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Label-Free Quantitative Analysis Using LC/MS

Atsumu Hirabayashi
Hitachi, Ltd.,

Japan

1. Introduction

Quantitative analysis using liquid chromatography/mass spectrometry (LC/MS) is
widespread, especially in drug metabolism and pharmacokinetics studies, and in many
laboratories label-free LC/MS analyses are carried out, i.e., without using isotope labeling
techniques. However, even if the analytical method is well validated, an unexpected change
in matrix concentrations in biological samples may cause matrix effects such as ion
suppression or ion enhancement. When ion suppression occurs, for example, the ionization
efficiency of an analyte molecule decreases, and the ion intensity of the analyte decreases
from the expected intensity (Tang et al., 2004, Buhrman et al., 1996). Then the linear
relationship between the sample amount and the ion intensity is lost, as shown in Figure 1.
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Fig. 1. When ion suppression occurs, the linear relationship between the ion intensity and
the sample amount is lost, as shown by an arrow, and thus, label-free quantitative analysis
becomes difficult.

The effects of ion suppression can be overcome by using stable-isotope labeling techniques
such as 12C/13C and “N /15N labeling, since an isotope-labeled molecule, used as an internal
standard, exhibits chemical properties or effects of ion suppression almost identical to those
of the unlabeled one. Eventually, though, label-free LC/MS analyses have to be carried out
when we cannot employ isotope labeling techniques, which are rather laborious and
expensive.
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266 Topics on Drug Metabolism

Ion suppression occurs in LC/MS interfaces such as electrospray ionization (ESI) and
atmospheric pressure chemical ionization (APCI), which are used to analyze less volatile
and volatile molecules, respectively. Because ESI is the more widely used technique, ion
suppression in ESI is mainly described here, although that in APCl is also discussed later.

Because the effect of ion suppression depends on the chemical properties of the analyte
molecule in ES], it is difficult to correct for decreased intensity, so quantitative analysis
becomes difficult. The potential occurrence of ion suppression can be reduced by desalting
and fractionating the sample, reducing the sample volume, and the effect of ion suppression
can be reduced by using a structural analog. Nevertheless, ion suppression may occur, and
correcting for the decreased intensity remains difficult. Several sample preparation
protocols for specific analytes have been proposed to reduce the effect of ion suppression by
using internal standards (Matuszewski et al., 1998; Bonfiglio et al., 1999), but they are not
widely used in label-free LC/MS.

We have developed a simple technique for detecting potential ion suppression in ESI
(Hirabayashi et al., 2007, 2009). In this technique, a specific concentration of a probe
molecule, which is sensitive to the occurrence of ion suppression, is added to an LC mobile
phase, and the intensity of the protonated probe molecule is monitored. When ion
suppression occurs, the intensity of the protonated probe is expected to decrease more than
those of other protonated molecules, [M+H]*.

2. lon formation from a charged droplet in ESI

In this section, a brief explanation for why ion suppression occurs in ESI is presented, based
on ion formation mechanisms of less volatile analyte molecules than solvent molecules,
before explaining the technique for detecting potential ion suppression.

In ESI and other spray ionizations, an LC effluent in a capillary is sprayed from the capillary
tip. Then, charged droplets are formed, from which gaseous ions are produced. Figure 2
shows a schematic view of a positively charged droplet. The droplet initially produced has a
diameter of the order of 1 um, and the diameter decreases as the solvent molecules
evaporate. In the droplet, positive ions are concentrated near the inside of the droplet
surface because of a Coulomb repulsive force. As solvent molecules evaporate, the gaseous
ions are produced from the liquid-phase ions inside the droplet surface through ion
evaporation (Iribarne & Thomson, 1976; de la Mora, 2000) or charged residue mechanisms
(Dole et al., 1968). Therefore, most ions analyzed in a mass spectrometer originate from the
liquid-phase ones near the inside of the charged droplet surface. In the charged droplet, the
liquid-phase chemistry, ignoring the effect of the surface, is not necessarily valid but is a
good approximation (Hirabayashi 1993).

Ion suppression occurs in the ionization processes when a component eluted from an LC
column affects the ionization of coeluted analytes. In the droplet surface, the analyte
molecules are charged in accordance with their chemical properties when the number of
charges is much higher than that of analyte molecules. Then the ionization efficiency for
each analyte molecule remains constant. Under these conditions, label-free quantitative
analysis is readily performed. On the contrary, when the number of charges in the droplet is
comparable to, or less than, that of analyte molecules, charge competition occurs among the
analyte molecules. Because the decrease in the number of charges can be regarded as an
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Label-Free Quantitative Analysis Using LC/MS 267

increase in pH, the protonation for acidic molecules, for example, is likely to be reduced to a
greater extent than that for neutral and basic ones. Of these molecules, those weakly
dissociated near the surface tend to lose their charge in the competition, and their ionization
efficiencies decrease, leading to ion suppression. Thus, in molecules with low ionization
efficiencies, the ionization efficiencies tend to decrease further when ion suppression occurs.
In contrast, when the number of charges in the droplet increases, the ionization efficiencies
of some molecules increase. This leads to ion enhancement. The ionization efficiencies of
molecules with low ionization efficiencies are expected to increase when ion enhancement
occurs.
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Fig. 2. Cross-sectional view of a positively charged droplet. The ionization processes of
acidic molecules with low ionization efficiencies are shown: most of the molecules are
deprotonated and concentrated in the central region of the droplet, but some do not
undergo deprotonation because of their dissociation equilibrium. These neutral molecules
with a low surface accessibility mostly remain in the droplet, but only a small part of the
molecules can reach the droplet surface (1). Then, the protonated molecules may form near
the surface (2). Gaseous ions are formed from the liquid-phase ions inside the droplet
surface by ion evaporation or charge residue mechanisms.
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268 Topics on Drug Metabolism

3. Concept for ion suppression detection

In the following we consider the ionization processes of molecules with low ionization
efficiencies in a charge droplet. In the droplet, the neutral or negatively charged molecules
remain deep, as shown in Fig. 2. To be protonated, these molecules have to access the
surface. Then, near the inside of the droplet surface, they are protonated in accordance with
their isoelectric point, or dissociation constant. Therefore, the major factors determining the
ionization efficiency are (1) surface accessibility (or hydrophobicity) and (2) isoelectric point
(or dissociation constant) of the analyte molecule. Hydrophobic and basic molecules are
expected to be insensitive to ion suppression, and their ionization efficiencies are rather
high. On the contrary, the ionization efficiencies of quite hydrophilic and acidic molecules
are much lower than those of the above molecules. However, these molecules would be
quite sensitive to the occurrence of ion suppression and can potentially be used as probes
for detecting ion suppression in the analysis of positive ions (protonated molecules).
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Fig. 3. Hydrophobicity (Black & Mould, 1991) and isoelectric point (Linde, 1995) for 20
amino acids.

In developing the probe, a convenient technique is to synthesize a quite hydrophilic and
acidic peptide, which has an amino-acid sequence including a hydrophilic and neutral
amino acid as well as an acidic one, as the probe for detecting ion suppression. Figure 3
compares 20 amino acids in terms of their hydrophobicity and isoelectric points (pl). Among
the amino acids, serine (S), asparagine (N), and glutamine (Q) are very hydrophilic and
neutral. On the other hand, aspartic acid (D) and glutamic acid (E) are very acidic, with a
pKR of 3.65 and 4.25, respectively (Linde, 1995a), where pKRg is the pK for the side chain of
the amino acid. Then, as a probe for ion-suppression detection, we synthesized a peptide,
DSSSSS, the isoelectric point of which is calculated to be 3.80 (Gasteiger et al., 2005). This
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probe is so acidic that no multiply protonated molecule of the probe is detected; only singly
protonated ones can be detected at m/z 569.3 in a mass spectrometer. The molecular weight
of the probe can be modified by altering the number of hydrophilic and neutral amino acids
such as S. As mentioned above, the ionization efficiency of the probe is relatively low,
whereas the probe concentration in the LC mobile phase should preferably be low, so as not
to cause ion suppression. More acidic molecules than DSSSSS, for example, DDSSSS or
DDDSSS with respective isoelectric points of 3.56 and 3.42, would be more sensitive to the
occurrence of ion suppression, and could also be used as the probes. However, because of
their higher acidities, their concentration should be higher than that of DSSSSS to be
detected clearly in a mass spectrometer. Since the probe is rather insensitive to the
occurrence of ion suppression of more acidic molecules than the probe, it is difficult to
detect potential ion suppression for such acidic molecules if they are there. Note that the
probe should be used to detect potential ion suppression for protonated molecules, not for
cations and cationized molecules such as [M]* and [M+Na]*.

For a probe used in negative-ion analysis, on the other hand, quite hydrophilic and basic
peptides should be synthesized by using a very basic amino acid of R or K with a pKr of
12.48 and 10.53, respectively (Linde, 1995) and the very hydrophilic ones. Then ion
suppression of ions with the form of [M-H]- can be detected by monitoring the intensity of
the deprotonated molecule of the probe.

In the following, the usability of the probe is examined. In most LC/MS analyses, the pH of
the mobile phase ranges from 2 to 6, and the concentration of the organic solvent such as
acetonitrile and methanol is below 90%. Figure 4 (a) plots the intensity of the protonated
probe as a function of the acetonitrile concentration of the mobile phase under several pH
conditions. The intensity appears to be almost independent of the mobile-phase pH. On the
other hand, the intensity increases with an increase in the acetonitrile concentration. The
increase in the ion intensity (or the ion formation efficiency of the probe) can be ascribed to
the enhanced solvent evaporation of the charged droplets, since the surface accessibility (or
hydrophobicity) of the probe has been confirmed to be almost independent of the organic
solvent concentration by comparing the probe with a much more hydrophobic peptide of
FDFSF (Hirabayashi, 2009). Furthermore, the number of charges in the droplet is likely to be
almost independent of the organic solvent concentration. This is because the ion current,
which is the current for all of the ions and charged droplets produced by ESI, is almost
unchanged, as shown in Fig. 4 (b), and this trend is independent of the organic solvent such
as acetonitrile and methanol. Thus, the probe is expected to be much less surface-accessible
and quite acidic under the conditions used in LC/MS analyses.

4. Detection of ion suppression

As mentioned earlier, the effect of ion suppression depends on the sample amount.
Therefore, different sample amounts of fractionated human plasma, as a typically crude
sample, were analyzed with a nanoLC/TOF-MS system to detect the occurrence of ion
suppression. An aqueous solution of the probe is added to the LC mobile phase at a gradient
mixer-pump unit of the nanoLC system just before being introduced into a separation
column. Then, a linear gradient of acetonitrile concentration from 7 to 50% is run at a flow
rate of 50nL/min. Since the probe is very hydrophilic, it can pass through the reverse-phase
separation column without adsorption when the organic solvent concentration of the LC
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mobile phase is above 4%. Then the protonated probe is detected in the mass spectrometer
during the LC/MS analysis.
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Fig. 4. (a) Intensity of the protonated probe molecule and (b) current for all the ions and
charged droplets produced by ESI as a function of the acetonitrile (ACN) concentration of
the mobile phase under several pH conditions.
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Fig. 5. (a) Total ion current chromatograms obtained from human plasma with injection
amounts of 0.005, 0.05, and 0.5 pug, and (b) corresponding mass chromatograms of the
protonated probe.
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Figure 5 compares (a) chromatograms of the total ion current and (b) mass chromatograms
of the protonated probe. For an injected amount of 0.005 ng, the mass chromatogram, shown
in blue, is rather flat, except for the moment of sample injection using a manual injector.
Thus, no ion suppression is likely to occur. However, for 0.05-pug injection, the intensity for
the protonated probe, shown in yellow, decreases appreciably at a retention time above 50
min. For 0.5-pg injection, shown in red, a significant decrease in intensity is detected at a
retention time above 40 min. For example, at 60 min (indicated by the vertical dashed line)
the ion intensity for the 0.05-ug injection decreases by about 20%, and the decrease is above
our experimental error of 10%. This means that potential ion suppression occurs and its
maximum effect on ion intensity is 20%. Therefore, if an uncertainty of 20% is accepted,
quantitative analysis is readily performed at the retention time. On the other hand, for the
0.5-ug injection, the effect of ion suppression is serious, and quantitative analysis would be
difficult.
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Fig. 6. Peak areas for the m/z 639.91 and 558.93 ions as a function of the injected sample
amount. Broken lines with a slope of 1 are shown as a visual aid. Error bars show the
decrease in intensity of the protonated probe.

The probe is expected to be so sensitive to the occurrence of ion suppression that the
decrease in intensity for the protonated probe is stronger than those for other protonated
molecules. Figure 6 shows the experimental results for protonated molecules chosen
randomly. The red line shows the intensity or the peak area for a protonated molecule with
m/z 636.97 detected at a retention time of about 60 min, as a function of the sample injection
amount. As the injection amount increases, the difference between the observed intensity
and the expected one, shown as a dashed line, increases, and this shows the effect of ion
suppression. Another protonated molecule detected at m/z 558.93 is also shown in blue. Ion
suppression for this ion is detected for the 0.5-ug injection, but the decrease in intensity of
this ion is weaker than that for the protonated molecule with m/z 636.97. Furthermore, the
error bars in the figure show the decrease in intensity for the protonated probe at 60 min.
The decrease is actually stronger than those for the ion with m/z 636.97. Therefore, the
results are consistent with the above expectation. For the 0.05-ug injection, ion suppression
may occur for some ions but the intensities of the two ions with m/z 636.97 and 558.93 are
not decreased.
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Fig. 7. Experimental setup for LC/MS/MS. An aqueous solution of the probe, pumped by a
syringe pump, is mixed with the LC effluent at post-column with a tee.

For semi-micro or conventional LC/MS, the liquid flow rate is so high that the probe
solution can be added to the LC mobile phase at post-column through a tee, since the band
width of a component separated by the LC column is not expected to be degraded by using
a tee with a small dead volume. A typical experimental setup is shown in Figure 7. An
aqueous solution of the probe pumped at 5 uL/min is mixed with the LC mobile phase
(0.01M-CH3COONH4/CH3CN/CH3COOH, 600/400/0.15; isocratic) in the tee, and the
mixed solution is introduced into a triple-quadrupole mass spectrometer operated in
selected reaction monitoring (SRM) mode.
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Fig. 8. Mass chromatograms of a fragment ion of the protonated probe for blank and plasma
samples.

Before analyzing plasma samples, reference data are obtained using a blank sample such as
water. In Figure 8, the mass chromatogram for a fragment (m/z 359.0) of the protonated
probe obtained from the blank sample is shown in blue, and that from a plasma sample is
shown in red, where the injection amount is about an order of magnitude higher than usual.
It is clear that ion suppression is detected just after the sample injection until the retention
time of 4 min. In particular, at a retention time of 0.6 min corresponding to the sample
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injection, the decrease in intensity for the plasma sample is much more significant than that
for the reference data. This can be ascribed to an elution of very hydrophilic compounds in
the plasma sample.
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Fig. 9. Mass chromatograms of a fragment ion of the protonated probe for blank and plasma
samples, and that of the protonated analyte (Omeprazole).

Figure 9 shows an example of ion-suppression detection obtained under our usual
experimental conditions, in which no ion suppression is expected to occur. Omeprazole, a
proton-pump inhibitor, is added to human plasma (4.5 pL). At a retention time ranging from
1.1 to 1.8 min, the fragment of the protonated Omeprazole is detected at m/z 198.1, but the
intensity of the protonated probe (fragment) at 1.4 min decreases by 11%, which is beyond
our experimental error of about 2%. This means that potential ion suppression occurs, and
the intensity of the fragment of the protonated Omeprazole may be suppressed by less than
11% at 1.4 min since the decrease in the intensity of the protonated probe is expected to be
stronger than that of other protonated molecules, as described earlier. On the other hand,
the dependence of the peak area (intensity) of the fragment of the protonated Omeprazole
on the amount of plasma is shown in Figure 10. The results are obtained under the condition
that the injected amount of Omeprazole is constant. The figure shows that the peak area at
4.5 uL was 12% lower than those at 0 and 0.45 pL. This 12% decrease in peak area can be
ascribed to the decrease in intensity of the protonated probe ranging from 8 to 22%, as
shown in Fig. 9 (b). Thus, the decrease in peak area shown in Fig. 10 is almost consistent
with the decrease (11%) in intensity of the protonated probe (fragment) at the retention time
corresponding to the peak intensity for the protonated Omeprazole. Then, if the error of 11%
obtained from the decrease in intensity of the protonated probe at the chromatogram peak is
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acceptable, the data can be readily analyzed quantitatively. If not, we may have to desalt the
sample, reduce the injection amount, enhance the fractionation, or modify our LC separation
conditions.
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Fig. 10. Peak area (intensity) of the fragment of the protonated Omeprazole as a function of
the injected plasma amount.

The detection of ion suppression has been described. As mentioned earlier, ion suppression
occurs when the number of charges in the droplet is comparable to, or less than, those of
analyte molecules. However, when the number of charges in the droplet increases, ion
enhancement occurs. Then, intensities of the protonated molecules increase in accordance
with the molecules’” chemical properties. Since the increase in charge number can be
regarded as a decrease in liquid pH, the protonation for acidic molecules is likely to be
enhanced to greater degree than those for neutral and basic ones. This means that intensities
of the protonated acidic molecules would increase more than those of other analyte
molecules. Thus, when ion enhancement occurs, the intensity of the protonated probe is
expected to increase more than those of other analyte molecules. An example of ion
enhancement detection is shown in Figure 11. The reference mass chromatogram for the
protonated probe, shown in blue, is compared with the mass chromatogram obtained from
the plasma sample, shown in red. Ion enhancement is detected at a retention time of about
1.5 min. Furthermore, at 0.5-1.3 min ion suppression is also detected. Because complex
matrix effects occur in this case, quantitative analysis of the data is difficult.

The probe can be used for optimizing the sample preparation protocol and analytical
conditions as well as for analyzing label-free samples in LC/MS. Furthermore, by
monitoring the intensity of the protonated probe, we can detect degradation or pollution of
the LC/MS component clearly. Figure 12 compares the mass chromatograms of the
protonated probe for the reference data obtained on different days. At about 0.6 min a
decrease in intensity is observed in the green result. This decrease can be ascribed to ion
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suppression caused by contamination at the injection valve. Thus, when the decrease
becomes serious, cleaning the valve is recommended.
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Fig. 11. Typical example of detection of ion enhancement as well as ion suppression. Also,
mass chromatogram for a fragment (1m/z 294.2) of the protonated analyte (Aminopterin) is
shown in a lower figure.
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Fig. 12. Comparison of mass chromatograms for a fragment ion of the protonated probe.
They were obtained from the blank sample on different days.
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As described above, the potential occurrence of ion suppression and ion enhancement is
detected with the probe when the intensity of the protonated probe molecule changes.
However, there are some cases where the probe is not always useful for quantitative
analysis. Even when neither ion suppression nor ion enhancement is detected with the
probe, the intensity of the protonated analyte molecule may possibly have increased. The
increase in intensity of the protonated analyte molecule can be ascribed to proton-transfer
reactions in the gas-phase with other protonated molecules produced by ESI, not to the
matrix effects. Such an increase in intensity occurs only when 1) the analyte such as
Aminopterin has a proton affinity much higher than that of the probe and 2) molecules with
proton affinities between those of the analyte and the probe are co-eluted with the analyte
from LC with high concentrations.

5. lon suppression in APCI (Atmospheric Pressure Chemical lonization)

In APCI, volatile analyte molecules vaporized from an LC effluent by a nebulizer are
introduced into a corona discharge plasma, which is generated under atmosphere. In the
plasma, protonated solvent molecules such as H3zO* and their hydrated clusters are
produced as major reagent ions for chemical ionization in positive ion analysis. In negative
ion analysis, on the other hand, anions such as O, and OH- and their hydrated clusters are
major reagent ions. In the plasma, positive and negative charges are balanced. Then, the
analyte molecules are ionized by gas-phase ion/molecule reactions such as a proton-transfer
reaction and an electron-transfer reaction with the reagent ions in the plasma, as shown
below.

H;Ot + M — HyO + [M+H]* (proton-transfer reaction)

Oy +M — O+ M- (electron-transfer reaction)

Here, M is an analyte, and hydrated clusters are omitted for simplicity. The protonated
analyte molecule [M+H]* is produced by the proton-transfer reaction when the analyte has a
proton affinity higher than that of H>O. Thus, the major factor determining the ionization
efficiency for the protonated analyte molecule is the proton affinity of the analyte (Hunter&
Lias, 1998). The negatively charged analyte molecule M-, on the other hand, is produced by
an electron-transfer reaction when the analyte has an electron affinity higher than that of O».
Thus, the major factor determining the ionization efficiency for the negatively charged
analyte molecule is the electron affinity of the analyte (Linde, 1995b). Although the
ion/molecule reactions at atmospheric pressure are expected to be almost in equilibrium
state, the density of the ion produced by APCI is proportional to that of the reagent ion for
the ion/molecule reaction. That means that ion suppression occurs when the density of the
reagent ions decreases appreciably. This situation is caused, for example, when the density
of co-eluted molecules with proton affinities higher than that of the reagent molecule
becomes significant.

In APCI, several kinds of ion/molecule reactions in the gas phase occur such as a proton-
transfer reaction, electron-transfer reaction, anion-transfer reaction, and anion-attachment
reaction (Moini, 2007). Therefore, it is important to identify the reagent ion for the
ion/molecule reaction of the analyte molecule before the analysis. Then, the occurrence of
ion suppression can be detected by monitoring the intensity of the reagent ion for the
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analyte molecule. Before analyzing biological samples, reference data should be obtained
using a blank sample. Potential ion suppression is detected when the intensity of the reagent
ion for a biological sample becomes lower than that for the reference sample. In the analysis
of protonated analyte molecules, for example, ion suppression can be detected by
monitoring the intensity of the protonated solvent molecule such as H3O* or its hydrated
cluster. In the analysis of negatively charged analyte molecules, it can be detected by
monitoring the intensity of the anions such as O, and OH-. In APCI, however, ion
suppression occurs less frequently than in ESI probably because charges or the current for
the reagent ions, produced in the corona discharge plasma, are much higher than the
charges produced by ESI.

6. Conclusion

In ESI as an interface in LC/MS, a technique to detect ion suppression or enhancement
using a probe has been developed. In positive-ion analysis, the probe should be more
hydrophilic and acidic than analyte molecules. In negative-ion analysis, it should be more
hydrophilic and basic than analyte molecules. When ion suppression occurs in positive-ion
analysis, for example, the intensity of the protonated molecule of the probe is expected to
decrease more than those of other analytes. Furthermore, potential error for the intensity of the
protonated analyte can be estimated from the decrease in the intensity of the protonated probe.

In preparing a stock solution of the probe, the probe powder is readily dissolved in pure
water by adding a small amount of ammonia or trifluoroacetic acid (TFA) to adjust the
solution’s pH. In an organic-solvent/water solution, however, the very hydrophilic probe
might be aggregated in several ten minutes. Thus, the aqueous solution of the probe should
be mixed with the LC mobile phase just before the analysis, as shown in Fig. 7.

Directions for the use of the probe are summarized as follows:

Add the probe in the LC mobile phase.

Obtain reference LC/MS data with a blank sample.

Obtain LC/MS data with a biological sample.

Compare mass chromatogram for the protonated probe with that in the reference data.
Measure potential error from the decrease in intensity for the protonated probe.

Gl L=

The probe can also be used to detect the occurrence of ion enhancement. When ion
enhancement occurs, the intensity of the protonated molecule of the probe is expected to
increase more than those of other analytes. When neither ion suppression nor ion
enhancement occurs, the probe can be used as an internal standard in quantitative LC/MS
analysis. Unlike isotope labeling techniques, however, it cannot be used as an internal
standard in sample preparation.

In contrast, in APCI the occurrence of ion suppression can be detected by monitoring the
intensity of the reagent ion for the analyte.
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