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& Hyphenation of mass spectrometry (MS) to liquid chromatography (LC) represents a powerful
tool for qualitative and quantitative characterization of target compounds in very complex matrixes
of biological origins. In spite of many advantages due to recent advances and innovations in the
area of instrumentation and dedicated software support, some difficulties are still encountered in
its current applications. The large variety of functional principles and technical solutions applied
for hyphenation of the two techniques, for ion sources, ion extraction and focusing, mass analysis,
and ion counting makes it more difficult to obtain perfect agreement between the intrinsic character-
istics of the laboratory-available instrumentation and the declared goals of specific determination.
This review covers a part of the literature data dealing with the shortcomings of LC=MS in bioana-
lysis. The following topics are discussed: structural identification and confirmation in LC=MS; pre-
cision of the instrumental response over short and long term periods; non-linear response functions;
adduct formation in atmospheric pressure ion sources; and carryover effects. Most of the problems
arising in LC=MS are related to phenomena occurring during ionization. Obviously, the structural
characteristics of the analyzed compounds play an important role, although the principles of ioniza-
tion within the source and the supporting technical solutions and constructive designs add their own
particular features. The complex influence of residual sample matrixes over ionization yields of target
compounds and internal standards needs to be studied through proper experimental procedures, in
order to control both precision and instrumental response function in analysis of biological samples.

Keywords adduct formation, carryover effects, instrumental response functions,
instrumental variety, LC=MS hyphenation, matrix effects, precision, related drawbacks,
structural identification and confirmation

INTRODUCTION

Bioanalysis is more often addressed as the process of analyzing
(meaning assaying=structural characterization=structural confirmation)
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molecular entities (small molecules or biomolecules) in biological matrices
(i.e., fluids, tissues).[1–3] This is applicable to drugs, drug metabolites, or
other chemicals (of exogenous or endogenous nature) and relates to drug
discovery and development processes, pharmacokinetics, biomarkers,
therapeutic drug monitoring, drugs of abuse, and forensic science.

Hyphenation between liquid chromatography (LC) and mass spec-
trometry (MS) is based on their intrinsic complementary features: the separ-
ating ability and the structural identification=confirmation capability.[4]

More specifically, LC handles with molecules having reduced volatility and
relatively low thermal stability, usually existing in aqueous media. Mass spec-
trometry acts as a reliable detection system, switching between universal and
specific behaviors, producing structural information and allowing high
sensitivity. It is important to mention that extreme sensitivities are predomi-
nantly produced through the specificity of the response (drastically reduc-
ing the noise level), the process being reversely related to the resulting
amount of structural information. The tandem between LC andMS strongly
depends upon the characteristics of the transfer of the analytes from the
liquid mobile phase in the gas phase and their ionization with specific yields.
In time, instrumentation designed as interfaces for achieving ionization in
the gas phase, resulting through mobile phase evaporation and selective
solvent vapor elimination,[5] evolved as stand-alone ion sources.

The main problem relating to LC-MS analysis results from the diversity
of the existing instrumentation (based on different constructive and
functioning principles) as well as the intrinsic versatility of the technique

FIGURE 1 Variety of the available mass spectrometry instrumentation.
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(issuing from different functioning and data acquisition modes). Figure 1
illustrates the diversity of the technical solutions in mass spectrometry
designed as detection tools for liquid chromatography.

Although it is not the aim of the present work to discuss functioning
principles, construction and related applications of the ion sources, and
mass analyzers used in modern mass spectrometry, we considered it useful
to provide basic information on these features, as the choice of the best
suited instrumentation with respect of the major goals of an analytical
challenge may be considered a difficult task. Table 1 deals with ion sources
commonly used in bioanalysis, for hyphenation with LC, or as stand-alone
devices allowing specific direct bio-sample investigation.[6–54] Table 2
resumes the performances of the commercially available mass analyzers
and their adaptability to hyphenation with the LC technique and
ion source functional requirements.[55–84] Both tables also provide the
acronyms used in Figure 1.

RESULTS AND DISCUSSIONS

Structural Identification/Confirmation

Fragmentation in MS sources designed for LC=MS hyphenation differs
tremendously in comparison to classical gas phase EI=CI sources used in
GC=MS. Ionization in LC=MS is considered a soft approach (mild ioniza-
tion techniques), whereas, EI ionization in GC=MS leads to advanced
fragmentation due to the high energy transfer between primary electrons
and target molecules. However, if fragmentation occurs in LC=MS
ion sources, the fragmentation routes are generally very simple ones,[85,86]

consisting in elimination of water, carbon dioxide, carbon monoxide,
ammonia, inorganic acids, or even carbamates. More complex fragmen-
tation routes rely on de-alkylation, de-acetylation, or a retro-synthesis path-
way. For these reasons, the LC=MS spectra are poor with respect to signals
attributed to fragments and, from this point of view, in many applications of
LC-MSn, the fragmentation is used as a confirmation tool rather than
for structural identification. Multiple stage MS may reveal, through the
different available dissociation techniques (see Figure 1), some unusual
mass fragmentation pathways and, meanwhile, permits identification of sin-
gle drugs with high selectivity. Some unexpected pathways could, however,
weaken the entire process.[87] When combined with other experimental or
theoretical approaches, MSn becomes useful in certain identification of
species in complex samples.[88] As an example, an unreported metabolite
of norfloxacin was identified during a BE study by means of MS and MS2

detection and quantum computation, bringing additional insights on the
different pathways of metabolization of the parent active ingredient.[88] A

Mass Spectrometric Detection Coupled to Liquid Chromatography 1259
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sensitive and specific LC=MS method based on the combination of
constant neutral loss scans with product ion scans was developed for
the detection and identification of analytes with identical chemical sub-
structures, such as conjugates of xenobiotics formed in biological systems
(i.e., thioethers of N-acetyl-L-cysteine).[89] A paper describing a tandem
LC=MS=MS method specifically designed for the screening of synthetic
gluco-corticosteroids in human urine was recently reported. The method
is designed to recognize a common mass spectral fragment formed
from a particular portion of the molecular structure that is common to
all synthetic gluco-corticosteroids supporting the specificity of their phar-
macological activity.[90]

Although the determination of the chemical identity or molecular
structure for related substances in bioanalysis has continuously benefited
from the availability and evolution of modern instrumentation, fundamen-
tal knowledge about solution phase chemistry, ionization, and gas-phase
processes is still vitally important for achieving success in this endeavor.[91]

Gas-phase ion=ion reactions involving either multiply-charged analyte ions,
multiply-charged reagent ions, or both, exhibit all the characteristics of an
analytically useful reaction. They can be highly efficient, fast, and informa-
tive and can be readily implemented in MS. Experiments conducted in
electrodynamic ion traps capable of executing MSn procedures can employ
multiple ion=ion reaction steps, possibly involving distinct reaction
mechanisms. The main barrier for most chemists to use the ion=ion reac-
tions approach consists of the lack of access to appropriate instrumen-
tation. This situation is changing quickly with the growing commercial
availability of instruments capable of executing ion=ion reaction experi-
ments along with software to support them.[92]

Unlike MS spectra obtained by EI that have been gathered in many
spectral libraries, the MS spectra obtained in LC=MS technique are not
entirely reproducible and affordable as data bases. The main drawback of
LC=MS as a universal identification tool is the high variability in the degree
of fragmentation of the examined compounds, observed for different
instruments or even for identical instruments used in different labs.
In the study achieved in three laboratories, mass spectra of identical
substances, analyzed on the same instruments in nominally identical
conditions, showed large differences in the degree of fragmentation.[93]

This is caused by the intrinsic mechanisms involved in molecular fragmen-
tation, which are strongly influenced by the surrounding environment
produced by mobile phase composition. Some attempts to elaborate a
MS spectral library within the laboratory have been reported by literature
and briefly discussed here. An overview and comparison between GC=MS
and LC=MS, the two major hyphenated techniques used for the metabolic
profiling that complement direct ‘‘fingerprinting’’ methods such as

1260 A. Medvedovici et al.
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APCI=Q-TOF, APCI=FT-ICR, and NMR, is available in literature.[94]

Chemical derivatization can increase the sensitivity and specificity of
LC=MS ionization methods for less polar compounds (through CIS and=or
or electron capture negative ionization) and provides additional structural
information. The important role of a mass spectral library creation and
usage in these techniques is illustrated by the following examples.

b-Lactam antibiotics are among the most frequently used in clinical
therapy. A single-quadrupole mass analyzer was used for their rapid identi-
fication. The product ions of 33 cephalosporin and 11 penicillin antibiotics
were assigned to establish the fragmentation patterns and a standard ESI=
MS library. The procedure for identification using a LC=ESI=MS library
combined with retention data has been proposed in order to overcome
difficulties of similar MS spectra of the investigated compounds.[95]

The possibility of creating a robust mass spectral library by means of
LC=AP-ESI=MS for the identification of drugs misused in cases of clinical
toxicology has been examined by Lips et al.[96] Experimental factors (sol-
vent, pH, different acids, or buffer salts and their concentrations, different
organic modifiers, and modifier concentrations) reported to influence
the fragmentation have been tested. The large number of experimental
mass spectra appears to be affected by the mobile phase compositions
by only a minor extent. The search according to the MS spectral pattern
made for the major peaks in the LC chromatograms by application of
the developed mass spectral library produced a positive identification in
a proportion of more than 95%.

Applications of mass spectral library searches in pharmaceuticals have
been reported in several papers, in both modes of ionization (AP-ESI or
APCI).[97–100] Identification and control of impurities for drug substances
are critical tasks in the pharmaceutical process for development of
improved quality and safety. Several case studies were reported for the
identification of unknown impurities or for leachables (impurities in phar-
maceutical products whose origin is the pharmaceutical container closure
system in either direct or indirect contact with the formulation) employing
chromatographic techniques interfaced with mass spectrometry. The task
of unknown identification was facilitated by complementary methodologies
including tandem mass spectrometry (MS=MS), high resolution mass spec-
trometry (HRMS), preparative HPLC, and NMR.[101,102] A review focused
on recent progresses reported in the literature from selected publications
and that dealt with diverse qualitative and quantitative applications of
LC=MS in the pharmaceutical industry (synthetic organic chemistry,
combinatorial library parallel synthesis, bioanalysis in support of ADME,
and proteomics) was published by Lee.[103]

An LC=MS=MS database, including 780 drug and toxic compounds,
has been achieved and reported and features information-rich MS=MS
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spectra derived from a novel fragmentation approach incorporating voltage
ramping and a broadened mass window for activation. Coupled to effective
sample preparation protocols, the database-searching process greatly
improved the identification of drugs in postmortem specimens by the
LC=ESI=MS=MS technique.[104]

Precision

The main concern frequently expressed when using MS detection in
high routine work is related to precision. The variability of the equipment
response over short (intra-day) or larger time periods (inter-day experi-
ments) is well known, especially when loading ‘‘dirty’’ samples (samples
resulting from preparation of biological matrixes). The origins of the
response variability are undoubtedly related to phenomena arising in the
MS source, directly influencing the ionization yields of the target com-
pounds. A first approach deals with the influence of the residual matrix
simultaneously reaching the source together with the target compounds.
The influence on ionization leads to signal suppression or enhancement
and may be responsible for poor precision over short periods of time.
The phenomena are related to specific endogenous compounds existing
in the initial biological sample, breaking through sample processing steps
and chromatographic separation, or by exogenous compounds used during
earlier steps of sample processing (i.e., anticoagulants). Such matrix effects
are well known by MS practitioners and are widely discussed in the litera-
ture.[105–119] The study of the matrix influence on ionization is also recom-
mended by the official guidances regulating the bioanalysis domain.[120,121]

Another aspect lies in time accumulation within the source of a residual
pattern. Such accumulation of residuals products, over longer periods,
drifts in the detector response through progressively altering ionization
yields within the source. These phenomena are directly affecting the inter-
mediate precision of the method, by dynamically and additionally collect-
ing influences from all residual sample or mobile phase matrixes loaded
to the source.

In bioanalysis, the control on the response variability is usually obtained
through use of the internal standard (IS) methodology. Historically, the
IS role relates to the use of tedious sample preparation procedures often
associated to biological matrixes, and its choice depends primarily on the
similar chemical behavior with respect to the target analyte when subjected
to preparation steps and chromatographic separation.

The use of deuterated labeled analytes as internal standards represents
the best choice to ensure similar behavior over all steps of the analytical
process (sample preparation, chromatographic elution, and ionization
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yield) unless consideration of cost, commercial availability, and intrinsic
purity are required.[122–133]

The choice of an IS as a compound structurally similar to the target ana-
lyte mainly focuses on the sample preparation steps and chromatographic
behavior, while the dynamics of its ionization yield on residuals accumulat-
ing in the source is more often ignored. We should also take into consider-
ation the inherent difficulty of developing experimental procedures that
aim to emphasize the ionization behaviors of analytes and IS in source
accumulation of residuals on functioning over longer time periods.

Actions focused on reduction of residuals co-eluting or accumulating in
the MS source are obvious: a) development of sample preparation proto-
cols (including clean-up steps) aiming to produce poor residual matrix;
b) optimization of chromatographic elution conditions allowing increased
separation selectivity combined with programmed column effluent orien-
tation to waste outside the analyte detection windows for limitation of
the accumulation of residuals in the source; c) the use of post separation
gradients to remove residual matrix from the chromatographic column;
d) the use of MS sources less sensitive to accumulation of residuals; e)
the periodic cleaning of MS source; and f) the optimization of MS specific
working conditions with pooled extracted samples for simulating non-ideal
ionization conditions.

Each of these measures exhibits its own intrinsic limitations. Complex
preparation protocols usually require large sample volumes, multiple
manipulation steps (introducing variability through random errors),
longer duration, additional efforts for optimization and validation, and
implicitly higher costs. Automation of complex sample preparation proto-
cols[134–136] may represent an interesting alternative but strongly impacts
on costs through the use of complex and expensive equipment and the
necessary implementation of Good Laboratory Automation Practices
(GALP). Another approach relies on hyphenation between sample prep-
aration procedures and the LC separation, often named on-line configura-
tions.[137–140] Generically, solid phase extraction (SPE) is on-line coupled
to LC separations, although it is quite difficult to place real borders
between such applications and column switching techniques[141–145]

and coupling of turbulent flow chromatography[146–161] (both cases
belonging to bidimensional chromatography). The on-line use of SPE
adsorbents combining the selectivity toward the target analytes to size
exclusion features (restricted access materials [RAM])[162–174] fills the
gap to the direct bio-sample loading on the separation system. Size
exclusion regulates elimination of the protein fraction from the sample
while surface chemistry within pores selectively involves target compounds
by means of various mechanisms (i.e., hydrophobic, electrostatic, and steric
modulated interactions).
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Increasing chromatographic separation selectivity is equivalent to longer
chromatographic runs. Increasing duration of the separation means a huge
waste of time when dealing with thousands of samples to be analyzed as in
bioavailability and bioequivalence studies (BA=BE). Post separation gradi-
ents lead to similar effects, through addition of the column re-equilibration
periods. It is widely accepted that ionization under APCI conditions is less
susceptible to accumulation of residual matrix compared to ESI,[117]

although variation in ionization yields is related to structural characteristics
of the target compounds. However, the shift from ESI to APCI is not always
possible, when considering thermally labile compounds and particular sen-
sitivity requirements. The periodical application of a cleaning procedure to
the AP ion source may be effective in some cases, but the frequency of the
operation should be carefully considered. Optimization of MS conditions
with pooled extracted samples may offer additional insights for controlling
ionization phenomena, although the residual pattern acting on the elution
time of the analyte peak is not similar to the pattern of the residual matrix
accumulating in the source under extensive operation.

The influence of the accumulation during larger time periods of a
residual matrix within the MS source may be simply observed through
the variation of the IS peak area values over a bioequivalence study.
Plots in Figure 2 illustrate the procedure.

Figure 2A illustrates variation of the IS (fluoranthene) peak area values
over 644 samples analyzed during a BE study for gliquidone containing
pharmaceutical formulations, through use of fluorescence detection
(FLD, excitation wavelength 230nm, emission wavelength 415nm). Separ-
ation was obtained in 1.8min by using a fast gradient from 30 to 100%
acetonitrile, on a Zorbax SB-C18 column, 50mmL� 4.6mm i.d.� 1.8 mm
d.p., operated at 2mL=min flow rate and 60�C. The variation of the
monitored parameter is stationary (constant precision and constant
accuracy); no trend being observable.

Data in Figure 2B were obtained over 560 samples analyzed during a BE
study for tenoxicam containing pharmaceutical formulations; piroxicam
was used as IS.[175] UV spectrometric detection (368nm) was achieved,
while separation conditions were very similar to those from the first
example (column, temperature, gradient, flow rate). A chromatographic
run took 4min. Again, a stationary variation is observable (dispersion
is, however, higher, probably due to the less selective character of UV
compared to FLD detection modes).

Examples in Figures 2C–2F were all produced through using MS=MS
detection. Plot in Figure 2C illustrates variation of nitrazepam (IS) peak
area values in a BE study for bromazepam[176] containing 644 samples. A
separation of 2min was obtained on a Rapid Resolution Zorbax SB-C18
30mmL� 2.1mm i.d.� 3.5 mm d.p. column, at 0.8mL=min and 25�C,
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under isocratic conditions. AP-ESI ionization was used together with a
QQQ mass analyzer, operating under multiple reaction monitoring
(MRM) conditions. Again, a stationary variation is observed. Precision is
practically constant while a logarithmic profile is observable for the IS peak
area values. The variability of the results is comparable to the dispersion
obtained under UV detection conditions.

FIGURE 2 Variation and trends of internal standard (IS) peak areas values over long term period as
effect of residual matrix accumulation in the MS ion source (experimental conditions and discussions are
made in text).
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Figure 2D illustrates the variation of the peak area values of 1-methylbi-
guanide used as IS in 832 samples from a BE study designed for metformin
formulations. Separation was made on a nitrile stationary phase (Zorbax
CN 150mmL� 4.6mm i.d.� 5 mm d.p.) at 25�C and 0.8mL=min under
isocratic conditions (aqueous 10mM acetate buffer at pH¼ 3.5 and aceto-
nitrile in a volumetric ratio of 1:1). Electrospray ionization and QQQ mass
analysis in the MRM mode were used. Duration of a chromatographic sep-
aration was 6.5min. The MS source was not cleaned during the sample
analysis period. This time, a negative trend is observable, attributed to a
suppression effect brought by the residual matrix accumulating within
the source. Method precision is conserved on study completion, while
accuracy is continuously degrading in time. Dispersion of the IS peak areas
is considerably higher (a RSD% of 11% was calculated) over the whole study
period.

Figure 2E refers to a meloxicam BE study based on a LC-ESI=MS=
MS method. 4-hydroxy-2-methyl-N-(pyridine-2-yl)-2-H-1,2-benzothiazine-3-
carboxamide-1,1-dioxide was used as an internal standard in 936 samples.
Chromatographic separation is obtained under RP conditions (Zorbax
Eclipse XDB-C18, 150mmL� 4.6mm i.d.� 5mm d.p.) and isocratic elution
mode, at 25�C, 0.8mL=min and a mobile phase composition of aqueous
0.1% formic acid and acetonitrile (3=7, v=v) in a total run of 4min. AP-ESI
ionization coupled QQQ mass analysis operating in the MRM mode were
used. The MS source was periodically cleaned during sample analysis
period (four cleaning operations). Dispersion is high, but still within the
15% RSD% limit. A continuous decreasing trend is observable. A non-
stationary pattern became obvious, positive jumps in the response arising
after each cleaning operation. On short time interval, precision is properly
maintained.

Figure 2F illustrates results from a glibenclamide BE study[177]

consisting of 624 samples. Gliquidone was used as the internal standard.
Separation was achieved on a monolithic C-18 column (Chromolith Per-
formance RP-18e, 10mmL� 4.6mm i.d.) at 1mL=min, 40�C and isocratic
elution conditions (aqueous 0.1% formic acid and acetonitrile in a
volumetric ratio of 42:58). Ionization is made through an APCI source.
The ion trap mass analyzer operated under MS=MS conditions, in the
SRM mode. Surprisingly, despite the rational belief relating to APCI
robustness with respect to residual matrix effects, the dispersion of the
resulting IS peak area values was around 36%. Non-stationary conditions
and a pronounced negative trend were observable. Source cleaning
operations were producing positive step variations in the equipment
response. It is worthwhile to note that same type of samples (human
plasma) and sample preparation (protein precipitation by means of aceto-
nitrile addition) were used for all examples formerly discussed. It seems
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obvious that MS detection is prone to an increased variability of the
response when compared to UV or FL detection modes, and that the
structural properties of the target compounds with respect to ionization
modes and specific conditions used by the method play a major role in
controlling variation over short and long time intervals. In such conditions,
the control of precision and accuracy over a BE study can be achieved
only through a rational and correct choice of the analytical sequence
length (number of samples associated to a calibration and a quality
control—QC— set).

Significant variation of ionization yields, even on short time periods,
may be produced by the MS source accumulation of additives used in the
mobile phase, as illustrated in Figure 3.

Data were obtained from a study related to the assay of ephedrines (as
doping agents) in urine through using a LC=(þ)ESI=MS=MS method.
The need of a resolution between the pairs of analytes cathine=norephe-
drine, and ephedrine=pseudoephedrine (analytes within the same pair
exhibit identical MS=MS transitions) lead to two chromatographic
solutions: (1) ion pair (IP) mechanism on a C-18 stationary phase, using

FIGURE 3 Influence of the mobile phase additive on the variation of the analyte peak area values over a
short time period (experimental conditions and discussions are made in text).
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heptafluorobutyric acid as ion pair agent (run time of 25min); and (2)
mixed RP and p–p interaction mechanism on a Phenyl stationary phase,
using formic acid as the mobile phase additive (run time of 15min). Short
term variation of the cathine peak area values are illustrated in Figure 3A for
the case of the IP separation, while the results of the mixed RP=p–p mech-
anism based separation are given in Figure 3B. The negative drift in the first
case is obvious and was probably produced by accumulation of the
per-fluorinated ion-pair agent in the MS source.

Non-Linear Response Functions

The response of a mass spectrometer should be proportional to the
number of ions produced in the source after ‘‘filtration’’ through the mass
analyzer(s). The various principles of ion production and extraction, mass
analysis, and ion counting may basically explain the large differences with
respect to the dynamic range covered by the different equipment (see also
Table 2). However, based on theoretical considerations, the response of an
MS equipment should be linearly related to the amount of analyte reaching
the source (and, consequently, to the concentration of the analyte in the
sample loaded to the chromatographic system) over at least two orders of
magnitude domain.

A proper calibration design should be considered when establishing
the univariate calibration function, defined as the functional relationship
between the expected response of the detection equipment and the analyte
concentration.[178,179] When the uncertainty of the concentration value
(S2x) and the uncertainty related to the equipment response (S2y) are both
negligible, the application of an unweighted least-squares regression pro-
cedure is advisable. When one of the two types of uncertainties (‘‘making
up solutions’’ and instrumental response) is non-negligible in respect to
the other, a convenient approach for calibration should consist in a
weighted least squares regression procedure with the weights containing
the contributions of errors for x and=or y.[180] When both types of
uncertainties are considerable, and the variance of the comprehensive
contributions of y and x is too large, the use of the internal standard is
strongly recommended and the calibration are based on plots between
experimental peak area ratio (analyte=IS) against the known molar concen-
tration ratios.[181]

Some recommendations reported in literature for supporting reliable
calibrations are: a) the number of concentration levels to be considered
ranges from 7 to 10;[182] b) the number of replicates at each of the concen-
tration levels ranges from 8 to 10[183] (guidance in force advance a mini-
mum of 6 replicates to be considered); c) the calibration design should
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fit on the goal of the on-going procedure (i.e., estimation of detection
limits requires calibration points near the hypothetical value; accurate
quantitative analysis requires that concentration levels bracket the expected
determined values interval); d) the calibrations measurements are to be
run in blocks containing one replicate from each of the concentration
levels and blanks; and e) the blank response has to be inserted in
the regression procedure[184,185] (especially when determination of LOD
is targeted).

Calibration data may be homoscedastic or heteroscedastic, according to
uniformity or non-uniformity of their variance.[186] The scedastic character
can be determined through a) plotting of the residuals of the un-weighted
least squares regression versus the predicted values; b) comparison of the
variances of the replicates at each concentration (Barlett’s test); and c)
the F-test applied between the largest and the smallest variance of the repli-
cates. Homoscedastic data sets are calculated through un-weighted least
squares regression, while heteroscedastic ones require weighted least
squares regression models.

The relative low precision of the MS equipment (for the reasons already
discussed in the previous section) leads to the conclusion that the uncer-
tainty related to the instrumental response S2y should be consistent.
Depending on the complexity of the sample preparation procedure, the
uncertainty S2x related to the concentrations of the spiked solutions used
for calibration may also be considered as non-negligible. Consequently, it
is to be expected that weighted least squares regressions are the best
fit models for the calibration designs in MS detection. The validity of such
statement may be verified by taking a survey of the literature data.[187–203]

Indeed, weighted least squares regression through 1=x and 1=x2 are the
most used calibration designs for MS detection in bioanalysis.

However, unweighted linear design may also be applied, as illustrated in
Figure 4A for the metabolite of nicergoline designated as LUOL
(ergoline-8-methanol-10-methoxy-1,6-dimethyl). Data were produced dur-
ing a BE study on IT mass spectrometer operateding in the MRM mode,
through monitoring positive ions produced within an APCI ion source
(mass transitions 287 to 255þ 269 amu).

Results, as those illustrated in Figure 4B, highlight the need for other
options outside the linear regression for quantification of analytes in bio-
analysis. Data belong to the assay of ephedrines in urine, more precisely
the cathine congener. Chromatographic separation was achieved under RP
conditions on a base deactivated stationary phase (Purosphere C18), the
aqueous component of the mobile phase being buffered at pH¼ 10. MS
detection was achieved on aQQQmass analyzer operating in theMRMmode,
through monitoring positive ions produced in an AP-ESI source. Obviously,
the alkaline pH in the mobile phase allows the required chromatographic
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selectivity of the ephedrine pairs’ cathine=norephedrine and ephedrine=
pseudoephedrine under pure reversed phasemechanism, but it is completely
atypical for positive ionization under ESI conditions (the aliphatic hydroxyl
group characteristic for ephedrines has no acidic character to support nega-
tive ionization). In such conditions, a self-enhancement effect seems to
be produced (higher amounts of the analyte in the source enhance on
ionization yield) leading to a response functionmodeled through a binomial
regression.

Figure 4C illustrates a typical calibration obtained for diltiazem during
a BE study.[204] Such profiles also appear for the related de-methylated and
de-acetylated metabolites, simultaneously quantified over the respective
study. The positive ions produced in an AP-ESI source were monitored
by an IT mass analyzer operated under MRM conditions. Apparently, a
weighted least squares regression is well suited to modulate the resulting
response functions. Surprisingly, weighted linear regressions by 1=x or
1=x2 failed to produce expected results on back-interpolation. A lineariza-
tion procedure was thus applied through log-log representation, followed

FIGURE 4 Different calibration models fitting to data obtained by means of tandem MS detection in
liquid chromatography (experimental conditions and discussions are made in text).

1270 A. Medvedovici et al.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
5
:
1
7
 
2
3
 
J
a
n
u
a
r
y
 
2
0
1
1



by application of an unweighted least squares regression (Figure 4D). This
time, the source of the unusual calibration profiles is related to the choice
of a large isolation window for the precursor ions of the target compounds
in order to avoid time programming of the monitored mass transitions.
This was leading to the trap saturation resulting in a reduced dynamic
range of the response. Linearization through log-log representations were
cited in literature[205–209] and produces interesting debates.[210]

Calibrations can be also difficult to produce during quantitative analysis
of endogenous compounds (i.e., biomarkers) due to the lack of availability
of blank matrixes. The following actions can be considered as practical
solutions: a) the use of a surrogate matrix (a very similar matrix without
containing the target analytes); b) the adoption of standard addition meth-
ods;[211] c) treatment of the matrix for removal of target endogenous com-
pounds;[212] and d) making calibration through using a deuterated labeled
analyte.[213] In the specific case of using the standard addition method, the
knowledge about the response function of the detector is essential for the
proper choice of the addition levels.

Last but not least, we have to mention that the adequacy of a calibration
model can be verified in the following ways: a) through the evaluation of
the correlation coefficient; b) though the use of an analysis of variance
technique; c) by inspection of the behavior of the residuals versus the
predicted values.

Adduct Formation Ability in MS Sources

Adduct formation in MS atmospheric pressure ionization sources is a
well known phenomena for bioanalysts and a frequently discussed topic
in literature.[214–216] One can hardly decide if adduct formation ability
should be considered as a benefit or a nightmare in LC=MS applications,
as both opinions are more often presented and sustained by experimental
data.

The benefits of adduct ion formation may be summarized as following:
a) makes possible the ionization of non-polar neutral analytes (represent-
ing the phenomenological substrate for the coordination ion spray—
CIS—alternative of ESI) or enhance on the sensitivity of the determinations
by increasing ionization yields;[217,218] b) may be used as a control tool for
the in-source collisional induced dissociation phenomena and thermolysis
effects;[219] c) improves CID behavior in MS=MS processes, with formation
of specific product ions;[220] and d) represents an interesting option for
monitoring clusters formed within crude bio-reaction mixtures.[221]

The adverse effects induced by adduct formation in MS sources are: a)
overall sensitivity reduction as adduct formation opens a competitional
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pathway to formation of the protonated molecular ions, more often pre-
ferred as precursor in MS=MS approaches;[222] b) improper precision of
the quantitative results, as kinetics of protonated molecular ion formation
and adduct formation may significantly vary in time according to local
conditions within the MS source;[223] c) production of unusual mass
fragmentation pathways, making structural identification of product ions
difficult;[224] and d) limited CID fragmentation yields at low collisional
potentials.[225]

The possibility of adduct ion formation should be considered in
relation to the following features: a) structural characteristics of the target
compounds;[226–228] b) trace ionic impurities existing in the samples or in
the solvents used as mobile phase components;[229] c) the basic principles
controlling ionization proceses in the atmospheric pressure MS ion
sources; and d) design of the MS equipment (including ion extraction
and ion focusing technical solutions and mass analysis characteristics).

Under positive ionization conditions, the structures of the adducts
frequently cited in literature are: [MþNa]þ; [MþK]þ; [MþNH4]

þ;
[MþH2OþNa]þ; [MþOSþNa]þ; [Mþ 2OSþNa]þ, where M is the
molecule of the analyte and OS represents the organic solvent used in
the mobile phase.[230] Negative ionization is less favorable to adduct forma-
tion. However, formation of the following structures was observed in many
cases:[226] [2M-H]�; [3M-H]�; [2M-2HþNa]�.

The ability of adducts to be fragmented under collisional induced dis-
sociation conditions strongly depends on the structural characteristics of
the target compound. If considering only the nature of the ion producing
cationization and the ability of dissociation of the resulting adducts, the
following hierarchy was reported: [MþH]þ � [MþNH4]

þ> [MþLi]þ>
[M-Hþ 2Li]þ> [MþNa]þ>> [MþCs]þ, which appears logical as the abil-
ity to dissociate is reversely related to the electropositive character of the
cation.[227] When using transitional metal ions to support ionization within
the MS source and when coordinative interactions are the basis of adduct
formation, collisional induced dissociation may produce stable molecular
fragments containing the metal ion. In such cases, some usual fragmen-
tation pathways may be hampered through the charge neutralization of
the metal ion and formation of neutral organo-metallic complexes.[217]

The control upon adduct formation phenomena in MS sources is
oriented in two directions: (1) if adduct formation is wanted, the introduc-
tion of the ion responsible for cationization in the mobile phase or its
post-column addition are needed to shift equilibrium versus adduct forma-
tion;[219,220,225,227,228] and (2) if adduct formation needs to be suppressed,
additivation of the mobile phase[222,223,231,232] is generally needed
(addition of trifluoroacetic acid or alkyl-ammonium salts as formiates or
acetates is frequently cited).
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Based on the available literature data, and without claiming to advance
an axiomatic rule, the order ESI>APCI>APPI� SSI is generally accepted
for the ability of forming ion adducts.[232]

Carryover Effects

The carryover effect has instrumental origins and is strictly related to
the LC system. Carryover basically involves a systematic error resulting from
an amount of analyte from a previous sample transported to the following
injection, generally by means of the autosampler constructive parts coming
in direct contact with the sample.[233] Eliminating carryover from bioanaly-
tical methods can be a time and resource consuming process. While it is
necessary to investigate root causes of the carryover and reduce problem
areas, complete elimination of carryover may not be practical or even poss-
ible.[234] Carryover becomes especially critical in LC=MS applications for
bioanalysis[235] because of the following aspects: a) the intrinsic extreme
sensitivity of the MS detector; b) the very low concentration thresholds
usually targeted in bioanalysis together with strict limits of accuracy and
precision being imposed; and c) the complex chemical profile of bioanaly-
tical samples loaded to column, increasing the possibility that target com-
pounds adhere to the active surfaces of the injector parts.

Constructive parts of the autosampler often involved in carryover pro-
cesses are the needle (internal and external surfaces), needle seat, rotor
and rotor seals from the injection valve, loop, and tubings. Different con-
structive designs of the instrumentation may be more or less prone to carry-
over effects. Structural characteristics of the analytes (i.e., apolar character)
may also facilitate adherence on the active parts of an injection system.
Residual matrix in the bio-sample may enhance the adherence ability. Out-
worn constructive active parts of the injector may seriously increase risks for
carryover occurrence. Carryover effects are more often controlled through
the rinsing programs (needle wash, needle seat wash) applied to the
injection process and by intercalation of blank runs between samples.
The first approach requires optimization in terms of solvent being used
and duration (or solvent volume needed to eliminate the problem). Special
applications in proteomics may involve special solvents, washing profiles, or
constructive solutions.[236,237] The second approach is a time-consuming
experimental solution and needs a precise evaluation of the number of
blanks to be intercalated within samples.

Carryover effects have increased impact on samples having a concen-
tration level of the target analyte close to the low level of quantitation
(LLOQ) of the analytical method. In such respects, its influence impacts
the dynamic range of the instrumental method.[238]
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The structural information carried by the MS detector response is use-
ful to discriminate between the carryover effect and interferences brought
by the matrix. A carryover effect should only be considered if the mass spec-
tra (or the intensity ratio between two signals attributed to product ions) of
the residual peak appearing at the same retention time as the target com-
pound is similar to the one produced by the analyte itself.

A carryover effect also appears in cases of accidental contamination of
the mobile phase with the target compound(s). This may be specifically
critical when a gradient elution profile is applied to the analytical column.
In such circumstances, the amount of the analyte transferred between suc-
cessive runs is proportional to the duration spent between consecutive
injections (meaning that the carryover is variable).

Carryover should always be considered in accordance with the targeted
LLOQ of the method.[239,240] If the LLOQ of the method produces an
instrumental response at least 3.3 times more intense than the mean carry-
over response, no special measures have to be taken for elimination of such
an effect.

The carryover effects are subject to a serious attention from the regu-
lation bodies and, according to actual guidances in the field and the
accepted rules for best practices should be attentively evaluated not only
during analytical method validation but also during analysis of the incurred
samples.[241–243]

CONCLUSIONS

The fate of bioanalysis without the benefits brought by the LC=MS
hyphenation would be difficult to consider. In such circumstances the
recent advances in various scientific fields (i.e., pharmaceuticals, medicine,
bio-synthesis) would probably never exist. However, the extensive use of
LC=MS technique is far from providing a delightful paradise. LC=MS prac-
titioners know, from their day to day experiences, about the difficulties
encountered and the imperious need to continuously observe and under-
stand each detail, to encompass the frequent amazing and unpredictable
behaviors of their equipment. For most of us, MS equipment is too com-
plex an instrumentation for a punctual and in-depth understating of the
functional features, and, consequently, a holistic approach is somehow
needed. More often, the difficulties and shortcomings related to the
achievement of the practical experiments are not transparently revealed
in the published works, which is why it may be possible to create the false
sensation to beginners that LC=MS is an absolute and infallible solution.
Or, it is not the case.

Instrumentation for LC=MS applications is a complex, extremely vari-
able (starting from basic functioning principles), and expensive. A perfect
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agreement between the analysis particularities, declared goals, and the
available instrumentation characteristics is not always possible. The major
drawbacks to be considered in LC=MS applications are related to the
inherent difficulties in structural identification and confirmation, the rela-
tive poor precision induced by residual matrix effects on ionization, the fre-
quent cases of non-linear instrumental responses, the possibility of adduct
formation within the atmospheric pressure ion sources, and the carryover
effects often difficult to control if considering the extreme sensitivity of
the detection device. Excepting the latter shortcoming, all the other
addressed topics are intimately related to the phenomena arising during
ionization. Undoubtedly, the ion source is by far the most delicate and
unpredictable component of a mass spectrometer device. Consequently,
special attention should be paid and specific procedures have to be
adopted for a better knowledge on phenomena arising within ion sources,
in close relation with the structural characteristics, and the solution=gas
phase chemistry of the analyzed compounds. Practical solutions to existing
problems always exist. It depends only on our awareness and ability to
observe trends and to promptly identify the experimental problems.
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