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1. Introduction

Liquid chromatography/tandem mass spectrometry (LC-MS/MS) with electrospray
ionization is a highly specific and sensitive analytical technique that has become the
industry standard for quantifying drugs, metabolites, and endogenous compounds in
biological matrices (e.g. plasma). The technique is widely used because of its ability to
accurately quantitate analytes of interest with minimal sample clean-up and rapid LC
separation. Despite these advantages, LC-MSMS methodology occasionally encounters
problems, some of which are caused by matrix effects.

The “matrix” refers to all components in the sample other than the analyte(s) of interest.

Some common matrices typically encountered by bioanalytical scientists include blood,

plasma, urine, bile, feces, and tissue sampls. Although these complex matrices have a

number of common components, not all are known and levels may vary among individuals.

For example, plasma samples obtained from different patients enrolled in clinical trial

studies may contain different levels of endogenous components based on their genetics

and/or disease state as well as different drugs used to manage their disease. Consequently,
each patient’s plasma may have its own particular set of matrix components and therefore is

viewed as being a unigue sample. Matrix effects can arise from a number of matrix

components including, but not limited to:

x Endogenous biological components such as phospholipids, carbohydrates, and
endogenous metabolites (bilirubin)

X Residual formulation components from intrap eritoneal (ip), intrav enous (iv), or oral
dosing (po) experiments; for example, polyethylene glycol (PEG), solutol, polysorbate
(Tween 80), etc.

X An interaction between the analyte of interest and the matrix, such as covalent binding
to plasma proteins or the enzymatic degradation of a prodrug

x  Co-eluting drug metabolites

x  Concomitant medications

X  Mobile phase additives

A matrix effect is generally encountered wh en a component, for example a phospholipid

(present in plasma) co-elutes with the analyte of interest and causes a decrease (suppression)

or increase (enhancement) inionization efficiency relative to the analyte eluting in the
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absence of the matrix component. This may result in an erroneous reporting of sample
concentrations. In the case of clinical trails, where dosing regimens are being optimized
based on pharmacokinetic profiles and are dependant on accurate determination of drug
plasma concentrations such miscalculations can lead to errors in determining optimum
dosing regimens and in extreme cases féure of a drug in clinical trials.

The degree of enhancement or suppression ofionization of an analyte by a given matrix
component can be dependant on the physicochemical properties of the analyte. For
example, highly polar compounds generally appe ar to be affected to a greater degree than
less polar molecules which may be due in part to their co-elution with other polar
components causing matrix effects.

In most cases, matrix components which might cause ionization enhancement or
suppression are removed during the sample clean-up process. The simplest form of sample
clean-up is protein precipitation (PPT), in wh ich an organic solvent, commonly acetonitrile
(ACN), is combined with the sample of intere st enabling most of the protein to be removed
from the sample. Two additional methods of sample clean-up that will be discussed in
greater detail later in this Chapter are liquid-liquid extraction (LLE) and solid phase
extraction (SPE). These methods are more labo intensive, but generally result in better
removal of matrix components. Along with sa mple clean-up, sample dilution is another
simple technique effective in minimizing matrix effects.

The exact mechanisms by which matrix components cause ionization suppression (or
enhancement) are not known. However, King et al. have postulated that matrix components
interfere with the processes involved in the tran sfer of the charged analyte (ion) into the gas
phase thereby increasing ordecreasing the ionization efficiency (King et al., 2000).
Preparation of standards in the same matrix as the sample and use of internal standards
(ISTDs) which have similar or nearly identica | chemical and chromatographic properties to
the analyte help in further minimizing matrix effects. For this reason, a stable-isotope-
labeled analyte is typically the best choice for an internal standard and in many cases
corrects for almost all matrix effects (Xu et al., 2007).

In many cases, it may not be readily apparent that ionization suppression is occurring in a
given LC-MS/MS method. Hence, methodologie s have been developed to remedy this. A
commonly employed technique for detecting io nization suppression involves comparing the
LC-MS/MS chromatographic profiles of injections of blank extracted matrix to neat blank
matrix (water) which are obtained while cont inuously infusing diluted analyte solutions
post column (prior to entering the MS detector).

Our understanding of matrix effects and how to handle them has continually progressed
over the last decade. This Chapter will provide a short review of the current industry
perspective on matrix effects.

2. Detection of matrix effects

There are several methodologies available to analytical scientists for detection and
quantification of matrix effects. Selection of the particular methodol ogy employed typically
depends on the stage of the program (discovay or development). For example, compounds
in early discovery generally receive a limited qualitative matrix effect evaluation, due to

strict timelines for data generation, whil e compounds in development warrant more
detailed quantitative evaluation.
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2.1 Qualitative determination of matrix effects

Post-column infusion of an analyte, as diagramed in Figure 1, is a fast and easy technique
that can be used to qualitatively identify re gions of ion suppression or enhancement in a
particular matrix extract. In th is technigue, an extracted matrix sample is injected onto the
HPLC column using the LC-MS/MS method for the analyte, while a steady flow of that
analyte is infused into the effluent flow between the column and the mass spectrometer
source. Additionally, a blank solution such as water, buffer, or the initial mobile phase
mixture must also be injected to determine the baseline for the analysis. The regions of
suppression or enhancement can be visualized in the resulting chromatograms by
comparing the baseline obtained from the blank wi th each of the matrices tested (Figure 2).
It is important to note that the degree of the effect will depend on the concentration of the
analyte being infused. If the concentration of analyte being infused is too high, matrix effects
could be masked. Any regions of enhancement or suppression must be compared with the
retention time of the analyte. Investigation of matrix effects using this methodology with an
internal standard is also highly recommended.

Infusion pump

Autosampler

Fig. 1. Post-column infusion schematic.

2.2 Quantitative determin ation of matrix effects

Post-extraction analyte spiking provides a more quantitative measure of matrix effects. One

technique involves extracting two sets of samples; one set contains the analyte added to an
extracted matrix (post-extraction sample), and the other contains the analyte in mobile

phase, solvent, or buffer (external solution). Both sets of samples are prepared with
equivalent concentrations of the analyte and then are processel identically. One can

guantitate the degree of enhancenent or suppression caused by the matrix effect(s) by use of
the equations shown below (Matuszewski et al., 2003):

X  Matrix effect (%) = B/ A * 100 (can also be calculated using (B-A/A) * 100)

X Recovery (%) =C /B * 100

x  Extraction Efficiency (%) = C/A* 100

A = external solution peak area, B = post-extraction sample peak area,C = extracted matrix

peak area
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Fig. 2. Infusion test: the red trace is thebaseline chromatogram for a solution of 50%
acetonitrile in water (reagent blank), the green trace is the extractedmatrix blank, and the
purple trace is an analyte sample in reagert blank. In this example, the region of
suppression does not coincide with the analyte peak. Therefore, this LC-MS/MS method
could be used for the analysis of this single analyte, but if metabolite analysis was needed,
this method could prove to be inadequate. These experiments would need to be repeated as

metabolite standards became available.

Analvte Internal Standard
Nominal External Post- External Post-
Concentration solution peak extraction solution peak extraction
(ng/mL) area peak area area peak area
250 54583.6 56745 21700.3 213125
34513 4787 121449 21916.0
3354.5 52751 210345 19540.3
F819.4 21238.6
7.7 203223
50611 204475
" 3 & 3 &
Mean 5510.0 5380.6 21626.6 20546.3
5D 3920 2487 558.9 76935
RSD %)
Matrix Effect® {0) -23 -3.6

*Positive value indicates percent enhancement,negative value indicates percent suppression

Table 1. Example of matrix effect evaluation.
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Analyie Internal Standard
Mominal Extracted Post- Extracted Post-
Concentiation matrix extraction matrix extraction
ngmL) peak area peak aea peak area peak area
121550 144732 141300 BE0330
122121 14139 8 T4226.6 Q00502
15 114676 14473 .4 714090.1 02064 1
o208 640275
12194 0320
137746 247271
" & 3 & 3
Mean 11954.4 143621 T4E5T 4 00649 1
SD 12531 1925 71022 2081 .2
RSD {%0) 105 13 05 a3
Recovery (M) 832 B4
THI1E 209131 01773 g71802
740217 242503 T4564.5 E0E30.0
a0 174648 221046 TIS2E6 016200
209997 TEE44 2
IS TRELT 3
TR20289 813231
i & 3 & 3
Mean TI9ES 4 226557 TEED 2 20546 7
5D 25222 16774 4045 6 22290
RS5D (%) 32 20 53 25
Eecovery (%) 943 260
649097 & 143563 2 131581 DAI5ES
650131.4 1557947 TEA93 2 022301
750 6321407 764104 .4 763111 Q0620 6
654594.0 8140232
BE4467 5 TI2s3
6142530 TALE 6
" & 3 & 3
Mean 64230 9 154487 4 TInge 3 01736.4
SD 177602 103328 20ET3 DAE .4
RS5D (%) 28 1.4 30 11
Recovery (M) 254 24.0
Overall Recovery (%) i7.6 542

Table 2. Recovery for an analyte, at variousconcentrations, and internal standard (ISTD).
The “extracted matrix” samples were spiked wi th analyte or ISTD prior to extraction, and
the “post-extraction” samples were spiked with analyte or ISTD after extraction. The
recovery of the analyte does not appearto be affected by concentration.
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Matrix effect, as previously stated, is a measure of percent change in signal caused by matrix
components. Table 1 shows results from an experiment designed to determine matrix
effects. The calculated matrix effect (%)shows that the analyte and the internal standard
responses in this experiment are not affected by matrix effects. Extraction efficiency is a
measure of the percent of total response inan extracted sample when compared to the
external solution. Sample recovery describes the percent of analyte that was recovered
during the extraction process. Table 2 shows anevaluation of recovery for an analyte and
internal standard for three concentrations.

The most rigorous technique for determining matrix effects is typically not performed until

a compound advances into regulated animal studies where a Good Laboratory Practice
(GLP) method validation is required. It involves analysis of three sets of samples for each
matrix being evaluated. Each set is prepared as a series of calibration standards with
internal standard; one set is prepared in mobile phase, solvent, or buffer (external solution),
the second is prepared by addition of analyte to extracted matrix (post-extraction sample),
and the third is prepared by a ddition of analyte directly into the study matrix (Matuszewski

et al., 2003).

3. Mechanisms of matrix effects

3.1 Mechanisms of matrix effects

Matrix effects arise at the interface between the LC system and the MSsystem (King et al.,
2000). This interface is referred to as the ‘ionsource’, and it is here that analytes are
desolvated and charged. The principals of MS detection dictate that only charged (positive

or negative) gas phase ions are detectable. Anythng that interferes with either the charging

or the desolvation of the analyte will produce a matrix effect.

100,000
kS I
2
z ESI
g
=
3
E
( APCI
1000 —
APPI
100 — /
Non-Polar Polarity Highly Polar

Fig. 3. Applicability of various ion sources depending on analyte polarity and molecular
weight.
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A complete overview of MS interface design is beyond the scope of the present work;
however, some understanding of the different operating principles of the major ion sources
is useful for examining the root causes of matrix effects. In modern LC-MS there are a
variety ion sources available from which the analyst can choose. This choice often depends
on a number of factors includin g source availability, type of analyte, and sensitivity of the
instrument. Figure 3 shows the three most commonly used ion sources and their
applicability for use based on analyte polarity and molecular weight . Electrospray
ionization (ESI) is the most widely used ion source. It has broad applicability to a wide
spectrum of analytes of varying molecular weight and polarity, and it is capable of ionizing
larger macromolecules such as peptides aml proteins. Atmospheric pressure chemical
ionization (APCI) is the next most widely us ed ionization method. Additionally, there are a
number of alternative source designs such as atmospheric pressure photo ionization (APPI),
nano-spray (low volume ESI), and inductively coupled plasma mass spectrometry (ICPMS).
Regardless of the type of source, all share a sigle goal of transition ing uncharged analytes
in solution to detectable gas phase ions.

3.2 Electrospray lonization

In the ESI source, analytes mustacquire a charge in solution and then successfully transition
to gas phase while maintaining their charge. Figure 4 depicts a generic ESI source. The
acquisition of charge in the solution phase and successful transitioning to the gas phase
makes the ESI source the most vulnerable to méarix effects when compared to either APCI
or APPI (Jessome and Volmer, 2006; Kinget al., 2000; Trufelli et al., 2011).

Atmospheric pressure Vacuum

\ \ Analyte has successfully

e}
”f& transitioned to gas phase
% and acquired a charge
from the droplet surface

\ ; O \ ,/ "

Detector

%

S )
o o
© 2
o %
ko

+ A+
Nebulizing The droplets are charged
gas and contain analytes in Nonvolatile matrix
the solution components can

accumulate here, which
leads to matrix effects.

Fig. 4. ESI source.
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The mobile phase containing the analyte along with appropriate mobile phase additives
such as formic acid or ammonium hydroxid e are passed through a charged needle, which
transfers this charge to the exterior surface ofthe solution. At the tip of this charged needle,
the solution takes the form of a narrow cone of charged liquid called a Taylor cone. Through
the use of nebulising gasses and heat, the doplets are aerosolized. As these charged
droplets transverse the ESI source they are progressively reduced in size through
evaporation until they become completely desolvated gas-phase ions. These ions are then
directed into the orifice of the mass spectrometer. Figure 5 depicts the desolvation of the
charged droplets (containing th e uncharged analyte) to the charged gas phase ions that are
detected by the mass spectrometer.

-
| s

Desolvatlon process

‘ +® +® A+A+A+

At

“‘”Q‘)

Within the ESI source, there are a number of factors which can affect the ability of the
analyte to be consistently ionized. Figure 6 depicts some of the causes of matrix effects that
may occur while the analyte is still in the li quid phase in an ESI source. Endogenous and
exogenous co-eluting sample components can cause suboptimal droplet formation.
Oversized droplets, or droplets with non-vola tile components, are difficult to completely
desolvate and can result in solution phase analyte collecting around the orifice or inside the
qguadrupole chamber, which can cause signal suppression (Bonfiglio et al., 1999; King et al.,
2000). Certain sample components such as the surfactants Tween 80 or PEG 400 have a high
affinity for the air-liquid interface of a droplet. As the charge is also localized at the surface
of the droplet, this affinity for the surface of the droplet can limit an analyte with less
surface affinity from gaining access to the charge (Xu et al., 2005). In addition to surfactants,
phospholipids can also interfere with an analyt e’s access to the surface of the droplet, and
thus hinder access to the charges located orthe droplet’s surface (Bennett and Liang, 2004;
Chambers et al., 2007). lon-pairing reagents, tyically used to improv e chromatography, can
interfere with an analyte’s ability to accept a charge. In ESI, the chargeis localized on the
surface of the droplet; therefore any co-eluting sample component can interfere with an
analyte’s migration to the surface of the droplet. This interference occurs via competition
with the analyte for the charge or repulsion of the analyte away from the surface thereby
preventing ionization of the analyte. In charge competition scenarios, the charge will go to
analyte or matrix component with the greatest ionization potential at the pH of the mobile
phase.

Non-volatile materials, such as phosphate (a common HPLC mobile phase buffer that is
generally avoided for LC-MS/MS work), can accumulate inside the MS source housing, on
the orifice of the detector, or on the front face of the mass spectrometer’s quadrupoles.
Samples may also contain components (for example endogenous lipids) that can precipitate
inside an ion source. The accumulation of non-volatile materials can increase electrical

+t
S
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Analyte

Solvent

Endogenous sample
components

-\ Exogenous sample

+ components

tirt

+
T T+

Fig. 5. ESI desolvation process.
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Ion-pairing reagents -
These mobile phase additives
impede an analyte’s access to

acquiring a charge

Analyte
repulsion

Charge Competition Proton Exchange

-4—Migration:

Analyte

ompetition

/ C
Surface tension - Surfactants and B

electrolytes can alter desolvation by
holding droplets together

Co-precipitation with
non volatile
components.

Solution Phase matrix effects Gas phase matrix effects
(only possible in ESI) (can occur in any ion source)

Fig. 6. Mechanisms of ion suppression in LC-MS.

resistance, thereby preventing the ions from following the electromagnetic gradient into the
detector, resulting in signal loss (Mei, 2005). These deposits can also block the orifice,
physically preventing entran ce into the MS detector.

Fig. 7. Accumulation of non-volatile components in ESI sources: A: shows a recently cleaned
source with no accumulations; B: shows a crydalline ring of deposits resulting from polar
matrix components and endogenous electrolytes; C: shows a slightly greasy smear around
the orifice that may be the result of insuffi cient sample clean-up of endogenous lipids.

In modern mass spectrometers, the LC inlet is orthogonal to the MS orifice. This
configuration allows ions to follow the electrical charge gradient to the orifice and into the
MS. Previous generations of LC-MS/MS instru ments were designed with the LC inlet and
the MS orifice aligned in a linear placement. This linear source design tended to have more
issues with matrix effects and non-volatile accumulation in the source and the front of the
MS quadrupoles, which often resulted in degradation of MS performance more rapidly.
Figure 7 shows the orifices of several LC-MS/MS systems including clean and with build up
of non-volatile components.

Nano-scale ESI, a variant of conventional E$ sources that relies on ultra low amounts of
solvent, has been reported to reduce matrix effects (Chiu et al., 2010). The reduced volumes
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used in nano-scale ESI sources diminish the potatial impact of matrix effects on the droplet
formation and desolvation.

3.3 Atmospheric pressure chemical ionization

Atmospheric pressure chemical ionization (A PCI) is an alternate method of analyte
ionization to ESI. Although less susceptible to matrix effects, APCI can have significantly
lower ionization efficiencies for some analytes. In such cases, the loss of analyte signal
sensitivity must be weighed against the reduction of matrix effects (Trufelli et al., 2011).
APCI, unlike ESI, does not rely on solution phase analyte charging, therefore many of the
matrix effects due to droplet formation and ph ase transformation are eliminated. Instead,
desolvation of the analyte occurs almost instantly in a heated ceramic vaporizing collar at
the inlet from the LC. However, the high temp erature required for desolvation makes APCI
unsuitable for the quantitative analysis of th ermally labile molecules. Figure 8 depicts a
typical APCI ion source.

\ Atmospheric pressure Vacuum
=

Og Uncharged Charged

a analyte in gas analyte in gas

=3 phase phase

Heated vaporizing
CoHar
""""" A AT
MS
HPLC A A Corona A'- Ai- AF Detector
System

dlscharge A AF

Uncharged ‘Q)
\_/ analyte in %,
%

C arrier solution

Fig. 8. APCI source.

APCI is not immune to matrix effect issues of its own (Gosdti et al., 2010). In APCI, ion
creation occurs as the desolvated neutralanalyte and solvent molecules pass through the
gas phase solvent ions (plasma) produced by the corona needle. The corona needle
discharges electrons that initially charge the gas phase solvent molecules, and this charge is
then transferred to the analyte. The ionization process must occur with a limited amount of
transferrable charge in a very short amount of time. Thus, co-eluting species passing
simultaneously through the corona often compet e with the analyte for available charge. In a
positive ionization mode, any component with a higher pKa can affect analyte signal
intensity (van Hout et al., 2003). For example, Tween 80, a common excipient in drug
formulations, competes with the analyte for charge thereby lowering the ionization
efficiency of the analyte (Xu et al., 2005). Co-preipitation of analyte with non-volatile matrix
components can also play a role in APCI signal suppression (van Hout et al., 2003).
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3.4 Atmospheric pressu re photo ionization

Atmospheric pressure photo ionization (APPI) is a recently introduced ionization source
that achieves ionization by channeling the uncharged gas phase sample molecules through a
charged photon beam. APPI has been demonstraed to be less susceptible to matrix effects
than ESI and APCI. APPI, like APCI, ionizes the analyte in the gas phase, eliminating
potential issues that arise from solvent phase ionization. Additionally, APPI produces
higher energy protons that can overcome potential charge competition between the analyte
and solvent or extraneous materials, which sometimes occurs in APCI sources (Gosetti et al.,
2010). Figure 9 shows an APPI source diagram.

Atmospheric pressure Vacuum
3
/\ Gl Uncharged gas Charged gas phase
% phase analytes analytes
% N\
Vaporizing |
collar A i A I+
+
HPLC @ @A A p b A A a MS detector
System . T N A"
I

Uncharged analytes
in solution

OrifiCC

N

(’V/
Carrier e,%

gas N

Fig. 9. APPI interface.

3.5 General Considerations

In experiments with multiple analytes, it is necessary to evaluate potential matrix effects for
each analyte. Many factors, including pKa, solvation energy, solvent properties, etc., affect
electrospray ion formation. Furthermore, each of these factors can impact various analytes
within a mixture differently (King et al., 2000).

In general, the consensus is that APCI and APPI systems are less prone to suffer from matrix
effects than ESI, however, each method hasts advantages and disadvantages (King et al.,
2000). In certain matrices and for certain anaytes, no significant improvement over ESI
sources was observed, emphasizing that matrix effects should be assessed on a compound-
by-compound and matrix-by-matr ix basis (Lien et al., 2009).

Although it may be possible to resolve an observed matrix effect by changing sources, this is
not always an option. For example, analytes often exhibit different ionization efficiencies
depending on the mode of ionization. Moreov er, changing ion sources does not guarantee
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elimination of matrix effects. A better option is to understand the specific cause of the matrix
effect and then address it directly.

4. Sources of matrix effects

lonization suppression and/or e nhancement due to sample matrices have become one of the

most important causes for failures and errors in bioanalysis. Matrix effects are subdivided

into two groups: 1) endogenous matrix effects caused by components naturally occurring in

the biological or environmental sample and 2) exogenous matrix effects caused by

components introduced prior to or du ring sample collection and analysis.

Commonly encountered sources of matrix effects are summarized below:

x  Endogenous components of matrices such aslipids, phospholipids, proteins, and bile
salts

X Exogenous components of matrces that are introduced during analysis such as
formulation excipients, leachables from the labware, anticoagulants, analyte stabilizers
used during sample collection, and reagents used in the preparation of bioanalytical
samples

x  Degradation products of the analyte created during sample preparation and analysis
(e.g. degradation products of prodrugs and compounds sensitive to pH, temperature,
or light)

X Impurities and salts contained in analytes and ISTDs

x  Poor recovery of analytes due to binding to biological matrices or containers (e.g. non-
specific binding of hydrophobic analytes to plastic)

X  Solvents and additives used for LC

X  Xenobiotics and their metabolites present in analytical samples (e.g. other drugs present
in patient samples)

The sources of matrix effects are extremely diverse and are analyte-, LC-MS/MS method-

and ion source-dependent. Therefore, grea care should be taken during method

development and validation to identify potential issues (Matuszewski, 2006; Taylor, 2005;

Trufelli et al., 2011; Vogeser and Seger, 2010).

During the bioanalytical method development and validation for GLP studies, many of the

exogenous matrix effects are aldressed by careful evaluation of the reagents and supplies

used for sample collection, preparation, and analysis. However, some matrix effects are

difficult to identify and preven t during early stage drug disco very when a large number of

diverse compounds are evaluated in a high-throughput manner and general LC-MS/MS

methods are used. The problem is exacerbated bymatrix effects resulting from impurities

present in investigational compounds, such as inorganic and organic salts, and degradation

products. Some exogenous and endogenous méix effects are well known and have been

described in literature, but many remain undete rmined and are rarely explored in detail. A

limited number of extensive and systematic studies have been performed to assess the broad

nature of matrix effects providing much n eeded information regarding mechanisms of

matrix effects in general and methods for their elimination (Chambers et al., 2007; Ismaiel et

al., 2010; Little et al., 2006; Mallet et al., 2004; Marchi et al., 2010; Muller et al., 2002; Tong et

al., 2002; Xu et al., 2005). In contrast, mosbf the current knowledge is based on studies

focused on specific matrix effects. In every day practice, ion suppression is often overcome

using empirical methods such as modification of LC-MS/MS methods, substitution of
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HPLC columns, more rigorous sample clean-up, and optimization of labware and reagents
without identifying or fully exploring the underlying causes.

4.1 Exogenous components leading to matrix effects

4.1.1 Eluents and additives

The composition of the mobile phase profoundly influences the ionization efficiency of all
sample components due to the mechanisms discussed previously (Gao et al., 2005;
Kostiainen and Kauppila, 2009). Multi-fold increa ses in signal of the analyte can be achieved
by modifying composition of the mobile phase during the LC-MS/MS analysis. For
example, an increase in theorganic solvent portion of the mobile phase usually leads to
increased ionization efficiency (Dams et al., 2002). Such modications can also lead to
changes in retention times of analytes and matrix components thereby altering elution
patterns and potentially introducing matrix effects.

Acidic, basic, ion-pairing or buffer salt addi tives in the mobile phase may have signal
suppression or enhancement effects. Mallet and colleagues performed a systematic analysis
of formic acid (FA), acetic acid (AA), trif luoroacetic acid (TFA), ammonium hydroxide,
ammonium  formate, ammonium biphos phate, ammonium bicarbonate, and
nonafluoropentadecanoic acid as mobile phase additives and studied their effect on the MS
signal intensity of a diverse set of compounds (Mallet et al., 2004). lonization enhancement
or suppression was highly dependent upon each additive, analyte and ionization mode.
Consistent with numerous other reports, TFA strongly suppressed ionization of all tested
compounds in both positive and negative ionization modes. The signal suppressing effects
of TFA and other fluorinated acids are due to the ion-pairing and surface tension effect (as
described previously), which disrupts the ionizat ion of the analyte (Gustavsson et al., 2001).
The post-column addition of a propionic acid and 2-propanol mixture may counteract the
deleterious effects of TFA by facilitating TFA evaporation during ionization (Apffel et al.,
1995). Benijts and colleagues reported that additon of acids resulted in significant signal
suppression in the analysis of environmental water sample s for 35 endocrine disrupting
chemicals in negative and positive ESI, while 1 mM ammonium formate reduced the matrix
effect. Further improvements were achieved by sample clean-up and use of SIL-ISTDs
(Benijts et al., 2004).

Additionally, reagents used during sample coll ection and preparation that are retained in
the analytical sample may lead to matrix effects. Mei et al. reported that commonly used
anticoagulant Li-heparin enhanced ionization effici ency for some of the analytes (Mei et al.,
2003). Tris(hydroxymethyl)aminomethane (TRIS) buffer and nicotinamide adenine
dinucleotide phosphate (NADPH) led to significan t matrix effects during the analysis of 27
highly diversified pharmaceutical compou nds in microsomal samples when PPT was
utilized for sample clean-up (Zheng et al., 2002). SPE based sample clean-up was shown to
significantly reduce these matrix effects. Phosphate buffer and non-volatile ion-pairing
reagents such as sodium dodecyl sulfate (SDS) lead to severe ion suppression due to
accumulation in the source as discussed in Section 3.2.

4.1.2 Leachables and impurities

Matrix effects caused by polymers and plasticizers leaching from common labware are often
overlooked (Guo et al., 2006; Me et al., 2003; van Hout et al., 2003). Importantly, ion source
contamination with these polymers may lead to long-lasting interference with analysis.

www.intechopen.com



402 Tandem Mass Spectrometry — Applications and Principles

Particular care should be exercised when organic solvents such as ethyl acetate,
dichloromethane, or ethers are used with polymer-based containers, caps, or solid phase
materials, as they may solubilize polymers and plasticizers. Minor solvent impurities and
additives may also affect the accuracy of analyses (Annesley, 2007).

4.1.3 Formulation agents

Some formulation agents may also lead to matrix effects. In particular, excipients used in
early drug discovery for solution or suspensi on formulations are known to interfere with
analyses. These excipients are pgsent in plasma at high concentrations (>1 mg/mL) in early
PK sampling time points. In studies conducted by Xu and colleagues, 20% hydroxypropyl- A
cyclodextrin (HP ACD) or 0.4% methyl cellulose vehicles did not lead to matrix effects either
during iv or po dosing. Conv ersely, when 0.1% Tween 80 was used as a vehicle, 50-80% ion
suppression was observed for both iv and po administration routes (Xu et al., 2005). These
results are supported by several other researclters (Larger et al., 2005; Shou and Naidong,
2003; Tong et al., 2002). Moreover, polysorbatescluding Tween 80 are complex mixtures of
components containing polyoxyethylene (POE) sorbitan and POE sorbitan monoesters
(Figure 10). POE sorbitan contains approximately twenty ethylene oxide subunits arranged
in four chains of various lengths. The oleate monoester accounts for 58-85% of esters in
Tween 80, while the remaining esters have alkyl chains from C14 to C18 and include
stearate, linoleate, and linoleneate esters. Tlkrefore, the composition of Tween 80 is quite
variable and depends on the manufacturing process (Hewitt et al., 2011). Additionally,
Tween 80 is rapidly hydrolyzed to oleic acid and polyethoxylated sorbitan by esterases in
rodent plasma leading to further variability in analyses (Larger et al., 2005; van Tellingen et
al., 1999). Dosing vehicles containing PEG 400 also lead to ionization suppression, in
particular, for early eluting compounds (Shou and Naidong, 2003; Tong et al., 2002; Weaver
and Riley, 2006; Xu et al., 2005). Co—-infusionof PEG 400, Tween 80, or HPCD with an
analyte in 70% ACN solution (pH 8) led to sign ificant LC-MS signal suppression in positive
and negative ionization modes, while co-infusion with propylene glycol (PG) resulted in the
lowest interference among of the four (Tong et al., 2002).

Polysorbitans Polyethylene glycol 400 (PEG400)
O
H (0]
O ~
o OH

o,

HO OH MW 380-420 g/mol
ol o™

Number of polyethylene units: w+x+y+z = Propylene glycol (PG):
20
R = fatty acid alkyl chain HO
Polysorbate 20 - lauric acid ester /K

Polysorbate 40 - palmitic acid ester
Polysorbate 60 - stearic acid ester
Polysorbate 80 - oleic acid ester

Solutol® HS 15
O

A/\/\/\/\/\/\/\)L{o/\}f'*

OH

Fig. 10. Commonly used formulation agents.
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4.1.4 Cross—talk

Cross-talk occurs with compounds that produce fragments with similar masses. Typically,
MRM dwell times and inter scan times are very short. Hence, fragment ions from one
transition can still be present in the collision cell when the next MRM transition is
monitored, leading to false positive signal. Most commonly cross-talk is observed when
structural analogs or SIL-ISTDs are used as irternal standards, or when metabolites of the
analyte are present in the sample. On rare ocasions, structurally unrelated compounds may
produce ion fragments with an identical mass le ading to cross-talk. Separate analysis of
analytes and ISTDs while monitoring all MRM ion transitions is the most reliable method
for cross-talk detection. Similar evaluation should be done with known metabolites or
analyte degradation products when feasible. The simplest way to eliminate cross talk is to
enter a “dummy” or blank MRM transition be tween mass transitions where cross-talk is
observed. The dummy or blank transitions allow the collision cell to comple tely clear the
ions from the previous mass transition. Addi tionally, cross-talk can be eliminated by
reducing the amount of ions entering the collision cell. Therefore, dilution of the analyzed
sample, reduced concentrations of ISTDs, orchromatographic resolution of the analyte and
the ISTD is typically used to eliminate cross-talk (Morin et al., 2011).

4.1.5 Stable-isotope-label ed internal standards

Stable-isotope-labeled internal standards (SIL-ISTDs) are routinely used in pharmacokinetic
analyses and in clinical and forensic toxicology to mitigate matrix effects during LC-MS/MS
analysis (Stokvis et al., 2005). SIL-ISTDs areompounds where several atoms of the analyte
molecule have been replaced with their stable isotopes. Most commonly hydrogen (tH) is
exchanged for deuterium (2H) and carbon (12C) is exchanged for carbon {3C), however,
nitrogen (15N) and oxygen (170O) labeled SIL-ISTDs also canbe used. At least three atoms
should be exchanged during the labeling to avoid interference between analyte and SIL-
ISTD signals due to cross-talk or signal contribution caused by isotope distribu tion.
Furthermore, SIL-ISTDs should be of high isotopic purity and stable during the analysis. For
example, hydrogen-deuterium ex change has been observed inaqueous solutions, therefore
13C labeling is preferred (Chavez-Eng et al., 2002).

SIL-ISTDs possess nearly identical physicotiemical properties compared to their non-
labeled counterparts. Therefore, one may expet nearly identical retention times during
chromatographic seperation and similar behavior in the ion source. Consequently, SIL-ISTD
and an analyte should be exposed to the sane ionization conditions and normalization
relative to SIL-ISTD should minimize variability during the sample analysis. However, on
occasion SIL-ISTDs themselves may lead to io suppression or enhancement of the analyte
(Liang et al., 2003; Remane et al., 2010b). Timinimize SIL-ISTDs matrix effects, appropriate
concentrations of SIL-ISTDs should be employed and linearity of th e response should be
tested. In addition, there have been reports that SIL-ISTDs are affected differently by matrix
effects than the analyte leading to inaccurate quantification (Lindegardh et al., 2008; Jemal et
al., 2003; Wang et al., 2007).

4.1.6 In-source fragmentations

Compounds with weak bonds, such as glucuronide- and sulfate-conjugated metabolites,
may fragment in the source during the ionizat ion process, thereby regenerating the parent
molecule (Figure 11). When the analyte ard its metabolite(s) are not resolved via
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chromatography, in-source fragmentations may lead to inaccurate quantification of the
analyte (Vogeser and Seger, 2010; Vogeser et al., 2001; Yan et al., 2003).
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Fig. 11. In-source fragmentation of a glucuronid e metabolite resulting in interference of the
parent analyte peak.

4.2 Matrix effects caused by endogenous components
Endogenous matrix effects are caused by commnents which naturally occur in the matrices

(Table 3). Plasma and urine are the most commonly used biological samples for LC-MS/MS
analysis, however, feces, saliva, bile, and tissue homogenates are ocs#onally analyzed as
well. Each of these biological matrices contans distinct endogenous components that may
lead to different matrix effects and require specific protocols for sample preparation.
Furthermore, substantial variations in matrix effects can be observed in samples from
different individual subjects due to genetic va riation, disease state and/or the presence of
other xenobiotic compounds (Remane et al., 2010a). Detection of endogenous substances,
compounds with limited stability in biological matrices, and trace analytes are particularly
prone to matrix effects.

In general, polar compounds are affected more by endogenous matrix effects than non-polar
compounds, because many components of biobgical matrices and environmental samples
are polar, water-soluble compounds and are eluted early during a reverse phase (RP)
chromatography (Bonfiglio et al., 1999; Muller et al., 2002).
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Matrix Components Amount
Blood Plasma ~55%
Red blood cells ~45%
White blood cells >1%
Plasma Water ~90%
Protein ~8%
Inorganic salts 0.9%
Organic substances (lipids, hormones, vitamins etc.) 1.1%
Urine Water 95%
Urea 9.3¢g/L
Chloride 1.87 g/L
Sodium 1.17g/L
Potassium 0.75g/L
Creatine 0.67 g/L
Other ions and compounds lesser amounts
Liver bile*  |Water 90-95%
Total solids 5-10%
Bile salts (bile acids) 3-45 mM
Bilirubin 1-2 mM
Phospholipids 150-800mg/dL
Free Cholesterol 80-200 mg/dL
Protein (total) 2-20 mg/dL
Glutathione 0-5 mM
Sodium 140-170mM
Potassium 2.7-6.7mM
Calcium 2.5-6.4mM
HCO3 12-55mM

*Data adopted from (Dancygier, 2010)
Table 3. General composition of biological matrices.

4.2.1 Plasma

Plasma contains dissolved proteins, amino acids, peptides, glucose, carbohydrags, vitamins,
electrolytes, hormones and lipids, all of which ma y lead to matrix effects. Serum protein is a
major component of plasma with concentrations ranging from 6.0 to 8.3 g/dL. Albumins,
globulins, and fibrinogens constitute approx imately 60%, 18% and 4% of the total serum
plasma protein, respectively. Albumin serves as a transport protein for carrying large
organic anions, such as fatty acids, bilirubin, drugs, and hormones, such as cortisol and
thyroxine. Albumin concentrations may vary am ong individual subjects and are affected by
dehydration, protein malnutrition, kidney and liver disease, etc. Non-specific binding of
analytes to albumin and globulins or specific binding to particular plasma proteins may
impact analyte recovery during the analytical sample preparation. High affinity, specific
binding may be of particular concern during analysis of naturally occurring compounds,
their analogues, and highly potent drugs. For example, analysis of vitamins D2, D3, and
their metabolites requires disruption of protein binding and longer chromatography
methods to avoid matrix effects (Casetta etal., 2010; Hollis, 2007; Vogeser and Seger, 2010).
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In most cases, analyte binding to proteins can be disrupted by organic solvent, acid,
inorganic salt, or metal ion treatment. In MS/M S analysis acids, salts, or metal ions may
lead to undesired ion suppression on their own and therefore are rarely used. Organic
solvent based PPT efficiently removes most of the protein and does not require post-
precipitation processing of samples. In a study conducted by Polson et al., a volume ratio of
2.5:1 of precipitant to plasma was found to maximize protein removal while minimizing
sample dilution. Under these conditions, ACN precipitation removed >97% of protein,
while methanol removed ~94% of protein (Polson et al., 2003). LLE and SPE also rely on use
of organic solvents to efficiently disrupt anal yte-protein interactions and remove proteins
from the samples; therefore, proteins rarely lead to matrix effects in LC-MS/MS analysis of
small molecules. However, endogenous amino acids and peptides can interfere with
protein, peptide and peptidomimetic analysis . Albumins and immunoglobulins along with
other abundant plasma proteins lead to significant ion suppression in proteomics and
interfere with the detection of less abundant proteins (Ahmed et al., 2003; Lo et al., 2009).
Recently, significant efforts have been devaed to the development of LC-MS/MS-based
biomarker assays for diagnostic purposes (Ahmed et al., 2003; Apweiler et al., 2009; Pusch et
al.,, 2003). Affinity chromatography and sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-page) can be utilized to deplete plasma samples of highly abundant
proteins and improve detection limits of biom arkers (Ahmed et al., 2003; Borg et al., 2011;
Liu et al., 2009).

Other plasma matrix components such as salts,sugars, amino acids, lipids, and vitamins are
not removed as efficiently by PPT, while LLE or SPE are better suited for this purpose as
will be discussed in section 5.1. The highly polar components of plasma such as electrolytes,
amino acids, glucose, and vitamins rarely interfere with an alysis of non-polar organic
compounds typically encountered in the drug development process, as they are easily
separated by HPLC. However, they may lead to matrix effects when very rapid LC methods
are used.

Lipids are considered the main culprit of ma trix effects in blood and plasma samples.
Plasma contains thousands of distinct lipids comprised of six main categories including fatty
acyls, glycerolipids, glycerophospholipids, sp hingolipids, sterols, and prenols (Figure 12)
(Quehenberger et al., 2010). Phospholipids are present in plasma at extremely high
concentrations, with glycerophosphocholines and lysophospholipids cons tituting up to 70%
and 10% of the total plasma phospholipids, respectively. Phospholipids have a polar head
group that contains an ionizable negatively charged phosphate group and a positively
charged amine group that are responsible for strong ion suppression in both positive and
negative ionization modes (Chambers et al.,2007). In addition, phospholipids contain one or
two fatty acid esters that are responsible for the hydrophobicity of phospholipids. In
general, ACN extracts contain significantly lo wer amounts of residual lipids than methanol
or acetone extracts (Chambers et al., 2007tsmaiel et al., 2010). LLE can provide cleaner
samples, but lipid separation depends heavily on pH and organic solvents used for the
extraction (Chambers et al., 2007; Ismaiel etl., 2010; Muller et al., 2002). Non-polar lipids
such as triacylglycerols, cholesterol, and cholesterol esters have good solubility in hexane,
chloroform, and ethers and will be extracted wi th these solvents from plasma. On the other
hand, polar lipids, such as phospholipids, are more soluble in polar solvents, such as
methanol and ethyl acetate. Therefore, it is important to determine which lipids lead to
matrix effects and select solvents for LLE or SPE that will not extract these lipids. Since
phospholipids are more likely to lead to pron ounced matrix effects, the use of less polar
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solvents, such as methyl tert-butyl ether (MTBE) and MTBE-hexane mixtures for LLE can
help to minimize matrix effects caused by phospholipids (Bennett and Liang, 2004; Ismaiel
et al., 2010). Similar considerations apply to SPE sample clean-up, but derivatized
solid-phase columns can provide efficient phospholipid removal (Aurand and Trinh, 2009;
Chambers et al., 2007).
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Fig. 12. Representative structures of endogenous lipid classes in human plasma (Fahy et al.,
2005).

Chromatographic resolution of non-polar anal ytes from phospholipids is complicated by
several aspects. Among them, elution of phospholipids from RP columns requires long run
times and high organic solvent concentrations (60-90%) which may lead to co-elution with
many non-polar drug-like compounds. Moreover , plasma contains numerous phospholipids
that elute at various retention times collectively leading to broad ion suppression regions.
Finally, lipid and phospholipid concentrations and composition in plasma can vary greatly
between individuals leading to high variability in the observed matrix effects. When rapid
gradients and short LC methods are used, phospholipids are retained on the column leading
to accumulation and subsequent degradation of the column, as well as sporadic elution of
lipids. Ultimately, a more thorough sample preparation/clean-up method may be required
to remove these lipids.
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