliquot of rat plasma was diluted 1:1
ith 4% H3PO4 and then loaded onto the sorbent. The sorbent
as washed with 500 �L of 2% HCOOH in H2O and followed
y 500 �L of MeOH. The latter step (100% MeOH) can serve
ither as a “wash”, to remove hydrophobic interferences or as an
lution step for acidic or neutral analytes, which have bound by
eversed-phase. The final elution with 250 �L of 5% NH4OH in
0:10 MeOH:H2O, 100% MeOH, 100% ACN or various ratios
f MeOH:ACN, was carried out in two steps of 125 �L each.
he eluate was dried down and reconstituted in 250 �L of 50:50
eOH:H2O containing 0.1–500 ng/mL of one or several of the

nalytes specified in Section 2.1.

.3.1.2. Dilute and inject method. The sorbent was conditioned

ith 500 �L of MeOH followed by equilibration with 500 �L
f H2O. A 100 �L aliquot of rat plasma was diluted 1:1 with 4%
3PO4 and loaded onto the sorbent. The sorbent was washed
ith 500 �L of 2% HCOOH in H2O, and followed by 500 �L of
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eOH. The final elution with 300 �L of 5% NH4OH in MeOH
as carried out in two steps of 150 �L each. A 100 �L aliquot
f the eluate was removed and diluted with 100 �L of 50:50
eOH:H2O containing 0.1, 1 or 5 ng/mL each of terfenadine,

mitriptyline and propranolol.
For comparison with the silica-based pure ion exchange mate-

ial, 10-mg 1-cc cartridges of Oasis® MCX were used, and the
rotocol followed was identical to that described for the pure
on exchange material.

.3.2. Polymeric mixed-mode strong anion exchange SPE
Oasis® MAX 10-mg (0.25 meq/g) 96-well plate. The sorbent

as conditioned with 500 �L of MeOH followed by equilibra-
ion with 500 �L of H2O. A 250 �L aliquot of rat plasma was
iluted 1:1 with 4% H3PO4 and loaded onto the sorbent. The
orbent was washed with 500 �L of 5% NH4OH in H2O, and
ollowed by 500 �L of MeOH. The final elution with 250 �L of
% HCOOH in MeOH was carried out in two steps of 125 �L
ach. The eluate was dried down and reconstituted in 250 �L of
0:50 MeOH:H2O.

.3.3. Polymeric mixed-mode weak cation exchange SPE
Oasis® WCX 10-mg (0.75 meq/g) 96-well plate. The sorbent

as conditioned with 500 �L of MeOH followed by equilibra-
ion with 500 �L of H2O. A 250 �L aliquot of rat plasma was
iluted 1:1 with 4% H3PO4 and loaded onto the sorbent. The
orbent was washed with 500 �L of 5% NH4OH in H2O, and
ollowed by 500 �L of MeOH. The final elution with 250 �L of
% HCOOH in MeOH was carried out in two steps of 125 �L
ach. The eluate was dried down and reconstituted in 250 �L of
0:50 MeOH:H2O.

.3.4. Polymeric mixed-mode weak anion exchange SPE
Oasis® WAX, 10 mg (0.6 meq/g) 96-well plate. The sorbent

as conditioned with 500 �L of MeOH followed by equilibra-
ion with 500 �L of H2O. A 250 �L aliquot of rat plasma was
iluted 1:1 with 4% H3PO4 and loaded onto the sorbent. The
orbent was washed with 500 �L of 2% HCOOH in H2O, and
ollowed by 500 �L of MeOH. The final elution with 250 �L of
% NH4OH in MeOH was carried out in two steps of 125 �L
ach. The eluate was dried down and reconstituted in 250 �L of
0:50 MeOH:H2O.

.3.5. Silica-based pure cation exchange SPE
Experimental silica-based strong cation exchange SPE

aterial (0.2 meq/g), 1-cc 50 mg cartridge. The sorbent was con-
itioned with 1 mL of MeOH followed by equilibration with
mL of H2O. A 250 �L of rat plasma was diluted 1:1 with 4%
3PO4 and loaded onto the sorbent. The sorbent was washed
ith 1 mL of 2% HCOOH in H2O, and followed by 1 mL of
eOH. The final elution with 500 �L of 5% NH4OH in MeOH
as carried out in two steps of 250 �L each. The eluate was
ried down and reconstituted in 250 �L of 50:50 MeOH:H2O.
.3.6. Polymeric reversed-phase SPE
Oasis® HLB, 10-mg 96-well plate. The sorbent was condi-

ioned with 500 �L of MeOH followed by equilibration with

w
o
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w
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00 �L of H2O. A 250 �L aliquot of rat plasma was diluted 1:1
ith 4% H3PO4 and loaded onto the sorbent. The sorbent was
ashed with 500 �L of 5% MeOH in H2O. The final elution
ith 250 �L of MeOH was carried out in two steps of 125 �L

ach. The eluate was dried down and reconstituted in 250 �L of
0:50 MeOH:H2O.

. Results and discussion

.1. Phospholipids in LC/MS/MS analysis

Endogenous phospholipids are present in high concentra-
ions in biological matrices, such as plasma [32,33] and have
een implicated in causing ion suppression or enhancement
n LC/MS/MS analyses. Researchers have described this phe-
omenon as being due to the effect they have on desolvation of
he LC effluent droplets in electrospray MS analysis [34] or as
result of competition for excess charges on the droplet surface

35]. Bradamante et al. [32] characterized the phospholipid com-
osition of plasma using NMR. Glycerophosphocholines make
p almost 70% (expressed in mol% of phosphorus) of the total
lasma phospholipids. Lysophospholipids make up almost 10%
f total phospholipids. These findings confirmed earlier, similar
esults obtained by TLC and GC [33]. Current matrix effects
esearch [14,15] indicated that these residual plasma phospho-
ipids are a major source of ion suppression and identified
pecific phospholipids that cause matrix effects. The individual
hospholipid transitions we used as surrogates for monitoring
he presence of phospholipids are the same ones identified by
hese researchers as the major plasma phospholipids. Phos-
hatidylcholine containing phospholipids consist of both a polar
ead group, which contains a negatively charged phosphate
roup and a positively charged quaternary amine group, and one
r two long alkyl chain(s). The polar head group imparts strong
onic character to the phospholipids, while the long alkyl chains
ake them extremely hydrophobic, often requiring a hold at

early 100% organic solvent to elute them from a reversed-phase
hromatographic column. The late elution time may not present
problem for polar analytes, as they are not expected to co-elute
ith the phospholipids. Non-polar analytes, however, run a sig-
ificant risk of co-elution with these phospholipids. In addition,
esidual phospholipids, if not fully eluted from the analytical
olumn, can build up on the column and significantly reduce col-
mn lifetime. James Little demonstrated further risks associated
ith incomplete removal of phospholipids (from the col-
mn), such as their unexpected elution in subsequent analytical
uns.

.2. Mass spectrometry

Several MS methods were used for detection of the various
ypes of phospholipids, depending on the goal of the experi-

ent. Individual MRM traces for specific phospholipids [36]

ere recorded to better understand the mechanism of removal
f specific types of phospholipids. Precursor ion or neutral loss
canning was used to monitor overall cleanliness of the extracts
ith respect to certain classes of phospholipids [37] and a single
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RM method which takes advantage of the structural common-
lities among classes of phospholipids was employed to provide
he maximum amount of information within a single MRM trace
31]. The majority of the work presented here focuses on five
pecific lipids believed to be representative of the lipid classes
ost strongly implicated in matrix effects.
It was found that the scanning experiments were not practical

ith respect to efficient use of duty cycle. The method described
y Little et al. uses high energy in-source CID of the lipids, which
ields a characteristic fragment ion at m/z 184, corresponding to
he trimethylammonium-ethyl phosphate cation [31]. This ion
llows monitoring of multiple phospholipids and lysophospho-
ipids with a single MRM transition, thus maximizing the duty
ycle in the mass spectrometer. This approach eliminates the
eed for scanning experiments, except where required to moni-
or the presence of distinct classes of phospholipids, specifically
hosphatidylethanolamines (neutral loss scanning of 141 Da,
ositive ion mode) or phosphatidylserines (neutral loss scanning
f 185 Da, positive ion mode.)

.3. Control of variables

In this work, variables were controlled to insure a valid
nd accurate comparison of results. Final solvent composition
f reconstituted extracts, ion exchange capacity of sorbents,
nd volume of plasma were among the variables strictly con-
rolled. For each extraction procedure, the same volume of
lasma was used (250 �L) to ensure that the starting lipid
evels were consistent among all methods. The final eluates,
xtracts or supernatants dried down completely and reconsti-
uted in a constant volume of 250 �L. The dry down and
econstitute step is important for several reasons: to keep the
olumes and lipid concentrations consistent across different
ample prep techniques, and to ensure that all samples are
issolved in identical solvents. The dried down extracts were
lways reconstituted in the same volume (250 �L) and with
he same solvent (50:50 MeOH:H2O). The sample dilution sol-
ent itself can be a source of ion suppression or enhancement
12,17] and may affect the solubility of various plasma com-
onents. The final reconstitution solvent was chosen to be as
universal” as possible, meant to solubilize both highly polar
nd non-polar compounds. We recognize that optimal sensitiv-
ty for each compound may be achieved using a specific dilution
olvent, but we aimed to keep all steps of the various pro-
ocols generic in their approach, including choice of dilution
olvent, to avoid any bias due to optimization. For the com-
arison between polymeric mixed-mode cation exchange and
ure ion exchange SPE, particular attention was paid to ensure
quivalency of ion exchange capacity. The Oasis® MCX sorbent
as an ion exchange capacity of 1 meq/g and a 10-mg cartridge
as used. The experimental pure cation exchange sorbent has

n ion exchange capacity of 0.2 meq/g. To provide equivalent
on exchange capacity for an accurate comparison, a sorbent

ed mass of 50 mg of this material was used. While the masses
f the sorbents were different, the volumes of the chromato-
raphic beds were similar due to the different densities of the
orbents.

o
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e
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.4. Calculations

Three criteria were used for comparing different sample
reparation methods: analyte recovery, % matrix effect and effi-
iency of phospholipid removal. Recovery calculations were
lways carried out against post-extracted spiked standards. This
e-couples recovery from matrix effects, which are evaluated
eparately. Analyte SPE recovery was calculated as follows:

RE = Responseextracted sample

Responsepost-extracted spiked sample
× 100 (1)

here Responseextracted sample is the average area count for the
nalyte, in matrix, which has been through the extraction pro-
ess. Responsepost-extracted spiked sample is the average area count
or the same quantity of analyte, spiked into extracted matrix
fter the extraction procedure.

Matrix effects were calculated using a modified version of
he equation described by Matuszewki et al. [6]:

%Matrix Effects

=
(

Responsepost-extracted spiked sample

Responsenon-extracted neat sample
− 1

)
× 100 (2)

here Responsepost-extracted spiked sample is the average area count
or the analyte, spiked into extracted matrix after the extrac-
ion procedure and Responsenon-extracted neat sample is the average
rea count for the same concentration of analyte in neat solu-
ion. This neat solution should be the same solvent composition
s the reconstitution solution used for the post-extracted spiked
ample. The original equation in reference [6] was modified by
pplying the subtraction of 1 to the quotient so that a nega-
ive result indicates suppression, and a positive result indicates
nhancement of the analyte signal.

. Optimizing sample preparation

.1. Protein precipitation

The increasing focus on high throughput sample analysis has
ed to the common practice of preparing samples by the sim-
lest, fastest method possible, which often means using protein
recipitation (PPT). Although PPT is quick and easy, it does
ot result in a very clean final extract. This method fails to
ufficiently remove enough of the plasma components, specifi-
ally phospholipids, known to cause variability in analyte signal
ntensity in a mass spectrometer [38–41]. The specific organic
olvent used in protein precipitation has a dramatic effect on the
verall cleanliness of the final extract. Replicates of both blank
lasma and plasma containing either 50 or 100 ng/mL of each of
ight analytes (all bases) were prepared. Analyte recovery was
etermined as well as the % matrix effect. In addition to mon-
toring the five specific phospholipids transitions, each extract
as subjected to the experiment described by Little et al. [31] in

rder to compare relative amounts of all residual phosphatidyl-
holine containing lipids. Fig. 1 shows the relative amounts of
ll phosphatidylcholine containing lipids remaining in plasma
xtracts prepared by protein precipitation with (A) MeOH and
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Fig. 1. MRM transition (184.3 > 184.3) detecting all phosphatidylcholine con-
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aining phospholipids from PPT samples using either (A) methanol or (B)
cetonitrile as the precipitation solvent. HPLC/MS/MS with pH 2.7 mobile
hase.

B) ACN. Clearly, the MeOH extract contained significantly
ore residual phospholipids of this class than the ACN extract.
ll samples were plotted on the same y-axis scale and were run
y HPLC/MS/MS using a low pH mobile phase. We compared
he total area counts for the five specific lipids monitored in the
hree extracts. There were approximately 40% more of these
pecific lipids in the MeOH extract than in the ACN. Recov-
ries and matrix effects for both methods are summarized in
able 1. Recoveries for the eight analytes ranged from 76% to
14% and from 79% to 108% for the ACN and MeOH extracts,

espectively. Significant matrix effects, from 67% to 77% ion
uppression, were observed for all eight analytes, regardless of
recipitation solvent. Even with ACN, the level of phospholipids
emaining and the degree of matrix effects observed were sig-

o
i
w
P

able 1
alculated % extraction recoveries and % matrix effects for various sample preparati

ACN PPT RP SPE MeOH PPT LLE

% Recovery
Atenolol (p) 92 14a 89 1
Pseudoephedrine (p) 76 10a 81 7
9-OH Risperidone (np) 114 78 108 47
Risperidone (np) 91 80 90 53
Clozapine (np) 91 84 95 53
Chlorpheniramine (np) 87 86 79 66
Imipramine (np) 85 85 79 59
Amitriptyline (np) 97 81 96 59

Matrix effects
Atenolol (p) −75 −50 −73 −7
Pseudoephedrine (p) −68 −54 −67 <5
9-OH Risperidone (np) −74 −60 −72 <5
Risperidone (np) −75 −61 −74 <5
Clozapine (np) −75 −59 −71 <5
Chlorpheniramine (np) −74 −59 −70 <5
Imipramine (np) −77 −58 −72 <5
Amitriptyline (np) −77 −47 −71 −7

= Polar analyte; np = non-polar analyte. Values in bold-face type indicate acceptable
a Note: All samples containing this mixture of analytes were diluted and acidified
ydrophobic analytes. The basic analytes are then in their ionized state, which furthe
ignificantly when the plasma is neutral or basic.
ogr. B 852 (2007) 22–34 27

ificant enough to negatively impact the assay with respect to
oth robustness and ultimate sensitivity.

.2. Comparison of protein precipitation with single
etention mechanism SPE

It is widely accepted that SPE offers cleaner extracts than
PT. However, with all of the available SPE sorbents to choose
rom, it made sense to systematically compare ACN PPT with
everal common single-mode SPE sorbents for cleanliness of the
nal extracts as well as to try to eliminate the significant matrix
ffects observed with PPT. We chose an experimental silica-
ased strong cation exchange sorbent and the Waters Oasis®

LB polymeric sorbent to represent SPE by cation exchange
nly and reversed-phase mechanisms, respectively. Fig. 2 con-
ains representative TICs of the five individual phospholipid

RM transitions from (A) PPT with ACN, (B) reversed-phase
olymeric SPE and (C) experimental strong cation exchange-
nly material. All chromatograms were plotted on the same
-axis for appropriate comparison. The samples were run by
PLC/MS/MS using a pH 10 mobile phase. It is clear that both
PE methods provide a significantly cleaner extract than PPT.
he summed average area counts for the five phospholipids were
ompared for a more quantitative assessment of the effectiveness
f single retention mechanism SPE for phospholipid removal.
he final basified MeOH extract resulting from SPE with the
ilica-based cation exchange material contained on average 14%

f the lipid levels present in the PPT extract. Results were nearly
dentical from the final reversed-phase polymeric SPE extract,
hich also contained on average 14% of the lipids present in the
PT extract. In addition to 100% MeOH, acidified and basified

on techniques

Basified
LLE

2 step Basified
LLE

MCX SPE
Basified MeOH

MCX SPE
Basified ACN

7 12 108 9
43 54 93 17
47 109 96 96
50 111 96 101
48 99 94 92
47 91 92 94
34 117 93 97
34 104 85 95

<5 −19 −6 11
−9 −7 <5 <5
−8 −27 <5 7

−11 −18 <5 7
−11 −17 <5 11
−7 −16 <5 14
−7 −26 12 13
−6 −27 <5 10

results.
prior to SPE to ensure disruption of protein binding, particularly for the more
r decreases reversed-phase retention. Recovery of the polar analytes improves
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Fig. 2. TICs of MRM transitions for five phospholipids remaining in final
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xtracts after sample preparation by (A) acetonitrile PPT, (B) reversed-phase
olymeric SPE, (C) silica-based pure cation exchange and (D) mixed-mode
ation exchange SPE. HPLC/MS/MS with pH 10 mobile phase.

eOH solutions were also evaluated for use as the final eluant in
he reversed-phase SPE protocol. The resulting levels of resid-
al phospholipids in these final reversed-phase SPE eluates were
ot statistically different from the 100% MeOH eluate. Analyte
ecoveries and matrix effects observed in the reversed-phase SPE
xtracts are summarized in Table 1. Matrix effects were reduced
y an average of almost 20% when reversed-phase SPE was
sed instead of PPT. Results from the experimental pure cation
xchange material were not fully understood. The structure of a
ypical phosphatidylcholine suggests that it could bind to a sor-
ent either by reversed-phase (primarily through interaction with
he long hydrophobic tail) or potentially by ion exchange. Ion
xchange retention may occur either through interaction with the
uaternary amine (cation exchange) or through interaction with
he phosphate group (anion exchange.) There has been some dis-
ussion that since the net charge on the molecule would be zero,
on exchange should not occur at all. At this time, we do not have
good explanation for this observation and continue to carry out
xperiments intended to further elucidate these mechanisms.

.3. Comparison of single mode and mixed-mode SPE

A recent paper by Shen et al. [42] suggests that pure cation
xchange SPE sorbents result in cleaner final extracts than
ixed-mode cation exchange SPE sorbents. This conclusion is

ontrary to previous results obtained in our laboratories, which
ed us to develop more extensive and carefully controlled exper-
ments to further evaluate this claim. We compared the results
rom final eluates from Oasis® MCX (polymeric mixed-mode
ation exchange), PPT, reversed-phase polymeric SPE and the
xperimental pure cation exchange material with respect to
nalyte recovery, matrix effects and presence of residual phos-
holipids.
Using the generic starting SPE protocol, recoveries for all
ight analytes on mixed-mode strong cation exchange were
cceptable, ranging from 85% to 108%. Data are listed in Table 1
nder the column labeled MCX MeOH. For most analytes, cal-
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togr. B 852 (2007) 22–34

ulated matrix effects were less than or equal to 5%. Atenolol
nd imipramine exhibited 6% suppression and 12% enhance-
ent, respectively. These results are significant improvements

ver the PPT results. As shown in Fig. 2D, with respect to resid-
al phospholipid levels, the final polymeric mixed-mode cation
xchange eluate is almost twice as clean as either (B) polymeric
eversed-phase or (C) cation exchange only SPE. Looking at
he five specific phospholipid MRM transitions, we observed
hat it is primarily the very hydrophobic phospholipids con-
aining two alkyl chains that are more effectively removed by
he mixed-mode cation exchange SPE. The lysophospholipids
re more effectively removed by mixed-mode cation exchange
PE as well, but not to the extent of their more hydrophobic
ounterparts. The 100% organic wash step employed with the
ixed-mode cation exchange protocol removes 2.5–4 times as
uch of the very hydrophobic phospholipids than the same step

oes on the pure cation exchange material. This same wash step
emoves 1.5–2 times as much of the two lysophospholipids that
e monitor. These data indicate that PPT is the least effec-

ive sample preparation technique. While pure strong cation
xchange SPE or reversed-phase SPE only results in signifi-
antly cleaner final extracts compared to PPT, the most effective
ample clean up is achieved using mixed-mode cation exchange
PE. During mixed-mode strong cation exchange SPE, signif-

cant clean-up is achieved during the 100% organic wash step,
here phospholipids bound by reversed-phase are removed as
ell as any other neutral hydrophobic interferences. This same

tep, on reversed-phase only SPE, functions as the final elution
tep, containing significant levels of residual phospholipids and
ther hydrophobic interferences.

.4. Comparison of mixed-mode SPE to liquid–liquid
xtraction

Liquid–liquid extraction (LLE) is viewed by some
esearchers as an efficient means of sample preparation that
s a cleaner option than PPT, and we therefore included LLE
n our experiments. As with the extraction methods previously
iscussed, we used several generic procedures for comparison.
e evaluated the reconstituted LLE extracts for overall clean-

iness, matrix effects and analyte recovery. Specific values for
atrix effects and recovery from three LLE methods are sum-
arized in Table 1. Matrix effects and overall cleanliness in
LE extracts from Methods 1 and 2 were comparable to cation
xchange mixed-mode SPE using basified MeOH. For the ana-
ytes tested, which range widely in hydrophobicity, recovery
sing Method 1 or 2 was not always satisfactory, and is in gen-
ral lower than that achieved with a generic mixed-mode strong
ation exchange SPE method. Recovery values for the eight ana-
ytes, using Method 1, ranged from 7% and 1% for the polar
nalytes pseudoephedrine and atenolol, respectively, to 47–66%
or the more non-polar analytes. The extraction was also per-
ormed with basified MTBE (Method 2), which puts the analytes

n their non-ionized state, and is expected to increase solubil-
ty and improve recovery, particularly for polar analytes. Under
hese conditions, recovery for atenolol and pseudoephedrine
ncreased to 7% and 43%, respectively. The best recovery was
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Table 2
Average area counts for five phospholipids in mixed-mode cation exchange Wash
2/Elute 1 using either ACN or MeOH as the organic solvent

Organic
solvent

Lipids found in Wash 2/Elute 1 (m/z)

496 524 704 758 806 Totals
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We also compared average area counts for these specific lipids
in Elute 2 to obtain a more quantitative assessment of rela-
tive cleanliness. For each of the five phospholipid transitions
monitored, the basified ACN Elute 2 contained approximately
E. Chambers et al. / J. Ch

chieved using Method 3, a two step extraction. Recovery for the
olar analytes ranged from 12% to 54%. A significant increase
n recovery was also observed for the non-polar analytes. Using

ethod 3, their recovery ranged from 99% to 117%. However,
he recovery improvement using Method 3 was accompanied by
n increase in matrix effects, which ranged from 7% to 27% sup-
ression. In addition to the potential for lower recoveries and/or
ncreased matrix effects, LLE is less practical for several reasons.
he final extraction solvent is not particularly compatible with
ommon initial reversed-phase LC mobile phase compositions
nd would require time consuming removal of the supernatant,
ollowed by dry down and reconstitution. In addition, a degree
f variability is introduced in the supernatant removal step as it is
ifficult to remove a consistent exact volume if the entire super-
atant is to be used. If it is possible to directly inject from the
op layer, dilution may occur, depending on the ratio of solvent
o sample used. (This is further confounded as multiple extrac-
ion steps may be used to improve recovery.) This will result
n overall lower sensitivity and thus is not desirable for assays
haracterized by a challenging LOQ.

.5. Comparison of organic elution solvents used in
ixed-mode cation exchange SPE

For ease of discussion, we need to define the various elu-
ion steps used in SPE. Protocols for mixed-mode SPE sorbents
ontain both a 100% organic solvent elution (to elute analytes
ound by reversed-phase interactions) and an acidified or basi-
ed organic solvent elution (to elute analytes bound by ion
xchange interactions). If the 100% organic eluate contains ana-
ytes of interest, we refer to this elution as Elute 1. However, if
his eluate does not contain analytes of interest, we refer to this
lution as Wash 2. (Wash 1 is an acidic or basic aqueous eluant
sed to ensure ion exchange occurs.) In the remainder of our dis-
ussion, we refer to this 100% organic eluate as Wash 2/Elute 1.
n general, the acidified or basified organic solvent always con-
ains analytes of interest, and we therefore refer to this as Elute
. For example, if a mixture of acidic, basic and neutral analytes
as loaded onto the mixed-mode cation exchange sorbent, we
ould expect to find the acidic and neutral analytes in the 100%
eOH Elute 1, and the basic compounds in the final basified

rganic Elute 2.
It is common practice to use MeOH as the organic solvent for

lution of analytes in SPE methods as it is an effective universal
olvent, has good compatibility with common LC mobile phases,
nd readily evaporates if dry down is needed. During the course
f our evaluations, we found that many of the phospholipids
ppeared to be more soluble in MeOH than ACN. Although
nly negligible matrix effects were observed in the polymeric
ixed-mode strong cation exchange extracts, it is important

o consider some of the other reasons for sample preparation,
pecifically extract cleanliness and its impact on method robust-
ess and column lifetime. We wanted to determine if solvents

ther than MeOH would result in cleaner final eluates with equal
r better analyte SPE recoveries. Using the same test mixture
f eight analytes, we extracted rat plasma samples by polymeric
ixed-mode cation exchange, varying the type and composition

F
f
b
p

eOH 71, 029 58,609 21 292 24 129,975
CN 39, 282 39,143 30 632 59 79,145

f organic solvents used in Wash 2/Elute 1. Both 100% MeOH
nd 100% ACN were evaluated for Wash 2/Elute 1. Table 2
ummarizes the residual area counts for the five phospholipids
n these Wash 2/Elute 1 eluates. As Wash 2, MeOH is the best
olvent since it removes approximately 64% more residual lipids
han ACN, leaving fewer lipids to elute in Elute 2, and thus pro-
iding a cleaner final extract. However, since ACN results in
cleaner extract, in some applications, ACN may be used as
lute 1, provided SPE recoveries are acceptable. Additionally,

he data in Table 3 indicate that Wash 2/Elute 1 from the mixed-
ode strong cation exchange sorbent is significantly cleaner

2% residual phospholipids) than the comparable extract from
he reversed-phase only sorbent (13% residual phospholipids.).

.6. Comparison of acidified or basified elution solvents
sed in mixed-mode cation exchange SPE

Similar to our discussion in the previous section, we wanted
o investigate the overall cleanliness of various solvents used
n Elute 2. Fig. 3 shows the TIC of the five specific phospho-
ipid MRM transitions in (A) basified MeOH and (B) basified
CN Elute 2. A comparison of the two extracts clearly shows
significant improvement in overall cleanliness when ACN is

ubstituted for MeOH in Elute 2. This is not entirely unexpected
ased on the results for ACN and MeOH PPT samples. Both sets
f data suggest that phospholipids are more soluble in MeOH.
ig. 3. TICs of MRM transitions for five phospholipids remaining in Elute 2
rom mixed-mode cation exchange SPE using (A) basified methanol and (B)
asified acetonitrile as the elution solvent. UPLC®/MS/MS with pH 9 mobile
hase.
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Table 3
Comparison of residual levels of five phospholipids in final eluates of five polymeric SPE sorbents, relative to ACN PPT, which is set at 100%

Sorbent type Wash 2/Elute 1 (100% MeOH): %
phospholipids relative to ACN PPT

Elute 2: % phospholipids relative to
ACN PPT

Reversed-phase 13 n/a
Mixed-mode strong cation exchange (Elute 2 is basified MeOH) 2 8
Mixed-mode strong cation exchange (Elute 2 is basified ACN) 2 1
Mixed-mode strong anion exchange (Elute 2 is acidified MeOH) 9 <1
Mixed-mode weak cation exchange (Elute 2 is acidified MeOH) 12 <1
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ixed-mode weak anion exchange (Elute 2 is basified MeOH) 11

/a: Indicates not applicable.

–5% of the same lipid found in the MeOH Elute 2. The sums
f the area counts are listed in Table 4, in the 100% MeOH
nd 0% MeOH (100% ACN) columns. The improvement due
o ACN is quite significant, especially when compared to the
evels of these phospholipids remaining in a PPT extract. Our
xperimental data indicate that the level of residual phospho-
ipids (based on average area counts of the five representative

RM transitions) in basified MeOH Elute 2 from mixed-mode
PE is only 7–8% of the level of those lipids in the ACN PPT
xtract. In the same comparison to ACN PPT, there are less
han 1% of residual phospholipids remaining in the ACN Elute

from mixed-mode cation exchange SPE. This represents the
leanest extract we have seen in our studies. However, it is
lso important to consider the impact of different organic elu-
ion solvents on analyte recovery. We have shown MeOH to
e a good universal solvent for elution from SPE, with recov-
ries for the eight analytes being acceptable (>90%) on a first
ass. More non-polar solvents, such as the MTBE used in LLE
ave proven to be less universal in their ability to adequately
ecover analytes with a wide range of chemical properties and
ydrophobicities. Table 1 summarizes the recoveries for all ana-
ytes using mixed-mode cation exchange with basified ACN
nd basified MeOH for Elute 2. While basified ACN produces
he cleanest final extract, recovery for polar analytes is lower
han when basified MeOH is used as Elute 2. Recovery of the
ore non-polar analytes is not affected and remains above 92%.
herefore, we investigated using combinations of ACN and
eOH as Elute 2 in hopes of finding an eluate, which produced

xtracts having the superior cleanliness of the basified ACN

e
i
i
H

able 4
alculated % SPE recoveries and average area counts for five phospholipids using va

% MeOH in ACN

0 20 40

Atenolol (p) 6 86
Pseudoephedrine (p) 27 80
9-OH Risperidone (np) 92 92
Risperidone (np) 97 96
Clozapine (np) 89 81
Chlorpheniramine (np) 98 98
Imipramine (np) 86 87
Amitriptyline (np) 93 84

Total lipids (average area counts for five lipids) 6568 94,510 110,8

ash 2/Elute 1 was 100% MeOH in all cases. p = Polar analyte; np = non-polar analy
<1

hile maintaining the excellent overall recoveries of the basified
eOH.
Combinations of basified ACN:MeOH in the following ratios

ere evaluated for matrix effects, levels of residual phospho-
ipids and analyte recoveries: 80:20, 60:40, 40:60 and 20:80.
able 4 summarizes both the SPE recoveries for eight basic ana-

ytes using the different combinations of organic solvents as
lute 2, and the average area counts for the five representative
hospholipids in each of the same eluates. We discovered that
s little as 20% MeOH in the final extract was enough to elute
pproximately 77% of the lipid levels found in the 100% MeOH
ased extract. The 40%, 60% and 80% MeOH combinations
ielded lipid levels that were similar to the 100% MeOH. With
espect to analyte recovery, 20% MeOH was enough to improve
he recovery for atenolol and pseudoephedrine to 86% and 80%,
espectively. The question had been raised as to whether it was a
roperty of MeOH specifically that seemed to increase the level
f phospholipids in solution, or the fact that it is a protic sol-
ent, while ACN is not. To more fully understand the behavior
f phospholipids using MeOH and ACN as Elute 2, an addi-
ional experiment was carried out using a basified solution of
0:80 H2O:ACN, which eliminates MeOH, while maintaining
ethanol’s elutropic strength. This eluate still contained a sig-

ificant amount of residual phospholipids: approximately 60%
f the residual phospholipids found in the 20:80 MeOH:ACN

luate. Therefore, the elution of phospholipids from the sorbent
s related to the use of protic solvents, not necessarily MeOH
tself. In comparison to the 100% MeOH Elute 2, the 20:80

2O:ACN Elute 2 contained half the amount of phospholipids.

rious combinations of basified ACN, MeOH or ACN/H2O in Elute 2

20:80 H2O:ACN

60 80 100

80 89 131 98 101
91 93 113 97 68
93 93 110 95 95
94 95 106 93 102
82 90 94 94 100
95 95 113 98 100
90 83 104 85 89
82 78 90 80 90

57 124,366 125,457 122,605 59,300

te.
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n both cases, the SPE recoveries were similar or improved for all
nalytes except for pseudoephedrine, whose recovery decreased.
n comparison to the 100% ACN Elute 2, the 20:80 H2O:ACN
lute 2 contained approximately ten times the residual phos-
holipids levels and recovery for atenolol and pseudoephedrine
ere improved to 101% and 68%, respectively. To summarize,

cetonitrile can be used in Elute 2 for moderately polar to non-
olar compounds, while MeOH remains the best solvent in Elute
for generic methods and polar analytes.

.7. Comparison of four mixed-mode SPE sorbents and
dditional elution steps

Up to this point, we have focused our evaluations on the
nal eluates produced by each method of sample preparation
nd have discussed mixed-mode strong cation exchange poly-
eric SPE in detail. We also evaluated Wash 2/Elutes 1 and 2

rom three additional polymeric mixed-mode sorbents against
he final (100% MeOH) reversed-phase polymeric SPE elution,
olymeric mixed-mode strong cation exchange SPE and ACN
PT for the presence of residual lipids. In this case, we monitored

he five individual MRM traces for the representative phos-
holipids. Table 3 summarizes the percentage of phospholipids
emaining in Wash 2/Elutes 1 and 2 from five polymeric sorbents
elative to those remaining in ACN PPT, which is set at 100%.
he percentages are based on summed average area counts of

he five phospholipids. The cleanest Wash 2/Elute 1 extract, con-
aining 2% of the five phospholipids relative to PPT, is obtained
n mixed-mode strong cation exchange. The levels of lipids
emaining in Wash 2/Elute 1 from other mixed-mode sorbents
nd the reversed-phase polymeric sorbent are similar, contain-
ng no more than approximately 13% of the calculated level in

he PPT extract. The mixed-mode weak cation and weak and
trong anion polymeric sorbents produced the cleanest Elute 2,
r final, extracts, containing less than 1% of the residual lipids in
he ACN PPT extract. Matrix effects for all sorbents were <5%.

t
R
g
c

ig. 4. MRM transitions for all phosphatidylcholine-containing phospholipids (top) fr
A) pH 2.7 and (B) pH 9 mobile phase conditions. MRM transitions for 1 ng/mL t
onditions.
ogr. B 852 (2007) 22–34 31

. Optimizing chromatographic conditions

.1. Use of mobile phase pH to manipulate retention and
ensitivity

If the analytes are ionizable, the pH of the mobile phase can
ignificantly impact the retention, selectivity and sensitivity of
he separation. We chose to investigate the impact of mobile
hase pH on matrix effects at low (pH 2.7) and high (pH 9)
H. Fig. 4 shows the elution profile of phosphatidylcholine
ontaining phospholipids under both low and high pH. The sam-
le was prepared by ACN PPT to represent a typical “quick
nd dirty” sample preparation and run with a generic gradient
rom 98% A to 98% B over 2 min on the UPLC® system. The
hromatograms clearly show that the elution times of the least
ydrophobic phospholipids (earliest eluters) are independent of
H, while the more hydrophobic di-alkyl phospholipids require
longer organic hold at high pH to fully elute them. Fig. 4 also

ncludes MRM transitions for the bases amitriptyline and ter-
enadine under low and high mobile phase pH. These samples
re neat standards run under UPLC® conditions. The retention
imes of these ionizable analytes are appreciably affected by pH,
emonstrating that mobile phase pH can effectively be used to
anipulate analyte elution away from those chromatographic

egions shown to contain phospholipids and thus susceptibility
o ion suppression. In addition, we found that the high pH mobile
hase provided better ESI+ sensitivity for many basic analytes.
n these examples, sensitivity increased by 2.3× for terfenadine
t high pH versus low pH. The sensitivity increase for amitripty-
ine at high pH was 1.6×. Additionally, the retention time for
erfenadine increased from 0.83 to 1.17 min and for amitripty-
ine from 0.64 to 1.1 min at high pH. Basic analytes will be in

heir neutral form at high pH, and thus are retained longer on an
P column and eluted at a higher organic concentration during
radient LC. It is believed that droplets with a higher organic
ontent are more efficiently desolvated in the MS source lead-

om plasma samples prepared by ACN PPT analyzed by UPLC®/MS/MS under
erfenadine (middle) and amitriptyline (bottom) under the same mobile phase
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Fig. 5. A plasma sample containing 0.1 ng/mL of terfenadine (MRM transition
472.1 > 436.1) was prepared by ACN PPT and analyzed by (A) HPLC/MS/MS
and (B) UPLC®/MS/MS using pH 9 mobile phase. The S/N for terfenadine by
H ®

l
t

r
i
t
p
p
(
c
a
p
s
f
t

6
a

s
m

2 E. Chambers et al. / J. Ch

ng to higher MS sensitivity. No attempt was made to control
he k′ of the analytes in these experiments. As long as the ana-
ytes are adequately separated from residual phospholipids, high
H mobile phases are recommended for basic compounds. As
xtending analyte retention time may now cause co-elution with
esidual matrix components, the expected sensitivity gain must
e balanced with any matrix effects that may arise.

.2. Effect of gradient duration on matrix effects

We assessed the effect of gradient duration on the level
f matrix effects observed by pushing methodologies to more
ggressive conditions that were expected to promote sup-
ression. These conditions result in much less or minimal
hromatographic retention, less resolution and more suscep-
ibility to ion suppression. Independent of mobile phase pH,

atrix effects increased for amitriptyline when gradient time
as reduced from 2 to 0.5 min. The samples were prepared by the
ilute and inject method of ACN PPT in each case. Under low pH
obile phase conditions, the level of ion suppression increased

rom 15% to 58% when the gradient time was decreased 4×.
imilarly, under high pH conditions, ion suppression increased
rom 25% to 77% when the gradient time was decreased by the
ame amount. When shorter gradient times are used, extra care
ust be taken to optimize sample preparation (i.e. use SPE) and

o use the appropriate mobile phase pH.

.3. A comparison of matrix effects in HPLC and UPLC®

eparations

In this work, we define “HPLC” as liquid chromatography run
sing 3.5 �m particle size columns. We define “UPLC® technol-
gy” as liquid chromatography run using sub-2 �m particle size
olumns on a chromatographic system specifically designed to
un at the optimum linear velocities for these columns (i.e. high
ressures and minimal system volume). UPLC® technology has
emonstrated significant advantages with respect to speed, sen-
itivity and resolution, making it an attractive option for trace
evel quantitative analysis [43–47]. Researchers have demon-
trated 5–12× increases in speed [43–45], 3–10× improvements
n sensitivity [43,44,47] and close to a 2× improvement in res-
lution [43,45,46]. It was proposed that the added resolution
ight provide a benefit with respect to matrix effects, through

mproved separation from endogenous components. For this rea-
on, many of the previously described experiments have been
arried out using both LC techniques. We evaluated multi-
le sample preparation techniques, several mobile phase pHs,
umerous gradient profiles, and ten different analytes using both
PLC and UPLC® systems. Matrix effects were quantitatively
etermined for each analyte under the various chromatographic
onditions and sample preparation methods. The HPLC matrix
ffects data were paired with their UPLC® counterparts run
nder identical pH, gradient and sample prep conditions. Forty-

ix sets of paired data were then subjected to a paired t-test
o determine if there was a statistically significant difference
etween the two data populations. The paired t-test returned a
(probability) value of 0.0006, objectively indicating that the

w
e
p
d

PLC/MS/MS is 81 and by UPLC /MS/MS is 482, a 6X improvement. Dotted
ines (· · ·) are the phospholipids transition (184.3 > 184.3) and solid lines (–) are
he terfenadine transition.

eduction in matrix effects observed under UPLC® conditions
s indeed statistically significant, using a value of 0.05 as the
hreshold value. A representative demonstration of this observed
henomenon is depicted in Fig. 5. Fig. 5 shows a 0.1 ng/mL sam-
le of terfenadine prepared by ACN PPT under (A) HPLC and
B) UPLC® conditions. The increase in S/N ratio of 6× is a
ombination of theoretical increase due to particle size (1.4×)
nd reduction in matrix effects. The narrower chromatographic
eaks, and thus higher peak capacity, generated by the UPLC®

ystem increase the resolution of one chromatographic peak
rom another. For example, an analyte peak would be expected
o be better resolved from an interference.

.4. Cumulative benefit of optimizing sample preparation
nd chromatographic conditions

Fig. 6 demonstrates the cumulative benefit realized when both
ample preparation and chromatographic conditions are opti-
ized for sample cleanliness and sensitivity. The compounds

ere risperidone, 9-OH risperidone and clozapine (1 ng/mL

ach). In Fig. 6A, the data were generated using techniques and
ractices common in analytical labs today: low pH (generic gra-
ient from 98% A to 98% B over 2 min), ACN PPT and HPLC.
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Fig. 6. A plasma sample containing 1 ng/mL each of risperidone, 9-OH risperidone and clozapine was analyzed by either (A) ACN PPT, HPLC/MS/MS using pH
2 ® g pH
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.7 mobile phase, (B) mixed-mode cation exchange SPE, UPLC /MS/MS usin
ixed-mode cation exchange SPE, UPLC®/MS/MS using pH 9 mobile phase w

y using the best sample preparation methods and chromatographic techniques.

he signal-to-noise ratios for the three compounds range from
8 to 270, and under the generic gradient used here, the API
nd its metabolite co-elute. In Fig. 6B, the data were generated
ollowing each of the recommendations in this paper: high pH
or bases (a generic gradient from 98% A to 98% B over 2 min),
ixed-mode cation exchange SPE and UPLC® technology. In
ig. 6B, gradient duration and slope were kept consistent with
ig. 6A. The signal to noise ratios for the three compounds
ange from 907 to 3542, which corresponds to a net increase of
.7–16× over the accepted practices of using HPLC, low pH for
asic compounds and PPT. Fig. 6C, demonstrates the additional
ime saving benefit afforded by UPLC® technology, without loss
f sensitivity.

. Conclusions

Endogenous phospholipids in plasma are a significant source
f matrix effects in LC/MS/MS analyses. In this work, we have
rovided a thorough, systematic evaluation of various sample
reparation techniques and chromatographic methods aiming to
educe or eliminate matrix effects. We have compared results
rom the various sample preparation methods with respect to
xtract cleanliness, matrix effects and analyte recovery. We have
ompared fast and slow gradients, low and high pH mobile
hases, as well as HPLC and UPLC® chromatographic systems,
ith respect to matrix effects and overall method sensitivity.
ur results indicate that although ACN is a better choice of
rganic solvent than MeOH for PPT, PPT is the least effective
ample preparation technique and causes significant ion sup-
ression for many compounds. While both reversed-phase only
nd cation exchange only SPE result in significantly lower lev-
ls of phospholipids relative to PPT, mixed-mode strong cation
xchange SPE, which combines the retention mechanisms of
eversed-phase and ion exchange, is the most effective sample

reparation technique, leading to minimal matrix effects from
iological samples and excellent recoveries for a range of polar
nd non-polar analytes on a first pass. Single step LLE with either
TBE or basified MTBE, yields extracts of comparable clean-

I
m
e
t

9 mobile phase while maintaining the gradient duration and slope of A and (C)
optimized gradient. The results demonstrate the cumulative benefits achieved

iness to mixed-mode cation SPE (performed with methanol as
he organic solvent in the final elution.) Analyte recovery for the
olar compounds used in this study, using either of the single
tep LLE methods, was not acceptable. Recovery for the less
olar analytes, though an improvement over the polar analyte
ecovery, was still significantly lower than either PPT or mixed-
ode strong cation exchange SPE. Recovery for the less polar

nalytes was significantly improved, and equal to that of mixed-
ode strong cation exchange SPE when a two step LLE method
ith basified MTBE was employed. Recovery for polar analytes
as still less than optimal. Furthermore, when ACN is substi-

uted for MeOH in the final mixed-mode strong cation exchange
xtract, it results in the cleanest extract of all methods evaluated.
he most effective sample clean-up and highest recoveries for
nalytes with a range of chemical properties is achieved using
ixed-mode SPE, which can be further optimized to remove up

o >99% of phospholipids, relative to PPT. Mobile phase pH
as shown to be an effective tool for manipulating the reten-

ion of ionizable analytes. Analytes can be moved away from
esidual phospholipids, whose reversed-phase retention tends
o be relatively independent of pH, resulting in a reduction of

atrix effects. This benefit should be balanced with the sen-
itivity gain observed when analytes are chromatographed in
heir neutral state, thus retaining them longer (and potentially

oving them closer to regions of phospholipids elution) on a
eversed-phase column. We have shown that fast gradient LC
romotes matrix effects by reducing chromatographic separa-
ion between analytes and endogenous compounds. If increased
ample throughput and ultrafast gradients are desired, effective
ample preparation becomes critical, as one can no longer rely
n chromatographic separation to reduce matrix effects. Finally,
he added resolution of UPLC® technology over HPLC yielded a
tatistically significant reduction in matrix effects under a variety
f chromatographic conditions, and with multiple basic analytes.

n summary, a combination of mixed-mode SPE, appropriate
obile phase pH, and UPLC® technology results in the cleanest

xtracts and most sensitive and robust analytical methods for
race-level determination of drugs in plasma.
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ppendix A. Supplementary data

Supplementary data associated with this article can be found,
n the online version, at doi:10.1016/j.jchromb.2006.12.030.
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