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Preface

The analysis of drugs in complex biological matrices plays a very important role in
drug development, the conduct of clinical trials, and in therapeutic drug monitoring.
Numerous analytical techniques have been developed to perform bioanalysis, which
include immunoassays, gas chromatography-flame ionization detection (GC-FID),
gas chromatography-mass spectrometry (GC-MS), high performance liquid chroma-
tography-ultraviolet (HPLC-UV), high performance liquid chromatography-mass
spectrometry (HPLC-MS or LC-MS), and high performance liquid chromatography-
tandem mass spectrometry (HPLC-MS/MS or LC-MS/MS). A huge selection of
analytical columns and mobile phases provides for chromatographic analysis having
extreme separation power, while the addition of tandem mass spectrometry as a
detection and quantification methodology provides a high degree of selectivity and
sensitivity. In addition, the combination of liquid chromatography and tandem mass
spectrometry (LC-MS/MS) can provide high-throughput analysis for complex
biological samples. LC-MS/MS is increasingly becoming the method of choice for
the determination of drug(s) in drug development, clinical pharmacology, toxicology,
and therapeutic drug monitoring.

However, LC-MS methods can be quite expensive and require highly skilled and
well-trained personnel, and the LC-MS/MS technique is also prone to some pitfalls.
It is our; hope that LC-MS in Drug Bioanalysis will help readers to improve their
technical skills in LC-MS/MS method development, validation, and application to
the analysis of drugs and drug metabolites. First, this book presents discussions on
the application of internal standardization, method development and validation for
regulated quantitative bioanalysis, and associated pitfalls of LC-MS/MS, such as
ion suppression or signal enhancement from matrix. It also includes information on
newer sampling techniques which are becoming increasingly popular—dried blood
spots (DBS) and microflow liquid chromatography-mass spectrometry. Second, this
book provides detailed information on the applications of LC-MS/MS in bioanal-
ysis, including the analysis of antipsychotic drugs, antidepressants, illicit drugs,
steroid hormones, and tropane alkaloids in human biological samples. Matrix-
assisted laser desorption/ionization imaging mass spectrometry is briefly introduced.
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The planar integrated micro mass spectrometer—one of the new mass spectrometers
under development—is also introduced here. Such a portable handheld micro mass
spectrometer would be very useful for bedside therapeutic drug monitoring.

We believe this book will be a great aid for college students and academics,
clinical pharmacologists and toxicologists, and pharmaceutical scientists. We
sincerely hope that readers will find this book useful.

We would like to acknowledge all of the authors who found time in their busy
schedule to contribute the thoughtful chapters. Our task of compiling this book was
made easy by their high-quality efforts. We would also like to thank Mr. Kenneth
Howell and Christopher Balmes at Springer for their much valued assistance
throughout the preparation of this book.

Houston, Texas Q. Alan Xu
Houston, Texas Timothy L. Madden
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Internal Standards for Quantitative
LC-MS Bioanalysis

Aimin Tan, Nadine Boudreau, and Ann Lévesque

Abstract Internal standards play critical roles in ensuring the accuracy of reported
concentrations in LC-MS bioanalysis. How do you find an appropriate internal stan-
dard so that analyte losses and experimental variations during sample preparation,
chromatographic separation, and mass spectrometric detection could be corrected?
How is the concentration of an internal standard determined? Should internal standard
responses be monitored during the analysis of incurred samples? What are the main
causes for internal standard response variations? How do they impact the quantita-
tion? Why are stable isotope labeled internal standards preferred? And yet one
should still have an open-mind in their usage for the analysis of incurred samples.
All these questions are addressed in this chapter supported by theoretical considerations
and practical examples.

1 Internal Standards and Analytical Calibrations

Biological samples (plasma, serum, blood, and urine) are very complex. They
contain a wide variety of matrix components such as proteins, lipids, and salts. To
quantify trace amount of analytes (e.g., drug and its metabolites) in complex bio-
logical samples by liquid chromatography-mass spectrometry (LC-MS), the sam-
ples should be properly treated prior to being injected onto an LC-MS instrument,
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which typically includes dilution, extraction, evaporation, and reconstitution.
Variable losses of the analytes may occur during these sample treatment steps. In
addition, there might be variations during the LC-MS analysis, such as variations in
injection volume and particularly in ionization (ion suppression or enhancement
caused by coeluted matrix components; refer to [1]).

To reduce the impact of analyte losses and instrumental variations on the quanti-
tation of an analyte, an internal standard (IS), which has the same or similar physical
and chemical properties as the analyte, is added in equal amount to both concentra-
tion-known (calibration standards and quality controls) and unknown samples prior
to sample treatment. By using signal ratios of the analyte to its IS (instead of using
analyte absolute signal) for quantitation, the losses and variations can be corrected,
which improves the precision and accuracy of final analytical results for unknown
samples.

Internal standards could be used in external calibration, matrix-matched external
calibration, and standard addition calibration [2]. However, the use of internal stan-
dards in LC-MS quantitative methods should not be confused with internal calibra-
tion in which an internal standard is employed as a calibrant and the concentration
of a unknown sample is calculated from the concentration of this internal standard
and its analyte/IS signal ratio, i.e., the concentration of the unknown sample is
calculated without the need for a calibration curve [3]. The use of internal standards
in most LC-MS quantitative methods belongs to “signal-ratio calibration” or inter-
nal standardization [2, 4]. In fact, the majority of bioanalytical LC-MS methods use
matrix-matched signal-ratio external calibration.

The analytes of interest in quantitative bioanalysis vary, from small molecules
with molecular weights usually less than 1,000 Da (e.g., drugs and their metabo-
lites) to large biopolymers, such as proteins. The focus of this chapter is on the
quantitation of small molecules in biological samples by LC-MS, though some of
the principles presented in this chapter are also applicable to the quantitative analysis
of large molecules in biological samples.

2 Selection and Use of Internal Standards for Quantitative
LC-MS Bioanalysis

2.1 Requirements on Internal Standards

An internal standard should meet the following three requirements. First, it should
have the same or very similar physical-chemical properties as the analyte, particu-
larly hydrophobicity and ionization characteristics, so that it can mimic closely the
performance of the analyte in every stage of analysis, i.e., from sample preparation,
chromatographic separation, to mass spectrometric detection. In this way, any losses
during sample preparation or variations in the mass spectrometry detection can be
corrected.
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Second, an internal standard must have adequate purity. Preferably, the
contribution of an internal standard to any analyte should be less than 20 % of
the corresponding lower limit of quantitation (LLOQ) of the analyte. Otherwise, the
significant amount of analyte from the added internal standard can bias the reported
signal to noise (S/N) ratio at the LLOQ and cause larger variability at low concen-
trations. The interference of an internal standard to other cointernal standards in a
multianalyte method is rare, but it should be also evaluated. Though there are no
reported criteria for this, it should be at least less than 15 % of the concentration of
a cointernal standard in a multianalyte method. In addition, an internal standard
should not correspond to any in vivo metabolic products of the analyte (e.g., hydrox-
ylated metabolite, N-dealkylation metabolite).

Lastly, an internal standard should be stable during sample processing and LC
separation. It should not significantly degrade, in particular not decompose to
components that can interfere with the determination of the analyte.

2.2 Types of Internal Standards

There are two main types of internal standards. The first ones are stable isotope
labeled (SIL) internal standards. They are compounds in which several atoms in the
analytes are replaced by their respective stable isotopes, such as deuterium (*H, D or d),
BC, BN, or 0. Labeling with the first three isotopes are most common, particularly
labeling with deuterium (due to less difficulty in synthesis and therefore less expen-
sive). For examples, raloxifene-d, -6-glucuronide was used as the internal standard
for the determination of raloxifene-6-glucuronide [5] and 1, 2, 3, 4-1°C , estrone
([=c JE1) was used as the internal standard for estrone (E1) [6]. The usage of stable
isotope labeled internal standards in quantitative LC-MS or GC-MS analysis is
often termed as isotope dilution mass spectrometry (IDMS) [7].

The second ones are structural analogues with different masses or even the same
mass. In the latter case, chromatographic separation between the analyte and its
internal standard must be achieved when distinctive MRM (multiple reaction moni-
toring) transitions could not be found. It is preferable that the key structure and
functionalities (e.g., -COOH, -SO,, -NH,, halogens, and heteroatoms) of an inter-
nal standard are the same as those of the analyte and differ only by C—H moieties
(length and/or position). Modifications in functionalities would result in significant
differences in ionization efficiency and extraction recovery [8].

2.3 Selection of Internal Standards

An internal standard is expected to track the analyte in all the three distinctive stages
of LC-MS bioanalysis, i.e., sample preparation (extraction), chromatographic sepa-
ration, and mass spectrometric detection. Though the emphasis should usually be
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placed on tracking the analyte in mass spectrometric detection due to the possibility
of ion suppression or enhancement from coeluting component(s), all these three
stages should be considered as a whole while choosing an internal standard. In other
words, these three stages affect the selection of an internal standard interactively.
For example, when a sample preparation method produces extremely clean extracts,
then the emphasis should be shifted from tracking the analyte in MS detection to
tracking the analyte in extraction. On the other hand, if the extracts from the sample
preparation contain coeluting matrix components that cause ion suppression or
enhancement, then tracking the analyte during MS detection to correct matrix effects
becomes more important. Moreover, different extraction methods may have different
requirements on the internal standards. Apparently, the requirement on internal
standards for tracking an analyte during a simple “dilution-and-shoot” treatment
would be less stringent than that for liquid—liquid extraction (LLE) or solid-phase
extraction (SPE) methods.

Among the two types of internal standards, SIL internal standards, particularly
those labeled with *C and/or PN, are most effective and should therefore be used
whenever possible [9]. The molecular weight (MW) of an SIL internal standard
should be at least 3 Da (ideally 4 or 5 Da) higher than that of the analyte, though this
is not an absolute necessity. For example, norethindrone-*C, has been successfully
used for the determination of norethindrone over the concentration ranges of 2.5—
500 pg/mL and 0.05-10 ng/mL [10]. In addition, the location of stable isotope
atoms should be given consideration in synthesizing a deuterated internal standard,
so that deuterium exchange would not occur during sample preparation. It is also
preferable that the stable isotope atoms are included in the product ions as well to
avoid possible cross-contamination during mass spectrometric detection, though it
is rare in modern mass spectrometers.

Despite the very desirable performances of SIL internal standards, they are not
always available or are very expensive, especially when seeking exclusively non-
deuterium-labeled internal standards. Then, structural analogues can be used. In this
case, coelution of an analyte and its internal standard is preferred in order to reduce
matrix effect [11] or to expand linearity range [12].

There are many different ways to find structural analogues, such as literature
search or key chemical structure search. Merck index is a valuable reference source.
Usually, internal standards can be found from the same therapeutic class as the ana-
lyte. For example, to find a potential internal standard for penciclovir, acyclovir,
ganciclovir, and valacyclovir could be considered because all of them belong to
guanine analogue antiviral drug, i.e., containing a key moiety of guanine (Fig. 1).
Using skeleton structure search is another useful way to find an internal standard.
Alternatively, structural analogues can be synthesized by adding a nonessential
group, such as an extra methylene group (-CH,-).

Once potential structural analogues are found, their physical-chemical proper-
ties, such as log D (hydrophobicity) vs. pH, can be calculated and compared with
those of the analyte using software (e.g., Pallas) prior to being experimentally tested.
As shown in Fig. 2, both acyclovir and ganciclovir could be used as the internal
standard for penciclovir, particularly the latter due to the same number of hydroxy
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moieties. On the other hand, valacyclovir is not as good because of the introduction
of an extra amine moiety and the absence of the hydroxy moiety.

2.4 Concentration of Internal Standards

It is generally believed that as long as the same amount of an internal standard is
added to all the samples in a batch (run), i.e., calibration standards, quality controls,
and unknown samples, the concentration of an internal standard is not important.
This is probably why not much information exists as how to determine an appropri-
ate concentration for an internal standard. Some researchers proposed that the
concentration of an internal standard should be approximately half of the upper
limit of quantitation (ULOQ) of the analyte [13, 14] or even higher than the ULOQ
[2], while others suggested a relatively lower concentration corresponding to about
the first third of the calibration range, in order to minimize potential interferences
with the analyte due to potential impurities from SIL internal standards [15].
Unfortunately, none of these were followed by more detailed theoretical consider-
ations or supporting experimental data.

Based on our experience, it is difficult to set a clear-cut guideline as what IS
concentration should be used. Instead, all of the following factors should be taken
into consideration while determining an appropriate concentration for an internal
standard with the emphasis on the first factor.

2.4.1 Purity of Reference Standards and the Targeted Calibration Range

An internal standard may contain trace amount of the analyte of interest, especially
a SIL internal standard due to similar synthesizing routes. In this case, a maximum
IS concentration can be obtained based on its impurity (e.g., n % of the analyte in
the IS reference standard) and the +20 % acceptance criterion for bias at the LLOQ
level [13, 16—17]. In this regard, the concentration of an IS should be therefore kept
as low as possible to reduce its contribution to analyte concentration.

C

s = 20 LLOQ/ n. (1)

On the other hand, the analyte or analyte reference standard may contribute to
the response of an internal standard either due to impurity or because of natural
abundance of stable isotopes (say m %). Therefore, the concentration of the internal
standard must not be too low. Otherwise, the contribution from the analyte or its
reference standard would be significant, e.g., more than 5 % of IS concentration or
response [16], and linearity and accuracy could be greatly affected. Accordingly, a
minimum IS concentration could be obtained based on the ULOQ for the analyte.
For this reason, a high IS concentration is preferred.
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C

IS - min

=m ULOQ/S. )

Apparently, the i mustbe equal to or greater thanthe C  ie.,Cg >Cg

to simultaneously satisfy the criteria of purity for both the analyte and its internal
standard. Accordingly, the following formula is obtained.

ULOQ/LLOQ <100/ (mn). 3)

In other words, the purity of analyte and IS reference standards determines the
maximum possible concentration span. Sometimes, it is impossible to simultane-
ously satisfy both (1) and (2), i.e., C . >C, In this case, either calibration

range needs to be adjusted (narrowed) or analyte or internal standard reference stan-
dards of higher purity must be used.

2.4.2 MS Sensitivity Towards an Analyte and Its Internal Standard

When the MS sensitivity towards an internal standard is higher than the analyte,
relatively lower IS concentration can be used. Otherwise, higher IS concentration is
necessary. The aim is to achieve S/N high enough for the internal standard so that
noises in IS signal is negligible, i.e., no inclusion of any variations that have not
been experienced by the analyte. For this reason, the IS concentration should be as
high as possible. On the other hand, the IS signal should not be so high that the
ratios for lower concentration standards are too low. When inappropriate regression
algorithm or calculation precision is used, unreliable or even incorrect regression
results could be obtained.

2.4.3 Ion Suppression or Enhancement

When matrix effect exists, it is usually preferable to coeluate the analyte and its
internal standard to better reduce the impact of matrix effect on quantitation. The
more their chromatographic peaks overlap, the better the correction is. Since the
concentration of the analyte varies while the amount of IS added is constant, a
choice must be made as to match which part of a calibration curve. Usually, the seg-
ment between 1/3 and 1/2 of the ULOQ is most important because this segment is
expected to cover the average C_for most drugs and metabolites. This is probably
why other researchers have proposed to use IS concentrations around 1/3 or 1/2 of
the ULOQ of an analyte.

In addition, mutual ion suppression or enhancement may exist when an analyte
is coeluted with its internal standard. To maintain low detection limit, low IS con-
centration should be used. On the other hand, high IS concentration is necessary to
obtain good reproducibility when an internal standard is suppressed by the analyte
[14, 18]. Therefore, a balance needs to be made.
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2.4.4 Solubility and Loading Capacity of Extraction Cartridges

The IS concentration should not be so high as to cause issues of solubility or exceed
the loading capacity of solid-phase extraction (SPE) cartridges or similar products.

To conclude, the determination of IS concentration is not a trivial task because an
inappropriate IS concentration could affect linearity, accuracy, and precision.
Several different factors should be taken into consideration. Sometimes a high IS
concentration is preferred, while in other times a low IS concentration is necessary.
The most important is to know how to adjust the concentration of an internal stan-
dard when desired performances are not obtained. Once an appropriate concentra-
tion has been determined, it must be experimentally tested to check linearity,
accuracy, and precision [18].

2.5 Introduction of Internal Standards

Internal standards may be introduced in three different ways, i.e., addition to sam-
ples prior to extraction, after the extraction but prior to LC-MS analysis, or even
after chromatographic separation.

The most common way of introducing an internal standard is the addition to
samples prior to any extraction procedures, e.g., before the addition of buffer and
organic solvent in a liquid-liquid extraction, and as early as possible. In this way,
the internal standard goes through the same preparation and extraction steps as the
analyte does. This might be why an internal standard was initially termed “pro-
cessed internal standard” [8, 19]. Apparently, if an appropriate internal standard is
used, any variations from sample extraction to MS detection could be corrected,
such as variability in dilution, organic transfer, recovery, adsorption, evaporation,
injection, and ion suppression/enhancement.

However, it is sometimes very challe