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In this tutorial, the mechanism and origin of ion suppression will be investigated,
as well as ways to validate the presence, and circumvent or compensate for, the
effects in LC-MS.

lon suppression is one form of matrix effect that liquid
chromatography-mass spectrometry (LC-MS) techniques suffer
from, regardless of the sensitivity or selectivity of the mass
analyzer used. lon suppression negatively affects several
analytical figures of merit, such as detection capability,
precision, and accuracy. The limited knowledge of the origin
and mechanism of ion suppression makes this problem difficult
to solve in many cases. Over the past decade and a half since
the response-reducing phenomenon was exposed, however,
protocols have been developed not only to test for its presence
but also to account for its effects and eliminate the risk of ion
suppression altogether. Because there is no universal solution
for the matrix effect, some of the viable options are discussed
briefly in this tutorial, which alone or in combination can help
regain the quality of LC-MS analysis for the particular matrix—
analyte combination. Two commonly used techniques to detect
the presence of the matrix effect are illustrated. Modifying
instrumental components and parameters, chromatographic
separation, and sample preparation are all considered as
means of reducing or possibly eliminating ion suppression. A
variety of calibration techniques for compensating the effects
of the phenomenon also are discussed. 6
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Liquid chromatography—-mass spectrometry (LC-MS) and
tandem mass spectrometry (LC-MS-MS) have been established
as the most sensitive and selective analytical techniques for
biological samples. Starting in the early 1990s, however, many
studies also have reported difficulties with reproducibility and
accuracy when analyzing small quantities of analytes in
complex samples such as biological fluids (1-3). Kebarle and
Tang (2) originally described the matrix effect phenomenon as
the result of coeluted matrix components, affecting the
detection capability, precision, or accuracy for the analytes of
interest. lon suppression appears as one particular
manifestation of matrix effects, which is associated with
influencing the extent of analyte ionization (Figure 1). This
change often is observed as a loss in response, thus, the term
ionization suppression. However, depending upon the type of
sample, it also can be observed as an increase in the response
of the desired analyte (4). In this tutorial, the mechanism and
origin of ion suppression will be investigated, as well as ways
to validate the presence and circumvent or compensate for the
effects in LC-MS.

Figure 1: Multiple reaction monitoring chromatograms for a
constant postcolumn infusion of analyte (phenacetin). For the
lower trace, protein precipitation blank plasma was injected,
while the upper trace exhibits the chromatogram for an
injection of pure mobile phase. The difference between the two
traces directly shows the effect of endogenous plasma
components on the analyteADA’s response. (Chromatographic
traces reproduced from reference 25 by courtesy of John Wiley

and Sons.)

Mechanism of lon Suppression

The term ion suppression was introduced originally by
Buhrman and coworkers (3). The authors described it
quantitatively as (100 - B)/(A x 100), where A and B are the
unsuppressed and suppressed signals, respectively. lon
suppression occurs in the early stages of the ionization process
in the LC-MS interface, when a component eluted from the
high performance liquid chromatography (HPLC) column
influences the ionization of a coeluted analyte. It is important
to realize that MS-MS methods are, therefore, just as
susceptible to ion suppression effects as single LC-MS

techniques because the advantages of MS-MS begin only after
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the ion formation (5). For example, it was found for the analysis
of herbicides in surface waters that ion suppression occurred
for practically all analytes and in all matrices investigated (6).
Furthermore, even if interfering compounds are not recorded,
their presence still affects the response of the analyte of
interest. In fact, the use of LC-MS-MS has made ionization
suppression problems much more evident (4). Because of the
specificity of the method, analysis times in LC-MS-MS assays
often are reduced significantly by researchers, due to the
misconception that chromatographic separation and sample
preparation can be minimized or even eliminated. However,
simply using LC-MS-MS does not guarantee selectivity.
Disregarding sample cleanup, especially when complex
matrices are involved, will lead to poor performance. Thus,
careful consideration must be given to evaluating and

eliminating matrix effects when developing any assay.

The origin and mechanism of matrix effects are not understood
fully. There are many possible sources for ion suppression,
including endogenous compounds from the sample matrices
as well as exogenous substances, molecules not present in the
original sample but from contamination during sample
preparation, such as polymers extracted from different brands
of plastic tubes (7). Some factors make a compound a prime
candidate for inducing ion suppression, for example, high
concentration, mass, and basicity, and elution in the same

retention window as the analyte of interest (8).

Many different mechanisms of ion suppression have been
proposed, most of which are specific to the ionization
technique used (4). The two most popular atmospheric-
pressure ionization (API) techniques for LC-MS are electrospray
ionization (ESI) and atmospheric-pressure chemical ionization
(APCI).

Electrospray is usually a sensitive detection method for polar
molecules; however, at high concentrations (>107° M), the
approximate linearity of the ESI response often is lost (Figure
2). This might be due to a limited amount of excess charge
available on ESI droplets or to saturation of the ESI droplets
with analyte at their surfaces at high analyte concentrations,
thus, inhibiting ejection of ions trapped inside the droplets.
Regardless of the mechanism for saturation, in
multicomponent samples of high concentrations, competition
for either space or charge most likely is occurring and, in turn,
suppression of signal is observed. Both the characteristics and
concentration of an analyte determine the efficiency of its

ionization. The characteristics that decide whether a compound
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will out-compete others for the limited charge or space on the
surface of the droplet include its surface activity and its
basicity. Because biological matrices contain large amounts of
endogenous compounds with potentially very high basicities
and surface activities, the limit concentration of 10 M of ions
is reached quickly, and ion suppression occurs with such
samples (10).

Figure 2: Plot (log-log) of total ion current versus sodium
chloride concentration showing the loss of linearity (dashed
line gives slope equal to unity) occurring above a
concentration of 104005 M of ESI due to ion suppression.
(Reprinted with permission from reference 1; copyright 1990

American Chemical Society.)

Another theory for signal suppression in ESI considers the
effects of an increase of viscosity and surface tension of the
droplets from the high concentrations of interfering
compounds, thus, reducing solvent evaporation and the ability
of the analyte to reach the gas phase (11,12). Finally, the
presence of nonvolatile material also has been evaluated as the
cause for ion suppression. Nonvolatile materials can decrease
the efficiency of droplet formation through coprecipitation of
analyte or preventing droplets from reaching their critical
radius required for gas phase ions to be emitted (8). In addition
to the described condensed-phase processes, analyte ions also
can be neutralized in the gas phase via deprotonation
reactions with high gas-phase basicity substances, thus,
leading to suppression of their response signal, similar to the

reactions seen in APCI (12).

APCI frequently gives rise to less ion suppression than ESI
(Figure 3), which is related to the different mechanisms of
ionization (9,10). As a result, ion suppression in the presence of
coeluted compounds often is different for ESI and APCI. Unlike
ESI, there is no competition between analytes to enter the gas
phase, because neutral analytes are transferred into the gas
phase by vaporizing the liquid in a heated gas stream. Also, ion
suppression is not related directly to charge saturation,
because the maximum number of ions formed by gas-phase
ionization is much higher, as reagent ions are redundantly
formed (10). Nonetheless, APCI does experience ion

suppression, which has been explained by considering the
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effect of sample composition on the efficiency of charge
transfer from the corona discharge needle (13). In addition,
because there is very little chance for analytes to pass through
the vaporization region and remain in solution, another
mechanism of ion suppression in APCl is solid formation, either
as pure analyte or as a solid coprecipitate with other

nonvolatile sample components (14).

Figure 3: Comparing ion suppression experienced using APCI
(top) and ESI (bottom). The chromatograms show the effect of
sample components after protein precipitation, eluted from the
analytical column on the signal intensity of a postcolumn
infusion of 10 %M urapidil (compare the experimental setup in
Figure 1). (Reproduced from reference 14 by courtesy of

Elsevier Science.)

Although the actual mechanisms of ion suppression in the
different API interfaces are still under investigation, the
consequences must be considered carefully. lon suppression
usually results in reduced detection capability, possibly even to
the extent of a false negative for an existing analyte. The other
extreme, a false positive, also can occur for applications where
maximum residue limits are monitored, if the internal standard
experiences ion suppression. Due to the natural variation of
endogenous compounds in biological samples, varying levels
of ion suppression often result as well. This variation in turn
can lead to both systematic and random errors in the signal

response, effecting ion intensity ratios and linearities.

Detecting lon Suppression

Due to the detrimental effects of ion suppression, it is intuitive
that it should be an important consideration during method
validation. In fact, the recently issued U.S. Food and Drug
Administration's (FDA) Guidance for Industry on Bioanalytical
Method Validation (15) clearly indicates the need for such
consideration to ensure that the quality of analysis is not

compromised.

There are several experimental protocols for evaluating the
presence of ion suppression. First, a comparison of the multiple
reaction monitoring (MRM) response (peak areas or peak

heights) of an analyte in the blank sample spiked
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postextraction to that of the analyte injected directly into the
neat mobile phase can be conducted (16). If the analyte signal
in the matrix is low compared to the signal in pure solvent or
even undetectable, this indicates that the presence of
interfering agents are causing the ion suppression. While this
experiment is useful in indicating the presence of the
interference and the extent of ion suppression, it provides no
information as to the chromatographic profile or location of

the interference.

A protocol that does locate the region in the chromatogram
influenced by matrix effects on the analyte (and internal
standard) is the infusion experiment (11). The infusion
experiment involves the continuous introduction of a standard
solution containing the analyte of interest and its internal
standard by means of a syringe pump connected to the
column effluent. After injecting a blank sample extract into the
LC system, a drop in the constant baseline indicates
suppression in ionization of the analyte due to the presence of
interfering material (Figure 1). Both approaches are useful, and
the analytical chemist must decide which one to use based
upon whether it is the extent of ion suppression or a

chromatographic profile that is of interest.

Strategies for Reducing lon Suppression

When the validation of the bioanalytical method gives
evidence of ion suppression, various strategies are available to
help eliminate the matrix interferences. Without changing the
sample preparation or chromatography method, one can try to
change the ionization mode first. For example, switching to
negative ionization can reduce the extent of ion suppression.
Because fewer compounds give a response in negative mode,
the detectable compounds often are subjected to ion
suppression less. Furthermore, as APCl is less prone to ion
suppression in many cases, using this ionization technique also
can reduce the interference effect (17). Source geometries also
can have an influence on the amount of ion suppression
experienced. In a recent study, the extent of ion suppression
effects was found to follow the general rule: Z-spray <
orthogonal spray < linear spray geometries (18). As was stated
previously, ion suppression occurs in the early stages of the
ionization process, so the choice of mass analyzer should have

little or no influence on the phenomenon.

Next, another approach to reduce ion suppression is to dilute

the sample or reduce the volume of sample injected, thereby
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reducing the amount of interfering compounds. It also has
been shown that reducing the ESI flow rate to the nanoliter-
per-minute range leads to reduced signal suppression due to
generating smaller, more highly charged droplets that are
more tolerant of nonvolatile salts (19). These approaches,

however, might not be appropriate for trace analysis (12).

In general, improving the sample preparation and
chromatographic selectivity are the two most effective ways of
circumventing ion suppression. Often, it is easiest to adjust the
chromatographic conditions so that the analyte peaks are not
eluting in regions of suppression (5). This protocol requires a
chromatographic profile to determine where the interferences
are eluted and then a method to effectively resolve the analyte
from those interferences. The two areas of the
chromatographic elution that are most affected by
interferences are the solvent front, where unretained
compounds are eluted, and the end of the elution gradient,
where the strongly retained compounds are eluted. So it is
recommended to adjust the capacity factors of the analytes to
elute them between these two regions and from other areas

that can be affected by ion suppression.

An easy and effective way to change chromatographic
selectivity is by modifying mobile phase strength or gradient
conditions. A change in the mobile phase's organic solvent can
provide dramatic selectivity changes in HPLC. As well, related
to mobile phase chemistry, is the use of additives and buffers
to aid in separation and improve the chromatographic
performance. However, such species can cause the suppression
of electrospray signal themselves or contamination of the mass
spectrometer (20). Therefore, it is important to consider what is
required to achieve the best possible chromatographic
performance while maintaining ESI or APCI efficiency.
Trifluoroacetic acid, although having excellent ion pairing and
solvating characteristics and being highly volatile often results
in spray instability and analyte signal reduction. In a recent
study, it was found that trifluoroacetic acid was the worst
additive under investigation in ESI, where formic acid was
found to be the overall best (20). Independent of the type,
however, analyte response has been shown to decrease with
increasing concentration of additive, so it is important to use
them in as low a concentration as possible. Although
comparably less effective in adjusting selectivity, a change of

the stationary phase also can be used.

Sample Preparation Techniques
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It is not always possible to separate analyte from interferences
in the chromatogram in order to avoid ion suppression. For
example, hydrophobic components with retention times that
overlap the analyte are the most difficult to separate. In such
cases, an alternative means to overcome matrix effects is
sample preparation (Figure 4). There are a variety of techniques
available; however, they differ in their ability to remove
interferences and in their ease of use. The traditional sample
pretreatment methods for HPLC separations involve either
partitioning between immiscible solvents, as in liquid-liquid
extraction (LLE), or trapping onto a solid-phase support, as in
solid-phase extraction (SPE). These sample preparation
techniques will be looked at in this tutorial, as well as protein
precipitation, which is a sample preparation protocol
frequently used when analyzing blood samples. There are
many other sample preparation approaches that, however, will
not be described here including Soxhlet extraction, filtration,
homogenization, dialysis, microwave digestion, supercritical

fluid extraction, etc.

Figure 4: Chromatograms obtained using sample preparation
via molecular-imprinted polymer extraction (lower trace) and
no sample preparation (upper trace). (Reproduced from

reference 26 by courtesy of Elsevier Science.)

LLE generally provides cleaner extracts than SPE, thus, leading
to less ion suppression (21). However, highly polar and ionic
compounds can be difficult to extract by LLE. Furthermore,
even an appropriate solvent rarely extracts the analyte
quantitatively; that is, multiple extraction steps commonly are

needed.

There is a wide variety of stationary phases available for
selective removal of desired analytes using SPE, including
polar, hydrophobic, and ionic interactions. SPE has the
advantage that much more specific protocols can be generated
to selectively clean samples of interferences. The challenge,
however, is to choose the washing and elution solvents along
with the solid phase to match the properties of the analyte of
interest. Also, in some cases, interfering components might not

be selectively separated from the analyte.

Due to its simplicity, protein precipitation remains a popular

sample preparation technique in pharmaceutical analysis. It has
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been used successfully to eliminate as much as 98% of all
proteins contained in blood samples (that is, serum, plasma),
which can cause deterioration of separation and ionization
efficiency (22). However, protein precipitation procedures are
known to suffer from incomplete precipitation, loss of analyte
by entrapment or adsorption to the precipitate, and lower
sensitivity resulting from dilution, contributing to an analyte
recovery that is often less than 60% (22). The main type of
interferences that protein precipitation remove are proteins,
thus, other components of the plasma can remain and still
cause ion suppression. Matrix ion suppression is therefore
more often a problem with protein precipitation methods as
compared with LLE or SPE (9).

Finally, Figure 5 summarizes the described sample preparation
techniques and their effect on ion suppression of a drug
molecule. In this application, the smallest initial loss in ESI
response was seen for the LLE plasma extracts. The various SPE
techniques resulted in plasma samples that caused a slightly
greater loss of response, while the protein precipitation
samples produced the greatest amount of ion suppression. In
addition, there were also significant differences of the length of
time required for the ESI response to return to its presample
injection intensities. For the LLE samples, response returned to
presample injection intensities within a short time, while SPE
and protein precipitation samples took much longer to recover

(Figure 5).

Figure 5: The effect of different sample preparation techniques
on the amount of remaining endogenous plasma components
and the extent of ion suppression, respectively, for phenacetin.
Shown are MRM chromatograms of a postcolumn infusion of
phenacetin, after injecting 10 i%4L of a blank plasma sample
on-column, prepared by each of the following sample
preparation methods: (a) protein precipitation blank, (b) Oasis
SPE (Waters Corp., Milford, Massachusetts), (c) methyl-tert-
butyl ether LLE, (d) Empore C2 disk SPE (3M, St. Paul,
Minnesota), (e) Empore C8 disk SPE, and (f) Plasma Empore
C18 disk SPE. (Reproduced from reference 25 by courtesy of
John Wiley and Sons.)

Calibration
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When matrix suppression phenomena cannot be eliminated,
different calibration techniques have been developed to
compensate for matrix effects. External calibration involves
several samples being prepared at different analyte
concentrations and linear calibrations calculated for each
analyte. It is important that the calibration samples have the
same composition as the test samples under investigation
(matrix-matched). However, blank matrix solutions free of
residues of the target analyte might not always be available. It
is also important that there is little variance in test sample
composition. The reason for this is that for the calibration
technique to compensate fully for the effect of the matrix
phenomenon, both the calibration and test samples must be
affected equally by ion suppression. However, this method

unfortunately is time consuming.

The standard addition method is another calibration technique
that can be used. It involves the same sample extract to be
spiked with the analyte at different concentration levels. This
method is very effective, giving good results even with variable
sample matrices. However, it is also very time consuming,

because spiked samples must be run for each unknown (6).

The most widely used technique involves internal standards. An
internal standard allows the response of a given analyte to be
normalized, thus, compensating for possible variations during
sample preparation, injection, chromatography, matrix effects,
and so forth. To compensate for matrix effects, the internal
standard must have ionization properties very similar to those
of the analyte. The internal standard and analyte also must
have identical or very close retention times to ensure that they
are exposed to the same coeluted compounds. By modifying
the LC conditions, the internal standard and analyte often can
be eluted at the same time. If a stable isotope-labeled analog
is used as the internal standard, which has identical chemical
and structural properties to those of the analyte, the analyte
and internal standard will behave identically not only during
chromatography but also during sample preparation. Isotopic
analogs are therefore the best choice of internal standard to
reduce signal variability and improve precision. In fact, Freitas
and coworkers (6) have illustrated nicely that the use of
isotopic internal standard is a "prerequisite for achieving
reliable quantification and high precision." However, ion
suppression also has been found to occur between analyte and
their isotope-labeled internal standard (23). To avoid this, the
internal standard concentration should not be too high.
Although an appropriate internal standard concentration for

the particular investigated analytes and experimental
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parameters can be determined by experiment, isotope-labeled
internal standards are not always available and often very
expensive, especially in a multicomponent analysis, in which a

separate internal standard for each analyte is required.

Figure 6: A typical ESI chromatogram resulting from the echo
peak technique. The first peak is for the echo injection, which
consisted of standard (propoxur, a carbamate pesticide) in
solvent containing the analytes at 0.1 g/mL (black peak). The
second peak is the sample injection, which consisted of a
spiked lemon extract (transparent peak). (Reproduced from

reference 27 by courtesy of Elsevier Science.)

A new and interesting alternative to the internal standard
concept is the echo peak technique. The technique simulates
the use of internal standard, without the demand for an
isotope-labeled analog of the target analyte. It consists of two
injections, the unknown sample, and a standard solution, within
a short time period. Thus, an echo peak forms, where the
analyte peak is eluted in close proximity to the peak from the
sample (Figure 6). Because both peaks are eluted so closely, it
is expected that they are affected somewhat equally by
coeluted matrix components. Therefore, ion suppression

experienced by the analyte will be compensated for.

Summary

Although LC-MS is a highly selective and sensitive technique, it
is vulnerable to the response-reducing phenomenon of ion
suppression. Avoiding its effects "has become something like
an art," as recently stated by Constantopoulos and colleagues
(24). There is no universal solution to the problem, but specific
protocols are required for each matrix and analyte
combination. Different strategies are available to validate the
presence and quantitative extent of ion suppression and to
determine the chromatographic profile of the interferences.
Numerous chromatographic and sample preparation
techniques have been developed to circumvent suppression of
ionization from occurring, as well as calibration methods to
balance the effects or minimize its consequences. Eliminating

the risk of ion suppression effects is possible, but it involves
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careful optimization of sample preparation, chromatography

and calibration techniques.
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A new dried spot-based technique
involving untargeted liquid
chromatography coupled with high-
resolution mass spectrometry was
testing for characterizing foodstuffs.
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