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Preface

This book presents recent and future trends in analytical methods and provides an
overview of analytical chemistry, organized into four sections. As a comprehensive
analytical chemistry book, it takes a broad view of the subject and integrates a wide
variety of approaches. The first section of the book discusses sample preparation
techniques. Topics include analytical instrumentation and methods, separation
approaches and validation, and recent developments and applications in analytical
chemistry. The book was written primarily for researchers in the fields of analytical
chemistry, environmental chemistry, food and chemical engineering, and applied
chemistry. Its aim is to explain the subject, clarify important studies, and compare
and develop new and groundbreaking applications. Written by leading experts in
their respective areas, it is highly recommended for professionals who are interested
in analytical chemistry because it provides specific and comprehensive examples
that compare new and classical methods. The book is edited by Dr. Muharrem Ince
from Munzur University, Turkey. I hope the readers will find it useful.

Muharrem Ince and Olcay Kaplan Ince
Munzur University,
Tunceli, Turkey
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Chapter1

Quantitative and Qualitative
LC-High-Resolution MS: The
Technological and Biological
Reasons for a Shift of Paradigm

Bertrand Rochat

Abstract

Today, high-resolution mass spectrometry (HRMS: Q-TOF-MS, Orbitrap-MS)
shows sensitive and reliable quantifications of a large variety of compounds while
acquiring in high-resolution full-scan mode. Interestingly, HRMS shows equal
quantitative performance than triple-quadrupole-MS (QQQ-MS), which is the
MS technology traditionally used for quantification. But, in contrast to QQQ-MS
that performs “narrow-minded” ion transitions (targeted prior determination),
analysis using HRMS can record HR-full scan that detects virtually all ions (e.g.,
from m/z = 80 to 1000) and gives a global picture of what is in the biological sample
(diagnostic screening). This is more and more seen as a key advantage because on
top of targeted and quantitative analyses, many other routine or research deter-
minations can be performed such as qualitative (identification), simultaneous
quantitative/qualitative (quan/qual), and omics (untargeted) assays. The high
versatility and performance of most actual HRMS instruments placed them as new
gold standards in LC-MS analysis. Indeed, only HRMS can answer new analytical
requests from systems biology and personalized medicine requesting more holistic
approaches with untargeted analyses (e.g., proteomics and metabolomics). In the
light of the new HRMS-based paradigm, concrete examples revealing quantitative,
qualitative, simultaneous quan/qual, and omics capabilities of HRMS in the context
of routine and research analyses will be given.

Keywords: diagnostic, HRMS, high resolution, LC-MS, liquid chromatography, mass
spectrometry, metabolomics, Orbitrap-MS, proteomics, quantitative, qualitative,
routine, screening, Q-TOF-MS, triple-quadrupole-MS, untargeted

1. Introduction: analytical tools and the understanding of the biology

In life sciences, liquid chromatography coupled to mass spectrometry (LC-MS)
is considered as a tool to measure molecules in biological samples. In clinical and
toxicology labs, LC-MS determinations are quantitative and routinely performed
and usually measured one or a few compounds [1-4]. These analyses are strongly
driven by medical knowledge as well as the understanding of disease biology.

Our understanding of the biology is, to a large extent, related to the available
analytical tools. On the other hand, new concepts in life sciences can promote
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the development of new analytical tools. The actual understanding of biological
systems is presented here below. It will help to put into perspective the actual and
future needs for LC-MS analysis and MS technology.

Today, we can draw three main bricks of life, genome, proteome, and metabo-
lome (Figure 1), respectively, and to determine nucleic acids, proteins, and
metabolites, there are various analytical tools in which, for the last two bricks, mass
spectrometry (MS) plays a central role. Whereas Figure 1 describes three equal
bricks of life, the analytical tools have somehow driven DNA far ahead in terms
of grants and publications. Indeed, Figure 2 depicts the number of publications
collected in PubMed database for the last 20 years in relation to these three bricks,
“genome, proteome, or metabolome” and “patients” as key words. Figure 2 reveals
that the number of publications related to the genome is much higher (log scale)
than for the proteome and metabolome. It underscores the efficiency of DNA chips
(high-throughput sequencing) as analytical tools. Figure 2 also reveals the higher
number of publication for the proteome than for the metabolome. A steady state
between these three bricks of life is expected to come in a near future because
genome, proteome, and metabolome have complementary information and because
recent MS technologies with improved analytical capabilities, have been launched
during this last decade. These recent MS are high-resolution mass spectrometers
(HRMS) and allow cheap targeted and omics/global approaches. They should
promote proteome and metabolome determinations not only in research but also in
routine laboratories for diagnosis purposes (e.g., clinical and toxicology labs).

The main advantages of DNA sequencing over the determination of proteins
and metabolites are that (1) DNA can be multiplied (PCR), (2) the DNA sequence
is (roughly) constant over the entire life, and (3) the analysis has become really
affordable. On the other hand, the great advantage of the determination of the
proteome and/or the metabolome over the genome is the integration of all types of
interactions and memories (e.g., age) that the living system has with its environ-
ment (Figure 3) [5]. This last point is crucial and supports an increasing need for
individual’s proteome and metabolome determination.

In addition, the concepts of “long tail disease” and “tyranny of the average” have
recently emerged (Figure 4) [6, 7]. These concepts underscore the high number

Genome Nucleic Acids

Tronscripts DNA Chip
Sequencing

Proteome Amino Acids

Membrane Proteins

NMR
Soluble Proteins Mass spectrometry
Glycoproteins Immuno essay
limit = 5-10 KDa
Metabolome No « base »
CHON, PS5, CIFBr, ... s NMR
@ oy = Lipids Mass spectrometry

%‘ - ) xenobiotics Immuno essay
- - -

Figure 1.
The three mains of life, their bases, entities, and analytical tools.
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Figure 2.
Number of publications in PubMed database in relation to three keywords, “genomics,” “proteomics,” and
“metabolomics,” associated to “patients” over the last two decades.
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Figure 3.
System biology and its holistic approach. The phenotype of an individual is the results of the interaction and
memories of the genome and the environment. It sustains that a global approach is valuable in personalized medicine (adapted

from [5]).

of low-prevalence diseases. Low-prevalence diseases represent a significant part of
many diseases that are wrongly considered as homogenous (etiology or molecular
mechanism of the disease) and would be diagnosed with many different biomark-
ers. Low-prevalence (sub-)diseases suggest that there is a need to determine more
globally what is in the patient’s sample (the proteome and/or the metabolome) in
order to find unexpected outsider molecules that will be at a low frequency but
with a high significance as biomarkers. Eventually, these concepts promote medical
doctors and bioanalysts to favor more holistic approaches for a higher consideration
of individual (variations limiting the tyranny of the average) [6, 7].
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disease «A»
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Figure 4.

Prgvalence of a disease “A” against disease mechanisms. The figure depicts a long tail curve suggesting that,
beside the frequent and few molecular mechanisms or ovigins of the disease (left part of the curve), there

are many low-prevalence subcategories of the “same” disease (right part of the curve). In this scenario, the
determination of a few usual biomarkers can be useless for many patients. The potential high number of
biomarkers with low prevalence but high significance suggests that untargeted acquisition and untargeted data
treatment have their place in biomedical analyses.

These actual concepts in life sciences have become crucial for understanding the
complexity of biological systems and for delivering better personalized diagnostics
and medicine. It promotes the LC-MS instruments capable to record “global view”
in one affordable analytical shot [8, 9].

2.LC-MS technologies

This can be useful to recall that liquid chromatography coupled to mass spec-
trometry (LC-MS) is composed of three parts: (1) the (U)HPLC system, (2) the
atmospheric pressure ion (API) source (most frequently the API source type is an
“electrospray”), and (3) the mass analyzer (Figure 5) [10]. The ion source is an
interface between the liquid and the gas phase, where the mobile phase is vapor-
ized, leaving the ions in the gas phase and ready to enter in the MS. Even if the
second and third parts are fully integrated, the ionization chamber can rapidly
be changed by another source that is designed for different flow rates or modes
of ionization. The LC-MS analysis records chromatograms where m/z values
(ions = mass over charge ratios) are detected (relative intensity) and depicted over
time (Figure 5). Ions are detected as positive or negative adducts: usually +H" but
also +Na*, K*, NH4", and —[H"]". There are three main MS technologies (ion trap
MS would be the fourth but it is not described here) that can be divided in low
and high mass resolution instruments (Figure 6). There are triple-quadrupole
(QQQ-MS), (quadrupole-)time-of-flight-MS (TOF-MS), and (quadrupole-)
Orbitrap-MS (Orbi-MS; e.g., Q Exactive).

Most frequently, mass resolution (R) is defined as R = m/Ampwym, where [m]
and Amgwyym correspond to the m/z of the ion considered and the distribution of m/z
at full-width half-maximum of the peak height (FWHM), respectively (Amgwum
units are Da, u, or Th; Figure 7) [11]. Mass accuracy is defined as the delta between
the theoretical and measured m/z and is given in mDa (u or mTh) or in ppm [11].
Accurate mass determination allows to extract ions with narrower mass-extraction-
window (MEW) in order to construct extracted-ion chromatograms (XIC) [12].

Low- and high-resolution mass spectrometers are defined with an R value below
or above 10,000, respectively. Low-resolution MS (LRMS) are QQQ-MS, whereas
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LC-MS analysis. LC-MS systems are composed of a LC part, an ion source, and a MS analyzer. LC-MS
analysis is defined mainly by a retention time, a relative intensity (arbitrary units), and the ions detected (m/z,
mass over charge vatio).

high-resolution MS (HRMS) are TOF-MS and Orbi-MS instruments. It is worth to
note that R is not a constant value over the mass range (Figure 8) [12]. R values are
usually given at m/z = 200 and 400 for Orbi-MS and TOF-MS, respectively. Today, R

Most frequent MS technologies Charateritics Mass
in scan mode Resolution
Q00 myz= 100 to 1,000
=t === oS aﬁ: bt Slow Low
Q ssgmentsion Q d Insensitive <10,000
(Q-)TOF P d
# = (ol |
=+ " e = Very Fast High
Q fragmentaien g Sensitive >30,000
r=\V=
(Q-)Orbi t
o W
Q fragmen tation Fast High
Sensitive = 70,000
0 E" Uy
FT
Figure 6.

The three most frequent MS technologies and their key chavacteristics for scanning rate and mass vesolution

(adapted from [7]).
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Figure 7.

Sketch showing what ave the mass vesolution and the mass accuracy. Typical mass vesolution and mass accuracy
are exemplified. m/Z s and m/Zyeor stand for measured and theovetical m/z (adapted from [6] ).

varies between 20,000 and 140,000 in (U)HPLC-MS analysis for m/z between 100
and 800. Orbi-MS has a higher R allowing a better discrimination of ions (e.g., fine
isotopic distribution).

This is also of interest to know that there are slow and fast-scanning MS. In scan
mode (e.g., m/z ranging from 100 to 1000), QQQ-MS are slow and insensitive. For
this reason, the acquisition mode of QQQ-MS is, in most cases, selected reaction
monitoring (SRM; also called multiple reaction monitoring, MRM). In SRM acqui-
sition, the precursor ion is selected in the first quadrupole (Q1) and fragmented in
the collision cell (Q2), and an intense and specific fragment/product ion is selected

100'000 =
Orbi-MS : R = 70,000 at m/z 200

90'000 4 and up to 240,000

80000 4
z
= 7004 4
[T
=  B0'000 TOF-MS : R =40,000 at m/z 956
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O 50000 4 \
=]
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_D 40'000 J
@ /.-'f T
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®
@ 20000 4 QQQ-MS resolution :
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Figure 8.
Mass resolution (R) against the m/z range for the three most frequent MS technologies (adapted from [6]).



Quantitative and Qualitative LC-High-Resolution MS: The Technological and Biological Reasons...
DOI: http://dx.doi.org/10.5772/intechopen.81285

in the last quadrupole (Q3) prior its detection by the photomultiplier. This is an ion
transition please, see Figures 6 and 9. In contrast, TOF- and Orbi-MS are fast-
scanning instruments. Scan rates of affordable Orbi-MS depend on the resolution
chosen and are typically 1.5, 3, 6, and 12 Hz (number of scans/s) at R = 140,000,
70,000, 35,000, and 17,500 (at m/z = 200), respectively. TOF has a higher scan rate
(>20 Hz) which can be an advantage if multiple acquisitions are recorded in parallel
or if ion mobility is used. The main differences between the three most frequent
technologies, QQQ-, Orbi-, and TOF-MS, are depicted in Figure 6 and Table 1.

Figure 10 sketches the key consequence of the differences between QQQ-MS,
on one side, and TOF- and Orbi-MS, on the other side. This is related to the
acquisition types that are ion transitions (SRM) and high-resolution full scan
(HR-full scan). QQQ-MS have to acquire SRM in order to be selective and sensi-
tive, whereas TOF- and Orbi-MS are selective and sensitive in the full-scan mode
acquisition [13]. This means that with SRM acquisition, the bioanalyst has to
know the precursor and product ions and the collision energies to apply prior
to the analytical run. In contrast, with HRMS full-scan acquisition, the bioana-
lyst can use generic parameters and acquire all ions in a large mass range (e.g.,
m/z from 100 to 1000) Figure 9. In this last scenario, a global determination is
recorded allowing various kinds of retrospective, targeted, or untargeted data
treatments. In this book chapter, we have defined the global ion acquisition as
the HR-full scan, whereas there are various alternative possibilities defined as
data-independent acquisitions (DIA; e.g., MSALL MSE, MSSWATH) that also record
virtually all ions [14, 15].

A good example of retrospective data mining is shown in the biotransforma-
tion study of tamoxifen [16]. In this study, plasma samples from patients treated
with tamoxifen were extracted and analyzed with a LC-HRMS acquiring HR-full
scan. Retrospective data treatment allowed to detect and determine 39 tamoxifen
metabolites. A second example of post-acquisition data mining is shown in an
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Precursorion ;? Product ion
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-]

@
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: 2
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Figure 9.
Typical acquisitions for sensitive and selective detections with low- and high-vesolution MS: ion transitions
(QQQ-MS) and full scan (HRMS), respectively.
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Figure 10.

Usual acquisitions for sensitive and selective detections on QQQ-MS and HRMS analyses. With QQQ-MS, ion
transitions have to be defined before the analysis. Therefore, the selective filter is applied before the acquisition.
With HRMS, the acquisition can be performed in full-scan mode where, virtually, “all” ions are recorded. The
selective filter is applied after the acquisition by choosing the ions to be extracted. Typical QQQ- and HRMS
acquisitions are depicted on the chromatograms.

untargeted diagnostic screening workflow where an outlier metabolite in a patient’s
metabolome is revealed by the comparison with healthy people metabolomes [17].
Both examples are better described in Section 3.

Importantly, like for QQQ-MS, most actual HRMS can perform excellent
quantitative determinations (see the following section) [13]. This is why today’s
HRMS instruments should be considered as the new gold standard in LC-MS
analyses because of their capabilities to perform quantitative, qualitative, quan/
qual, and omics analyses (Figure 11) [13]. As depicted in Table 1, quantita-
tive performance of HRMS is not better but equivalent to QQQ-MS. But the

QQQ-Ms Q-TOF-MS Orbi-MS

MassResoluicn  low high high
Global analysis 1 3 3
Sensitivity
Targeted analysis ** 34 (2)3 (2)3
Global analysis* 1 (2)3 3(4)
Specificity
Targeted analysis ** 3 34 4(5)
Acquisition Global analysis * 1 (34 3
rate Targeted analysis ** 3 (2)3 2
Global analysis* 3 B-10 910
Sum
Targeted analysis ™ 9-10 7-10 8-10

Table 1.

Key analytical differences of the most frequently used mass spectrometers. This table allocates a grade according
to global or targeted MS performance (one to five points for poor to excellent, respectively). Global acquisition
(*) corresponds to high-vesolution full scan or data-independent acquisition (no selection of precursor ions).
Targeted acquisition (**) corresponds to SRM (selected reaction monitoring) or product ion scan (selection of
precursor ions). The last row gives the sum of the grades (adapted from [7]).
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Figure 11.

ngervz'ew of the analytical workflows performed by QQQ-MS and HRMS. Box sizes relate to the analytical
performance. Whereas quantitative (quan) determination is similar between LRMS (SRM; QQQ-MS) and
HRMS (TOF-, Orbi-MS; HR-full scan), HRMS has much better analytical capabilities for qualitative (qual),
simultaneous quantitative and qualitative (quan/qual), and omics (targeted and untargeted metabolomics and
proteomics) workflows.

HRMS-unique capability to perform global and qualitative analyses is becoming
more and more crucial. For one or two decades, the mind-set of bioanalysts
performing LC-MS analysis was the following: QQQ-MS are the instruments of
choice for routine and quantitative analyses, whereas complex and expensive
HRMS instruments are dedicated to qualitative and research analyses. This
is outdated. With the recent progress in HRMS technologies (both TOF and
Orbi-MS), a shift of paradigm is occurring [8, 12, 18]. This shift of paradigm
is based on the fact that today’s HRMS instruments can perform both excellent
quantitative and qualitative analyses. HRMS should be seen as the new gold
standard mass analyzers (Figure 11).

In the next section, typical examples of LC-HRMS analyses are presented.
HRMS represents the most versatile analytical tool allowing to perform from
targeted quantification to untargeted metabolomics/proteomics [13].

3. Examples of quantitative and qualitative LC-HRMS analyses
3.1 Quantitative performance of HRMS instruments

Today, there are many peer-review articles that compare side-by-side the
quantitative performance of QQQ-MS and HRMS instruments [19-26]. These
comparisons investigate the sensibility, selectivity, ease of use, calibration linearity,
reliability, and robustness in real-life LC-MS analyses. This is always difficult to
have an absolute comparison between two MS technologies because it is related to
various parameters like the compounds studied, the two ion source designs (not the
MS itself) that possibly show different sensitivities, the memory effects on column
that perturb the determination of the limit of detection, the different generations
of lenses/ion guides that are just behind the entrance of the MS and that usually are
independent to MS technologies, etc. The frequently claimed better sensitivity of
QQQ-MS over other technologies is often the result of latest hardware modifications
(more efficient lenses, ion guides, etc.) introduced first in new QQQ-MS. Again,
this is not related to the mass analyzer itself.

11
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Nevertheless, a general conclusion can be drawn from these numerous articles
and comparisons. Today, most HRMS instruments show similar quantitative
performance than QQQ-MS [13, 19-26]. In Figures 12-14, adapted from recent
publications (respectively Refs. [25] and [23]), the authors underscore that HRMS
quantitative performance is comparable to QQQ-MS. Figure 12 depicts LC-MS
chromatograms at the limit of detection, the calibration curves, and the fold dif-
ferences of the limits of detection obtained for nine drugs with a QQQ-MS (TSQ
Quantum Ultra) performing ion transitions (SRM) and a HRMS (Q Exactive Focus)
performing HR-full scans. No significant differences of quantitative performance
were observed except the saturation of the QQQ-MS detector at the highest spiked
concentrations (5000 ng/mL corresponding to 10 ng on column) [25]. Figure 13
depicts the limits of quantification (LOQ) of 27 compounds determined in SRM
and full scan with a QQQ-MS and a HRMS [23]. Here again, no significant dif-
ferences in the LOQ values were observed [23]. As shown in Figure 13, the fold
differences between QQQ-MS and Orbi-MS are below ~3x (or 1/3x) for 22/27
compounds. Four compounds show a more pronounced difference, between 7x
and 20x, in favor of HRMS, which is probably the result of poor intensity of the
fragment ions (SRM acquisition). In contrast, one compound shows a better LOQ
value (8x) with the QQQ-MS. Figure 14 shows the reliability of 25-hydroxyvitamin
D3 quantification in 662 serum extracts analyzed with a QQQ-MS (SRM) and an
Orbi-MS (HR-full scan) [27], exemplifying the robustness of HRMS in routine and
quantitative determinations (see also [28, 29]). Similar conclusions showing the
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Figure 12.

Example of side-by-side comparison of LC-MS quantification with QQQ-MS and HRMS. Chromatograms
at the limit of detection (LOD) in plasma extracts, curve linearities, and LOD differences between both

MS platforms are depicted, whereas QQQ-MS and HRMS acquire SRM and HR-full scan, respectively.
Calibration curves at the lowest levels are similar, whereas at the highest levels, a saturation of the QQQ-MS
multiplier is observed. (*) ratio < 1 means QQQ-MS is more sensitive than HRMS and vice versa (adapted

from [14]).
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Example of side-by-side comparison of LC-MS quantification with QQQ-MS and HRMS. Limits of
quantification for 27 compounds are plotted in biological extracts. Most compounds show similar LOQ values
(differences <3x), whereas four compounds with probable poor intensity of the fragment ions show lower LOQ
values with QQQ-MS (adapted from [20]).
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Figure 14.
Passing and Bablok fit of 25-hydroxyvitamin D3 in 662 plasma extracts determined with QQQ-MS and HRMS
acquiving SRM and full scan (adapted from [16]).

capability of routine determinations have been made for Q-TOF-MS [20, 30, 31].
If needed (e.g., poorly cleaned sample extracts or direct-flow-injection analysis),

the acquisition of fragment ions can show higher selectivity or/and sensitivity in
LC-HRMS analysis [25, 32].
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Evidences of HRMS quantitative performance are accumulating [13], but this
is not straightforward to change bioanalysts’ habits that have used QQQ-MS for
decades. It can be difficult to convince them to shift, whereas HRMS shows “only”
similar quantitative performance as QQQ-MS. The shift in favor of HRMS still needs
activation energy in order to occur. This activation energy will come from the addi-
tional and outstanding capabilities of HRMS for qualitative and untargeted determi-
nations and the increasing needs for more global and/or untargeted approaches in the
determination of biological samples [33]. Even if some laboratories will concentrate
their work exclusively on targeted and quantitative analyses and will possibly keep
working with predefined ion transitions on QQQ-MS, most lab heads will “feel” the
additional needs for untargeted acquisitions and untargeted data treatments for rou-
tine or investigation analyses (see Introduction section and the following section).
Here below, quan/qual, qualitative, and omics analysis are presented.

3.2 Quan/qual and qualitative analyses with HRMS instruments

The in vivo biotransformation study of tamoxifen represents a good example of
quan/qual analysis [16]. Tamoxifen is a selective estrogen receptor modulator, used
for the prevention and adjuvant treatment of estrogen-sensitive breast cancer. In
this study, plasma samples from patients treated with tamoxifen (steady-state lev-
els) were analyzed with a QQQ-MS (TSQ Quantum Ultra; SRM acquisition) or with
an Orbi-MS (Exactive Plus MS; HR-full-scan acquisition). It has been shown that
tamoxifen metabolites can be more active than the parent drug and that tamoxifen
reactive metabolites can bind to macromolecules [33]. It was and is challenging
to reveal new findings with tamoxifen because hundreds of articles have already
studied iz vivo and in vitro the biotransformations of tamoxifen [21].

First, in this study [16], similar plasma levels (CV < 15%) of tamoxifen and two
metabolites were obtained with the QQQ-MS and the HRMS platforms. Secondly, the
HR-full-scan acquisition allowed the identification of 39 circulating metabolites of
tamoxifen, of which 3 were never described previously and corresponded to the sixth
and seventh generations (6 and 7 biotransformation steps; Figure 15). Semiquantitative
determinations of tamoxifen metabolites allowed to observe that some metabolites have
a high plasma level variability with poor relations with the parent drug level, whereas,
in contrast, other metabolites show a strong relation to tamoxifen levels (Figure 15).
Various strategies were employed to identify tamoxifen metabolites. They consisted
in the extraction of ions from possible biotransformation pathways (and chemical
compositions) or from similar tamoxifen fragmention (Figure 15). All these tasks were
particularly simplified because of the HRMS detection selectivity (accurate mass and
high-resolution spectra allowing narrow mass-extraction-windows) and because of
the sensitivity of HR-full scan or MS*"" acquisitions (product scan where all precursor
ions are fragmented, no selection of precursor ions in the quadrupole; see also data-
independent acquisition, MS*"AT™, or MSF acquisitions [13]).

This study [16] demonstrates the excellent capabilities of HRMS data for further
investigations in real biological samples on top of the targeted and quantitative deter-
minations of tamoxifen and two metabolites. Similarly, from HR-full-scan acquisi-
tion, new metabolites of hepcidin, a peptide involved in iron homeostasis in the blood,
have been discovered on the side of the quantitative determination of hepcidin [28]. It
underscores that HR-full-scan acquisitions allow targeted simultaneous and quantita-
tive determinations and investigational data treatment (see also [14, 34-37]).

3.3 Omics analyses with HRMS instruments

In general, LC-MS omics analyses (metabolomics and proteomics) are associated
to research analyses such as the discovery of biomarkers. In the new understanding
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Figure 15.

Biotransformation study of tamoxifen. Left-hand side: correlations between tamoxifen levels and two

of its metabolites showing poor (top) and good (bottom) R coefficient. Right-hand side: top, tamoxifen
fragmentation; accurate mass determination allow to assign chemical compositions and putative chemical
structures to tamoxifen fragments; bottom: in-depth coverage of tamoxifen metabolite discovery resulting from
HR scans and accurate mass extractions of ions (adapted from [9]).

of life sciences where a holistic approach has its place in routine analysis and

where low-prevalence diseases represent a significant part (Figure 4), there is an
increasing need for untargeted or semi-targeted LC-MS analysis as a diagnostic
workflow. Here below, an untargeted diagnostic screening is presented as a metabo-
lomics analysis [17]. This study evaluates the feasibility to perform an untargeted
LC-HRMS analysis and an untargeted data treatment in a routine context.

Figure 16 depicts this study [17] and its omics workflow. One serum sample (the
test sample) was spiked with one compound. The serum sample was then extracted
(protein precipitation) and analyzed with a LC-HRMS system acquiring HR-full
scan from m/z 60 to 900 (untargeted acquisition) this sample was compared with
95 samples from healthy persons. Unsupervised (untargeted) data treatment with
a metabolomics software allowed, after the application of different filters that
remove insignificant ions (>99%), to reveal the spiked compound in a short and
final list of 20-50 compounds (the number of detected ions is >10,000). Whereas,
in the final list, many ions were not identified (e.g., unknown adducts, isotopes,
or in-source fragments) or were compounds from food intake; this untargeted
diagnostic screening procedure appears feasible and reliable to reveal unexpected
xenobiotics (toxicology) or higher concentrations of endogenous metabolites.
Correlation(s) between clinical symptoms and metabolite outlier(s) found in a
patient should be done by clinicians prior to the request for a confirmatory, tar-
geted, and absolute quantification analysis. Such HRMS untargeted approaches
could be useful as preliminary diagnostic screening when canonical and targeted
processes do not establish nor reveal a clear diagnostics or disease etiology (low-
prevalence disease mechanism or etiology). Similar examples that underscore
or suggest the utility of untargeted acquisitions in routine analyses have been
published [38, 39].
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Figure 16.

Ufiargeted diagnostics screening workflow. The metabolome of a human serum (containing a spiked molecule,
Sick”) is determined and compared with 95 healthy serum metabolomes. HR-full scans are acquired and
untargeted data treatment is performed with a metabolomics software. After removing useless ions with proper
filters, the spiked molecule was identified and ranked. Revealed metabolites can be related to the patient’s
symptoms, preliminary diagnosis postulated, and further confirmatory analysis performed. Such untargeted
analysis can be undertaken when canonical procedures fail. This workflow is in accordance with “low-
prevalence diseases” and against the “tyranny of the average” concepts (adapted from [8]).

4. Conclusion and perspectives

In this book chapter, a brief review of the performance of HRMS instruments
has been presented: first, on quantitative and then on qualitative, quan/qual, and
omics analyses. Today, there are numerous peer-review articles showing that in
quantitative analysis, most actual HRMS instruments are performing similarly to
QQQ-MS. Taken into account the additional and unique HRMS capabilities for
qualitative and untargeted determinations, HRMS opens new analytical possibilities
that fit new requests from systems biology and its holistic/global approaches. For this
reason, HRMS should be considered as the new gold standard MS systems (paradigm
shift). Indeed, HRMS shows unique versatility, and bioanalysts can foresee routine or
research analyses from targeted quantifications to untargeted metabolomics.
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Modern Extraction and Cleanup
Methods of Veterinary Drug
Residues in Food Samples of
Animal Origin
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Abstract

Extensive research on the presence of veterinary drug residues in food samples
has been conducted and is still underway. The inappropriate or excessive use of
veterinary drugs in food producing animals may result in trace quantities of these
drugs or their metabolites in food samples. Food contamination by veterinary
drug residues is one of the main challenges worldwide to public health with drug
resistance being the biggest threat. One of the challenges in veterinary drug residue
analysis is their occurrence in trace amounts that are normally below limits of
detection of most analytical instruments. Various efficient, economical, minia-
turized and environmentally friendly extraction methods have been developed
in recent years to pre-concentrate these analytes before instrumental analysis to
enhance their detection and also to overcome the limitations of traditional extrac-
tion methods such as liquid-liquid extraction and solid phase extraction. These
methods include quick, easy, cheap, effective, rugged and safe (QuEChERS)),
molecularly imprinted polymers, dispersive liquid-liquid microextraction and hol-
low fiber liquid-phase microextraction, and they will be discussed in this chapter.

Keywords: veterinary drug residues, food samples, modern extraction methods,
pre-concentration, miniaturization

1. Introduction

Food is an indispensable part of human life and supplies the energy and nutri-
ents needed for the development and growth of the neonate [1]. However, food
safety is an important issue regarding residues of veterinary drugs in foods from
food producing animals. Veterinary drugs are used to prevent and treat bacte-
rial infections as well as improve feed efficiency and to promote animal growth
worldwide [2]. The use of veterinary drugs in food producing animals may result
in residues of the drugs or their metabolites being present in food samples, and this
might be due to the inappropriate or excessive use of these drugs [3]. Various vet-
erinary drugs have been reported to be retained in meat and milk of food producing
animals [4-6] and this might be a health problem to humans who consume these
food products.
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Various pre-treatment methods have been described for the extraction of
veterinary drug residues in food samples, such as liquid-liquid extraction (LLE)
[7-9], solid-phase extraction (SPE) [10], solid-phase micro extraction [11-14].
Pre-concentration is necessary because veterinary drug residues often occur in trace
amounts. However, some of these methods are laborious and time consuming, like
LLE and SPE. It is very important to develop simple, rapid and efficient methods
for the determination of veterinary drug residues in foods samples. In recent
years, extraction and pre-concentration techniques that are compliant to the green
chemistry methods have been developed and they will be discussed in Section 6.
Moreover, several countries and different international organizations such as the
World Health Organization (WHO), the Food Agriculture Organization (FAO) and
the European Union (EU) have set maximum residue limits (MRLs) of veterinary
drug residues in food to ensure food safety.

2. Physicochemical properties and uses of veterinary drugs

Physicochemical properties and uses of different veterinary drug classes are
described below. A few examples of the physicochemical properties of selected veteri-
nary drugs are shown on Table 1. Sulfonamides (SAs) show impartially low sorption
capacity to solids compared to other veterinary drugs. These are used for the treat-
ment of bacterial infections in animal husbandry and also act as growth promotants.
Sulphonamides are also used in farm animal feeds and fish cultures [15]. Examples
include sulfadiazine, sulfamethazine, sulfamethoxazole and sulfaquinoxaline.

Tetracyclines (TCs), including tetracycline, oxytetracycline, chlortetracycline and
doxycycline are broad-spectrum veterinary drugs with broad use in animal husbandry.
They are amphoteric compounds. Generally, TCs are more stable in acidic conditions.

Quinolones (QNs) are synthetic veterinary drugs with broad-spectrum anti-
bacterial effects. This veterinary drug class consists of plain quinolones, such as
oxolinic acid and nalidixic acid and fluorinated quinolones, known as fluoroquino-
lones (FQs), such as ciprofloxacin, flumequine and sarafloxacin.

Amphenicols are a broad-spectrum veterinary drug group that include chloram-
phenicol and its metabolites, thiamphenicol and florfenicol. Florfenicol has its own
metabolite, florfenicol amine. The most common member of this veterinary drug
class is chloramphenicol which is effective against many bacterial strains. Its toxic-
ity and unwanted effects have restricted its use over the past years [16, 17].

Macrolides are a class of semi-synthetic medium-spectrum veterinary
drugs. The most commonly used macrolides have 12-16 membered structures.
Erythromycin is the most common veterinary drug in this class. Generally, mac-
rolides have weak characteristics and thus are unstable under acidic conditions.
Examples include erythromycin, tylosin, spiramycin, tilmicosin and tulathromycin.

Beta lactam veterinary drugs consist of several groups of compounds with cepha-
losporins and penicillins among the most important. Penicillins are commonly used
for their microbial activity against both gram-positive and gram-negative organ-
isms. The main clean-up method of penicillins for their analysis is pre- and post-
column derivatization and the commonly used detection methods are LC-MS and
LC-UV. Examples of penicillins are amoxicillin, ampicillin, oxacillin and cloxacillin,
and examples of cephalosporins are cephapyin, ceftiofur and cefadroxil.

Aminoglycosides are broad spectrum veterinary drugs with antibacterial and
antifungal activities produced by Streptomyces and Micromospora. The use of amino-
glycosides has been clinically limited to severe infections because of its toxicity. More
toxic veterinary drugs in this class have been restricted to topical or oral use for the
treatment of infections caused by Enterobacteriaceae. Less toxic aminoglycosides are
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Class of veterinary antibiotic Name of antibiotic Solubility in water (mg L") PK.
drugs
Tetracyclines Tetracycline 231 33
Chlortetracycline ~8600 33
Doxycycline 50,000 —
Oxytetracycline 1x10° 327
Sulphonamides Sulfadiazine 77 6.5
Sulfamethoxazole 500 8.8
Sulfaquinoxaline 75 —
Sulfamethazine 1500 843
Macrolides Erythromycin 2000 8.8
Tylosin 5000 —
Azithromycin <1000 —
Quinolones Ciprofloxacin Insoluble —
Enrofloxacin 146 —
Oxolinic acid Insoluble 6.87
—, Not available.
Table 1.

Physicochemical properties of selected veterinary drugs from different classes.

used for treatment of severe sepsis caused by gram-negative aerobes. Examples of
aminoglycosides are streptomycin, kanamycin, tobramycin and gentamicin.

Nitrofurans are synthetic chemotherapeutic agents used in the treatment and
prevention of gastrointestinal infections caused by Escherichia coli and Salmonella.
They are broadly used in cattle, cows, pigs and poultry and are administered orally
or as feed additives. Examples of nitrofurans include are furazolidine, furaltadone,
nitrofurantoin and nitrofurazone.

In summary of this section, generally, veterinary drugs are compounds character-
ized by a complex chemical structure that have very variable water solubilities, low
volatilization potential, several ionizable functional groups (amphoteric molecules)
and different pKa values hence they have a low bioaccumulation potential [18].
Veterinary drugs may have different functionalities within the same molecule,
making them either neutral, cationic, anionic, or zwitterionic under different
pH conditions. Different functionalities within a single molecule may result in its
physicochemical and biological characteristics such as, sorption behavior, photo
reactivity and toxicity changing with pH. Solubility and hydrophobicity are also are
pH dependent. The pH dependency of antibiotic solubility can affect the extraction
and quantification by analytical techniques [19].

3. Contamination of food by veterinary drugs

The use of veterinary drugs in food producing animals can result in the presence
of residues in animal derived products such meat, milk, eggs and honey. This poses
a health hazard to the consumers [3]. Veterinary drugs such as macrolides, tetracy-
clines, sulfonamides and penicillins are also used as antibiotics in humans [20, 21].
Physicochemical properties of drugs, pharmacokinetic characteristics or biological
processes of animals are factors that affect the presence of drug residues in food of
animal origin. Improper drug usage and failure to observe withdrawal periods may be
areason for the occurrence of veterinary drug residues in foods derived from animals.
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4, Health effects

The threat of food contamination by veterinary drug residues is one of the major
challenges to public health worldwide [3]. The presence of low levels of veterinary
drug residues may not have a negative impact on public health. However, the
substantial use of drugs may increase the risk of adverse effects of these residues to
humans [3, 22, 23]. Continuous ingestion of veterinary drug residues can promote
the development of drug resistance bacterial strains in an individual, resulting
in resistance to treatment with the same antibiotics when need arises [24-26].
Veterinary drug traces also have harmful effects on humans, such as allergic reac-
tions, liver damage, yellowing of teeth and gastrointestinal disturbance [27].
Sulphonamides can cause drug intoxication and hypersensitivity. Signs of hyper-
sensitivity and intoxication are fever and anemia respectively.

Manuring, treatment of animals and disposal of carcasses, offals, urine, feces
and unused products can contaminate the environment with veterinary drugs [28].
An excessive use of antibiotics in commercially reared animals does not only affect
humans, it can also affect the food chain leading to ecological imbalances. For
example, a deficient management of the livestock carcasses can lead to antibiotic
resistance in the scavengers that ingest them, like vultures [24-26]. The disposal of
medicated animals should be regulated to minimize the risk in scavenger birds.

5. Maximum residual limits

The MRL values for food products result from calculations based upon the
acceptable daily intake. MRL values depend on chronic toxicity of the antibiotic in
question. More toxic drugs have lower MRL values compared to moderately toxic
drugs. Prohibited substances are pharmacologically active substances for which an
MRL cannot be established because of their toxicity and these include substances
such as chloramphenicol, nitrofurans and nitroimidazoles. The kidney is the most
important organ of drug excretion and that might be the reason why for most drugs
itis allocated a higher MRL. For example, in the European Union (EU), countries
have established a MRL of 200, 100, and 300 pg kg_1 for liver, muscle and kidney
tissues, respectively for enrofloxacin and ciprofloxacin. The MRL set by the EU
Committee for veterinary medicinal products is 200 pg kg™ in muscles, liver and
kidneys of animal origin, 40 pg kg™ in milk, and 150 pg kg™" in eggs for the macro-
lide drugs. Table 2 shows some MRL values for different foods of animal origin.

Class of veterinary Target veterinary drug Matrix MRL
drugs (ng kg™
Sulphonamides Sulphonamides Milk, fish and 100
other seafood
Sulphonamides Eggs Not
allowed
Quinolones Danofloxacin, enrofloxacin-ciprofloxacin Muscle 100

and oxolinic acid

Enrofloxacin and ciprofloxacin Eggs Not
allowed
Enrofloxacin and ciprofloxacin Liver 200
Enrofloxacin and ciprofloxacin Kidney 300
Macrolides Macrolides Muscle, liver 200
and kidneys
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Class of veterinary Target veterinary drug Matrix MRL

drugs (ng kg™
Macrolides Milk 40
Macrolides Eggs 150

Tetracyclines Tetracycline, oxytetracycline, Muscle, milk 100

(single/total) chlortetracycline and doxycycline

Tetracyclines Tetracycline, oxytetracycline, Eggs 200

(single/total) chlortetracycline and doxycycline

Table 2.

Maximum residue limit for veterinary drug residues in food samples according to European Community,
Commission Regulation (EU) No. 37/2010.

6. Pre-concentration techniques

Veterinary drug residues in food of animal origin are of great concern to regula-
tory agencies and consumers, hence reliable extraction methods for rapid, selective
and sensitive detection of these residues are necessary to ensure food safety [29].
There are various extraction methods that have been used in veterinary drug resi-
dues analysis in food samples, such as liquid-liquid extraction (LLE) [30-32] and
solid phase extraction (SPE) [33, 34]. These methods suffer a number of drawbacks
even though they perform their tasks adequately. Both LLE and SPE are environ-
mentally unfriendly due to the large amounts of organic solvents they use, they are
time consuming and labor intensive. Another disadvantage of SPE is that cartridges
are costly.

Promising extraction and pre-concentration techniques for veterinary drug
residues that have been explored recently by many researchers include dispersive
liquid-liquid microextraction (DLLME) [5, 6, 35, 36], hollow fiber based liquid-
phase microextraction (HFLPME) [37-40] and quick, easy, cheap, effective, rugged
and safe (QUEChERS) [4, 41-43] where the general trend is compliance with green
chemistry principles. Veterinary drug residues occur at trace levels as low nanogram
per gram [4, 37] hence the need to pre-concentrate. The application of QUEChERS,
DLLME, HFLPME and molecularly imprinted polymers (MIPs) for the extraction
and pre-concentration of veterinary drug residues in food samples will be discussed
below and summarized in Table 3.

The food industry also needs the development of new methods that are fast, easy
and cheap for routine analysis of residues in food samples. The latest trend in drug
residue analysis is the development of generic methods that are capable of monitor-
ing a wide variety of compounds, belonging to different veterinary drug classes.
This has proven to be challenge due to the varying chemistries and physicochemi-
cal properties of veterinary drugs from different classes, as a result, multi-class
methods for veterinary drugs are still not so widespread although they are strongly
required.

6.1 QuEChERS

The quick easy cheap effective rugged safe (QUEChERS) method is an extrac-
tion technique that employs an organic solvent and phase separation using high
salt content, in some cases followed by dispersive solid phase extraction (d-SPE)
for sample clean up. The QUEChERS method, which was originally developed for
pesticide analysis in fruits and vegetables [44, 45], has recently been proposed for
the analysis of veterinary drugs in different food matrices [4, 41, 43, 46]. Recent
applications of this method are discussed below.
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da Costa et al. [41] developed a modified QuEChERS extraction technique using
acetonitrile, followed by the addition of a mixture of salts (sodium sulfate, sodium
chloride and potassium carbonate) for the extraction of seven macrolide drugs in
milk followed by analysis on liquid chromatography and tandem mass spectrometry
(LC-MS/MS). Sodium sulfate and sodium chloride removed water from samples
promoting the salting out effect while acetonitrile was used for deproteination.
Potassium carbonate salt was included to elevate the extraction pH to around 9.5
promoting an increase in the recovery, since macrolides have a pKa between 6.6
and 9.2. The limit of detection (LOD) and limit of quantification (LOQ) were 0.84
and 2.79 pg kg ™" respectively and recoveries were ranging between 89 and 97%. No
further clean-up step such as an additional d-SPE step was required, hence reducing
time, cost and labor.

In another study by Wang et al. [42], a modified QuEChERS extraction tech-
nique based on octadecylsilane (Cyg), primary secondary amine (PSA) and sodium
acetate for six multi-residue veterinary drugs in bovine milk followed by analysis
using LC-MS/MS. The QuEChERS method was optimized for use in the determina-
tion of multi-class veterinary drug residues in fatty foods (milk) using response
surface methodology. The amounts of Cyg, PSA, and sodium acetate used in this
study were determined by the response surface methodology variables. PSA, Cyg
and sodium acetate have a dissolving effect on milk-fat globules and hence, result-
ing in higher recoveries (84.18-115.99%) compared to da Costa et al. [41]. Organic
solvents, such as acetonitrile, methanol and ethanol, are commonly employed in the
precipitation of proteins in biological matrices. For all residues, the LOQs were low
enough to quantify the analytes below their MRLs.

Li et al. [43] employed the QUEChERS method followed by d-SPE coupled to
ultrahigh-performance liquid chromatography tandem mass spectrometry for the
multi-residue analysis of 16 veterinary drugs belonging to three classes (macro-
lides, quinolones, and sulfonamides) in preserved eggs. Graphitized carbon black
was used as a comparative d-SPE sorbent. The recoveries of all veterinary drugs
decreased with the addition of graphitized carbon black, while purification with a
conjugation of PSA and Cyg in the presence of magnesium sulfate resulted in better
results. The results demonstrated good linearity, accuracy, precision, LOD
(0.1-0.9 pg kg™") and LOQ (0.3-3.0 pg kg™") which indicated that the proposed
method was highly sensitive and could efficiently determine trace amounts.

Machado et al. [46] developed a QuEChERS method followed by analysis on
the high performance liquid chromatography (HPLC) with a diode array detector
(DAD) for the simultaneous determination of sulfadiazine, sulfamethoxazole and
sulfamethoxypyridazine in chicken breast samples. The LODs ranged between 10
and 13 pg kg™ and the LOQs ranged between 25 and 30 pg kg™" while recoveries
ranged between 75.4 and 98.7%. SPE was done for comparison and recoveries lower
than 70% were obtained. However, SPE, proved to reduce the matrix effect com-
pared to the QuEChERS method.

6.2 Liquid phase microextraction

Traditional sample preparation techniques such as liquid-liquid extraction
(LLE) have drawbacks in spite of the substantial use of this method over the years.
The LLE method is tedious, time consuming and uses large amounts of toxic
organic solvents which are non-compliant to the green analytical chemistry (GAC)
principles. In order to overcome these drawbacks, new extraction techniques that
are simple, rapid and inexpensive, miniaturized and have the ability of automa-
tion have been developed in recent years [47]. The efforts of various researchers in
this area have resulted in the development of a new extraction technique known as
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liquid-phase microextraction (LPME). LPME offers an alternative to SPME [48].
LPME can be divided into three main modes which are single-drop microextraction
(SD-LPME), hollow fiber liquid phase microextraction (HFLPME) and dispersive
liquid-liquid microextraction (DLLME). Among these modes of LPME, HFLPME
and DLLME have been the most used because of the advantages that they offer [47].
SD-LPME is the least used mode because excessive stirring tends to break up the
droplet, extraction is time consuming and reaching equilibrium can be a chal-
lenge. This disadvantage overrides the advantage that this method has, which is the
enormous reduction of volumes of organic solvent it uses [49].

These methods are cheap and do not have sample carryover problems that are
associated with SPME [48]. LPME offers advantages such as high recovery and high
enrichment factors, simplicity of operation, rapidity and they are also environment
friendly [50]. Below is a summary of some studies that have used DLLME and
HFLPME for the extraction of veterinary drug residues from food samples.

6.2.1 Dispersive liquid-liquid microextraction

Rezaee and co-workers [51] introduced DLLME as a new LLE technique for
the determination of polyaromatic hydrocarbons and pesticides. The application
of DLLME in the extraction of veterinary drugs in literature has increased over
the years [5, 6, 35, 36]. This technique is based on a ternary component solvent
system including an extraction solvent, disperser solvent and an aqueous sample
and is known as traditional DLLME. The advantages of traditional DLLME are the
microliter-level volumes required for extraction and dispersive solvents and short
extraction times. However, the disadvantage of traditional DLLME is the use of
organic solvents as the extraction and dispersive solvents.

Modified modes of DLLME have been invented recently and they include,
low-density solvent based DLLME (LDS-DLLME), solidified floating organic drop
DLLME (SFO-DLLME), effervescence assisted DLLME, air assisted dispersive lig-
uid-liquid microextraction (AA-DLLME), surfactant assisted DLLME (SA-DLLME)
and cloud point DLLME (CP-DLLME)), ionic liquid DLLME (IL-DLLME) [6]
to address the disadvantages associated with traditional DLLME. Despite these
disadvantages, DLLME is more advantageous in terms of short total time, low cost
and feasibility compared with other liquid-phase microextraction techniques [52].
Below is research that has been done recently on veterinary drugs in food samples
using DLLME.

Mookantsa et al. [5] employed traditional DLLME for the extraction of seven
tetracyclines from beef where methanol was a disperser solvent and dichlorometh-
ane was an extracting solvent followed by LC-MS/MS. Recoveries of spiked blank
muscle samples at three levels (50, 100 and 150 pg kg™") ranged from 80-105%.
LODs and LOQs ranged from 2.2 to 3.6 pg kg™ and from 7.4 to 11.5 pg kg ™" respec-
tively. Concentrations of chlortetracycline and oxytetracycline were detected in
bovine muscle samples to be between 38.4 and 82.3 pg kg™ which is lower than
the stipulated European Union MRL of 100 pg kg™'. DLLME was compared to a
South African National Accreditation System accredited d-SPE method and the
t-test showed that the results obtained by the methods had no significant differ-
ence. However, DLLME was simple, fast, inexpensive and uses very low volumes of
organic solvents hence more greener compared to d-SPE.

In a study done by Karami-Osboo et al. [35], DLLME was coupled to QUEChERS
for the determination of six fluoroquinolones using HPLC with ultra-violet (UV)
detection. The dried supernatant from the QUEChERS method was resuspended
in 1.0 mL of a 10% acetic acid-acetonitrile mixture, combined with 200 pL of
chloroform and rapidly injected into 4 mL of deionized water. The cloudy solution
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was centrifuged for 5 minutes at 4500 rpm. By coupling QuEChERS to DLLME, the
authors removed matrix interference, which is a common problem with the detec-
tion of fluoroquinolones. The method showed good recoveries (74.1-101.4% for all
analytes) and low LOQs (below 2.5 pg kg™ for danofloxacin and below 15 pg kg™
for all other FQs).

Arroyo-Manzanares et al. [36] used traditional DLLME for the determination
of several sulfonamides in milk. The analytes were detected by HPLC with fluores-
cence detection. The authors also compared their optimized DLLME procedure to
QuEChERS. Proteins were precipitated using trichloroacetic acid and then filtered.
The DLLME extraction procedure was optimized using a central composite design.
The optimum volumes for chloroform as an extraction solvent and acetonitrile as a
dispersive solvent were 1 and 1.9 mL, respectively. DLLME resulted in lower LODs
(0.73-1.21 pg L™Y) than QuUEChERS (1.15-2.73 Hg L™ and higher recoveries (92.9-
104.7% compared to 83.6-97.1%, when samples were spiked with sulfonamides at
150 pg L™". However, QUEChERS proved to be more reproducible than DLLME with
lower relative standard deviation values of 2.9-7.1 and 3.0-9.7%, respectively.

In another study by Karami-Osboo et al. [53], traditional DLLME coupled to
HPLC- UV was used for the determination of chloramphenicol and florfenicol
residues in milk samples where chloroform was used as extraction solvent and the
deproteinized milk as a disperser solvent. The blank milk samples were spiked at
three levels, 150, 300 and 600 pg of each chloramphenicol and florfenicol per kg of
milk and recoveries were between 69.1 and 79.4%. The LODs for chloramphenicol
and florfenicol were 12.5 and 12.2 pg kg™ respectively whereas the LOQs were 37.5
and 36.6 pg kg ™! respectively. Despite the use of florfenicol not being permitted for
milk producing animals from which milk is produced for human consumption, it
was detected in one of the samples at a concentration of 62.4 pg kg™

Ionic liquids (ILs), consisting of organic cations and inorganic or organic
anions with melting points at or below 100°C, have been widely applied as green
solvents to improve extraction and enrichment performance as compared to the
traditional use of organic solvents. A significant advantage of this method is that
the metathesis reaction and extraction are accomplished in one step making it rapid
and suitable for high-throughput analysis. Gao et al. [6] used functionalized ionic
liquid-based non-organic solvent microextraction (FIL-NOSM) based on 1-butyl-
3-methylimidazolium naphthoic acid salt ([C;MIM][NPA]) with strong acidity
for the determination of TCs in milk and eggs. The use of [C;,MIM][NPA] in the
FIL-NOSM method eliminated the pH adjustment step because of its strong acidity
which saves as a pH regulator. This proposed method provided high extraction effi-
ciency, less pretreatment time and requires non-organic solvents for determination
of trace TC concentrations in complex animal-based food matrices. Moreover, no
organic solvent was utilized in this IL-based DLLME procedure making this method
more environmentally friendly. The LODs were between 0.08 and 1.12 pg kg™ in
milk and egg samples. The recoveries ranged from 94.1 to 102.1%.

6.2.2 Hollow fiber liquid phase microextraction

Hollow fiber liquid phase microextraction is a mode of LPME that uses a
porous polypropylene hollow fiber for immobilization of organic solvent in its
pores. The development of HFLPME provides a way to stabilize the extraction
droplet in SD-LPME by placing it in a hollow fiber [54]. The main consumable
material is the hollow fiber membrane, which is lower than other methods in
cost and sample consumption [38]. The different modes of HFLPME are static,
dynamic, two and three phase. The advantages of HFLPME are high enrichment,
high degree of sample clean-up and low solvent consumption. The disadvantage
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of HFLPME procedure is that it is slow with extraction times ranging from 15 to
45 minutes and target analytes may partly be trapped in the supporting liquid
membrane (SLM) [39]. Another disadvantage is that there is no complete setup
commercially available for this method although hollow fibers are commercially
available [55]. Below are some recent studies on veterinary drug residues that have
been carried out using HFLPME.

Tajabadi et al. [37] used a carrier mediated three phase HLFPME prior to analy-
sis on the HPLC-DAD for the simultaneous determination of the veterinary drug
residues of four TCs and five QNs in a wide range of animal source food samples
such as fish, milk and honey as well as the liver and muscles of lamb and chicken.
Multivariate curve resolution-alternative least squares was used for resolving some
overlapped peaks in multivariate data of HPLC-DAD and made possible the simul-
taneous analysis of nine TCs and QNs in minimum time. LODs and LOQs for the
different veterinary drugs ranged between 0.5-20 and 1.25-40 ng g™ . Danofloxacin
was detected at a concentration of 24.8 ng g™" in chicken liver, tetracycline was
detected at 37.5 ng g ™" in lamb liver which are less than the stipulated MRLs accord-
ing to EU 37/2010 and the rest of the veterinary drugs were not detected.

Xu et al. [38] employed a carrier mediated three phase hollow fiber membrane
based dynamic liquid-liquid microextraction coupled with HPLC-UV detection for
the residue analysis of TCs in milk samples without deproteinization and defat-
ting, but the milk samples were diluted five folds. A peristaltic pump was used to
promote mass transfer between the carrier and the operated solution. The standard
addition method was used to eliminate the matrix effect. Octanol containing 20%
(w/w) Aliquat-336 was used as a SLM, 0.05 M disodium hydrogen phosphate,
pH 9.0 containing the sample was a donor phase and solutions of 1.0 mol L™*
sodium chloride and phosphoric acid (pH = 1.0) were used as the acceptor solvent.
The LOD and LOQ were in the range of 0.95-3.6 and 5-15 pg L™ respectively. The
recoveries in spiked samples ranged from 92.38 to 107.3%.

A similar study was carried out by Shariati et al. [39] where tetracycline, oxy-
tetracycline and doxycycline were extracted from bovine milk, human plasma and
water samples using a carrier mediated three phase HFLPME prior analysis on the
HPLC-UV. The acceptor solvent was 0.1 M phosphoric acid, 1.0 M sodium chloride
with pH = 1.6, 0.05 M disodium hydrogen phosphate (pH between 9.1 and 9.5)
containing the sample as the donor phase and 10% (w/v) of Aliquat-336 in octanol
as a SLM. The LOD and LOQ were 0.5-1.0 and 0.5-1.0 pg L™" respectively which are
lower compared to the ones obtained by Xu et al. [38] proving that fiber membrane-
based dynamic liquid-liquid microextraction is a more efficient extraction method.
All the milk samples contained TCs in the range of 6.0-27.4 pg L™" that was below
the MRL as set by the EU.

From the two studies that are above it can be concluded that passive transport
of TCs in the absence of the carrier is difficult because of existence of TCs as
zwitterionic forms (at the studied conditions) in solution and hence they have a
very small tendency to pass through the impregnated organic solvent. A unique
advantage of the carrier mediator Aliquat-336 is that it stays in a cationic form in
all pH ranges.

Sehati et al. [40] coupled HFLPME to nanomaterials, where TiO, nanomaterials
were dispersed in 1-octanol and used it to fill the lumen of a HF. Then, they sealed
the two ends of the HF with orthodontic stainless steel wires. The LPME took place
by putting the HF into the milk samples for the extraction of tylosin. This method
allowed obtaining recovery percentages in the range 89-99% and despite using an
ultraviolet- visible spectrophotometer for the determination of tylosin, an LOD of
0.21 mg L™ was achieved which proves the efficiency of the extraction method that
was used.
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6.3 Molecularly imprinted polymers

Molecularly imprinted polymers (MIPs) are synthesized using a template,
functional monomer, cross-linker and an initiator. MIPs are selective towards the
target molecules, allowing them to be eluted from the SPE cartridge almost free of
co-extracted compounds compared to classical sorbents used for clean-up proce-
dures [56]. SPE sorbents such as Csg, hydrophilic lipophilic balanced (HLB) mate-
rial, diatomite, N-propylethylenediamine, alumina and Florisil are susceptible to
interferences by impurities in biological samples and the cartridges can only be used
once [57]. Therefore, it is important to develop simple, rapid and environmentally
friendly methods. MIPs overcome the above-mentioned drawbacks of traditional
SPE sorbents. MIPs are stable under different harsh conditions (extreme pH, high
pressures and high temperatures) and can be reused several times [58]. Below are
a few studies where MIPs were applied in the solid phase extraction of veterinary
drug residues in food samples.

In a study conducted by Song et al. [56], a MIP-SPE method combining LC-MS/
MS was developed to determine the residues of macrolide drugs in animal derived
foods. Tylosin was used as a virtual template and the synthesized MIPs were used
as the selective sorbent for packing SPE cartridge. A system of sodium borate
buffer solution (pH = 10.0) and ethyl acetate was selected for the extraction of the
residues of macrolides from muscle samples. Mean recoveries of 10 target analytes
were in the range of 60.7-100.3%. Compared with the conventional SPE cartridges
(approximately 60-90%), the MISPE cartridge was highly selective and obtained
higher recoveries for the 10 macrolides drugs. The LOD and LOQ values ranged
between 0.1-0.4 and 0.3-1.0 pg kg ™" respectively. The results indicated that the
sensitivity of the proposed method for the determination of 10 macrolide drugs
residues in animal muscle samples was acceptable.

Wang et al. [57] used a mixed-template molecularly imprinted polymer (MMIP)
coupled with matrix solid phase dispersion (MSPD) to recognize eight FQs, eight
SAs and four TCs from pork samples following analysis with ultraperformance
liquid chromatography with a photo diode array detector. The LOD and LOQ were
0.5-3.0 and 1.5-6.0 ng g™ " respectively. The recoveries ranged between 92 and 99%.
MMIPs were compared to Cyg and diatomaceous earth dispersing sorbents. The
obtained chromatograms showed that the two sorbents were able to achieve the
satisfactory purification effects, but the recoveries of the 20 drugs from the two
sorbents (70-95%) were lower than that from MMIP.

In another study by Feng et al. [58], a MIP-SPE method combining HPLC
was developed to determine the residues of TC drugs in animal derived foods.
A template for MIP synthesis was selected among doxycycline, oxytetracycline
and chlortetracycline for enhanced enrichment factors. Results showed that
one milk sample contained TC residue (52 ng mL™") and another milk sample
contained oxytetracycline residue (87 ng mL™"), but the residue levels were
lower than their MRLs in milk (100 ng mL™"). Results of other samples were
negative. In order to compare the purification effect of MIP-SPE with conven-
tional SPE, the extracts of TCs fortified blank milk (100 ng mL™") were purified
with three commercial SPE cartridges containing different sorbents (strong
cation exchange phase, HLB and Cyg) and there were different interfering peaks
around TCs peaks in the chromatograms, revealing inferior purification perfor-
mances of these sorbents. MIP-SPE proved to be specific, sensitive and accurate
for the extraction of TCs residues.

Dummy molecularly imprinted polymers (DMIPs) based on the matrix solid
phase dispersion method for the extraction of FQs from fish prior to analysis on
the HPLC with fluorescence detection were used by Sun et al. [59]. The use of
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DMIPs was to prevent any possible template leakage which could still happen
even after thorough washing steps. Template leakage could have a serious impact
on the accuracy of the analytical method or made it not suitable for simultane-
ous analysis of the whole class of FQs. This problem has become one of the major
area of concern in sample pre-treatment methods of MIPs. Good recoveries, low
LODs and excellent accuracy demonstrated the suitability of the DMIP sorbent
for pre-treatment of FQs in fish samples. The use of DMIP resulted in less matrix
interferences compared to directly extracted samples and no co-eluted peaks were
observed in the chromatogram. The LOD was 0.06-0.22 ng g~" and recoveries
ranged between 64.4 and 102.7%.

Wang et al. [60] used an inorganic-organic co-functional monomer, methacrylic
acid-vinyltriethoxysilane (MAA-VTES) for the synthesis of molecularly imprinted
microspheres (MIMs). The obtained MAA-VTES based MIMs exhibited good rec-
ognition and selectivity to FQs and were successfully applied as selective sorbents
of a miniaturized home-made solid phase extraction device for the determination
of ofloxacin, lomefloxacin and ciprofloxacin in milk samples. The LODs and the
LOQs of FQs were 1.5-2.3 and 5.0-7.5 ng mL ™", respectively. The average recoveries
for the analyte were in the range of 87.2-106.1%. Ciprofloxacin was detected in two
samples as 0.21 and 0.25 ng mL~" which were below the MRL established by EU
(100 g kg™"). Due to the efficiency of the developed co-functional monomer based
mini-MISPE-HPLC method, it was possible to analyze the target compounds in milk
samples at ng mL " level.

A selective and eco-friendly sensor for the detection of tetracycline by grafting
imprinted polymers onto the surface of carbon quantum dots was used by Hou
et al. [61]. A simple microwave-assisted approach was utilized to fabricate the
fluorescent imprinted composites rapidly for the first time, which could shorten
the polymerization time which normally takes 8-24 hours and simplify the experi-
mental procedure. In this study polymerization took about 1 hour. The development
of fluorescent molecularly imprinted composites might be a promising method for
rapid analysis in complex samples in future. TCs were not detected in milk samples.
Recoveries ranged from 97.3 to 105.3%.

7. Challenges and future trends

In high-fat foods like milk and meat, veterinary drug residues may bind to
lipoproteins and extraction solvents forming emulsions and foam, especially polar
veterinary drugs which may decrease recoveries and hence, affecting separation and
analysis [56, 62]. Extracting analytes from biological samples using modern extrac-
tion techniques like DLLME has some challenges. In traditional DLLME, prior to a
DLLME procedure on a complex matrix such as milk, lipids and proteins must be
eliminated since they can act like surfactants and disrupt the interfacial tension at
the droplet surface, constraining phase separation [63]. During the sample pre-
treatment step, salts are added for analyte partitioning, phase separation, buffering
and for reducing the amounts of co-extracted matrix that could hinder the transfer
of analytes from the aqueous phase to the organic phase [5].

TCs are challenging drugs for analytical analysis because they are hydrophilic
compounds with high solubility in aqueous media. They have both acidic and
basic functionalities, and therefore exist in various forms at different pH condi-
tions [39]. Moreover, they can form complexes with divalent metal ions and
silanolic groups on the HPLC column which may result in severe peak tailing
[64]. Reverse phase-HPLC with mobile phases containing acids such as phos-
phoric, acetic and tartaric acids can be used to reduce peak tailing or an RP-amide
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column can be used. The ability of the RP-amide column to separate TCs might
be explained by the hydrogen bonding between the amide functionality of the
column and the hydroxyl functionality of TCs. Another challenge is that TCs are
prone to photo-degradation.

Overlapping peaks during multi-residual analysis when using HPLC-DAD is
a challenge. Multivariate curve-resolution coupled to alternating least squares
to calculate the exact peak area of overlapping compounds was used by Tajabadi
et al. [37], hence more sensitive analytical instruments such as the LC-MS/MS are
required for multi-residual analysis. Moreover, the solubilization procedure of
veterinary drug residues is a rate-limiting step in multi-residual analysis.

The matrix effect still remains an issue when extracting veterinary drug residues
using the QUEChERS method from complex samples such as meat, and hence
reducing the sensitivity of chromatographic instruments [46].

8. Future trends

The world is moving towards the use of greener solvents and hence promoting
the principles of GAC, therefore, it can be envisioned that most extraction meth-
ods still making use of organic solvents may be completely eliminated in future.
Currently greener solvents such ionic liquids are widely used in microextraction
procedures as dispersive or extraction solvents according to their different solubili-
ties in DLLME.

Electrochemical sensors and their relative detection strategies, with the advan-
tages of high sensitivity, simplicity and rapid response, have attracted consider-
able attention in recent years. Among them, aptasensors are considered as one of
the most promising research directions owing to the employment of an aptamer.
Aptamers, with the advantage of high affinity and specificity to targets, low price
and easy to be synthetic in vitro, have provided a broad prospect for developing
electrochemical sensing system.

9. Conclusion

Expanding agriculture, aquaculture and apiculture practices have resulted in
increased levels of infections among species. Various classes of veterinary drugs
including QNs, TCs, p-lactams, SAs and others exhibit activity against both
gram-positive and gram-negative bacteria, hence they are widely used to treat
or prevent diseases. However, extended use of these veterinary drugs has led to
food safety issues worldwide and hence a need for developing sensitive methods
for their determination. The focus of this chapter has been to present the trends
in modern extraction and clean-up techniques of veterinary drug residues from
food samples of animal origin, with milk being the most studied matrix because of
its importance on the diet of humans and one of the most consumed foods in the
world. Even though some of these veterinary drugs such as chloramphenicols have
been banned in some countries due to their dangerous side effects on humans they
are still detected in food samples because farmers are not adhering to EU regula-
tions. Generally, in most studies these veterinary drug residues are below stipulated
MRLs. Although most extraction methods that are emerging are promising, multi-
residual analysis is still a challenge.
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Chapter 3

Contribution of Infrared
Spectroscopy to the Vibrational
Study of Ethylenediammonium
Chloride Thiocyanate: (C,H;oN,)
(CINCS)

Sahel Karoui and Slaheddine Kamoun

Abstract

The C,H;oN, CINCS (EDCT) compound is characterized by using infrared
spectroscopy. The infrared spectrum of the title compound was recorded (400-
4000 cm™) at room temperature and discussed, essentially in terms of vibrational
modes of [C,H;oN,]?* cations and [SCN]~ and [C]]™ anions. Ethylenediammonium
thiocyanate chloride crystallizes, at room temperature, in the triclinic system, space
group P1 (C,). The entities [C,H;0N,]%*, [SCN]~ and [Cl]~ occupy sites of symmetry
(C1). Several ground state thermodynamic parameters were calculated using the
ab initio Hartree-Fock (HF) and DFT (B3LYP) methods with 6-31++G (d, p) and
6-311++G (d, p) basic sets such as vibration frequencies, rotation constants, and
optimized molecular geometry. The comparison between the theoretical and experi-
mental infrared spectrum showed good agreement.

Keywords: ethylenediammonium chloride thiocyanate, IR, vibrational spectra,
DFT calculations

1. Introduction

This chapter is devoted to the characterization of C,H;oN, Cl NCS by infrared
vibrational spectroscopy. These studies make it possible to highlight the structural
analogies and to possibly provide some additional information to those obtained by
X-ray diffraction. In this chapter, we used group theory; indeed, this valuable tool
allows both to count the normal vibration modes of vibration of a crystal and to
describe these vibrations in symmetrical coordinate terms. In addition, an attempt
is made to assign the various modes of vibration to all the bands that have appeared.
It is based on predictions theories and previous work carried out on similar com-
pounds. Infrared is a research tool can also provide exquisite structural insights
into the molecule and characterizes the vibrational modes of the molecules and
has enfolded within it much information on chemical structure [1]. The combined
use of FT-IR spectroscopy extracts most of the obtainable information and these
are the popular tools in the chemist and physicist. Amine, amino acid and Schiff
bases [2-6] have recently been the focus of coordination chemists due to their
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preparative accessibilities, structural varieties, and varied denticities. With those
purposes, first, the EDCT was synthesized [7] and then characterized it by Infrared
Spectroscopy. Simultaneously, to obtain the ground state optimized geometries and
the vibrational wavenumbers of the different normal modes, we carried out the ab
initio HF and DFT calculations. Here, the hybrid B3LYP method was used together
with the 6-31++G (d, p) and 6-311++G (d, p) basis sets [8].

2. Experimental details
2.1 Synthesis

The title compound has been obtained by mixing, in stoichiometric proportions,
a solution of ethylenediamine, a freshly prepared solution of thiocyanic acid HSCN
and a solution of potassium halide. KX (X = CI) [7].

2.2 IR spectroscopy

Infrared absorption spectrum was recorded at room temperature in the
400-4000 cm ™ frequency range on a Perkin-Elmer spectrometer equipped with a
Universal ATR Accessory (UATR).

2.3 Computational details

Numerous studies [9-12] have shown that the method DFT-B3LYP in combi-
nation with the bases 6-31++G (d, p) and 6-311++G (d, p) allowed to determine
with precision energies, molecular structures and infrared vibratory frequencies.
In the ground state the molecular structure of the C,H;oN,Cl NCS (EDCT) phase
calculated was optimized by the use of the DFT/B3LYP methods with the meth-
0ds 6-31++G (d, p) and 6-311++G (d, p) base set, and the calculated optimized
structure was used in vibrational frequency calculations. The calculated harmonic
vibratory frequencies and the minimal energy of the geometric structure were
scaled by (B3LYP) with the base set 6-31++G (d, p) and 6-311++G (d, p). HF/DFT
calculations for EDCT are performed using GAUSSIAN 03W program [13, 14]. On
the other hand, the energies of the frontier orbital’s were used to calculate the gap
energy values and some interesting descriptors in order to predict their reactivities
an behaviors at the same level of theory [14-17].

3. Results and discussion
3.1 Molecular geometry

The structure of the EDCT belongs to C; point group symmetry and its molecu-
lar structure is obtained from GAUSSAN 03W and GAUSSVIEW programs are
shown in Figure 1. The molecule contains one diprotonated ethylenediammonium
cation, one ClI” and one SCN™ anions. The comparative optimized structural param-
eters such as bond lengths and bond angles are presented in Table 1. The compara-
tive graphs of bond lengths and bond angles of ethylenediammonium chloride
thiocyanate for two sets are presented in Figures 2 and 3 respectively. Most of the
optimized bond lengths are slightly higher than the experimental values, depend-
ing on the theoretical values, because the theoretical calculations belong to isolated
molecules in the gas phase and the experimental results to solid state molecules. The
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c1 N1
Figure 1.
Molecular structure of ethylenediammonium chlovide thiocyanate.
Geometrical Methods
parameters
HF/6-311++G B3LYP/6- B3LYP/6- Experimental

(d.p) 31++G (d. p) 311++G (d. p) value [12]
Bond length (A)
S(1)-C(1) 1.6314 1.6324 1.6324 1.6358(12)
C(1)-N(1) 11651 11687 11651 1.1573(16)
C(2)-N(2) 1.4847 1.4284 1.4847 1.4798(14)
C(3)-N(3) 14817 1.5107 1.4817 1.4834(15)
C(2)-C(3) 1.5066 15334 1.5066 1.5054(15)
C(2)-H(@C2) 0.9763 1.0926 0.9763 0.9700
C(2)-H(2C2) 1.0059 1.0927 1.0059 0.9700
C(3)-H(QC3) 0.9694 1.0971 0.9694 0.9700
C(3)-H(2C3) 1.0299 1.0930 1.0299 0.9700
N(2)-H(1N2) 0.9048 1.0333 0.9048 0.8900
N(2)-H(2N2) 0.8967 1.0357 0.8967 0.8900
N(2)-H(3N2) 0.8660 1.0264 0.8660 0.8900
N(3)-H(1IN3) 0.8665 1.0202 0.8665 0.8900
N(3)-H(2N3) 0.8639 1.0540 0.8639 0.8900
N(3)-H(3N3) 0.8715 1.0219 0.8715 0.8900
Bond angle (°)
N(1)-C(1)-S(1) 173.60 170.71 171.76 178.48(11)
N(2)-C(2)-C(3) 114.00 115.16 114.16 113.06(9)
N(3)-C(3)-C(2) 11346 113.75 113.72 112.98(9)
C(2)-N(2)-H(1N2) 109.86 111.45 111.44 109.5
C(2)-N(2)-H(2N2) 107.14 111.99 112.00 109.5
C(2)-N(2)-H(3N2) 110.63 112.81 112.83 109.5
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Geometrical Methods
parameters
HF/6-311++G B3LYP/6- B3LYP/6- Experimental
(d.p) 31++G (d. p) 311++G (d. p) value [12]
C(3)-N(3)-H(IN3) 112.06 113.78 113.77 109.5
C(3)-N(3)-H(2N3) 111.40 112.73 112.77 1095
C(3)-N(3)-H(3N3) 107.78 10737 107.38 109.5
N(2)-C(2)-H(1C2) 10763 106.91 106.89 109.0
N(2)-C(2)-H(2C2) 105.68 105.49 105.65 109.0
N(3)-C(3)-H(2C3) 106.94 10764 10764 109.0
N(3)-C(3)-H(1C3) 107.95 105.96 105.94 109.0
C(2)-C(3)-H(1C3) 107.81 108.17 108.14 109.0
C(2)-C(3)-H(2C3) 111.33 111.69 111.62 109.0
C(3)-C(2)-H(1C2) 111.34 111.77 11173 109.0
C(3)-C(2)-H(2C2) 10722 108.54 108.49 109.0
H(1C2)-C(2)-H(2C2) 109.25 107.86 107.81 1078
H(2C3)-C(3)-H(1C3) 110.86 108.27 108.30 107.8
H(1IN2)-N(2)-H(2N2) 106.29 10341 103.45 109.5
H(1IN2)-N(2)-H(3N2) 108.76 108.24 108.27 109.5
H(2N2)-N(2)-H(3N2) 108.54 108.53 108.59 109.5
H(1N3)-N(3)-H(2N3) 112.15 112.78 112.80 109.5
H(1N3)-N(3)-H(3N3) 106.29 103.84 103.89 109.5
H(2N3)-N(3)-H(3N3) 10741 107.83 107.88 1095
N(2)-C(2)-C(3)-N(3) 74.53 74.32 74.36 72.09 (12)
Table 1.

Optimized geometrical pavameters for ethylenediammonium chloride thiocyanate computed at HF/6-311++G
(d. p), B3LYP/6-31++G (d. p) and B3LYP/6-311++G(d. p) basis sets.
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17] ¢ BILYPIE-31++G (d. p)
] " L BILYP /6-311++G (d. p|
15’ [ ] T E:peri'nenlalvalua
1.5 P
L]
2 141
® 13
3 12 \f
s '
114 e
B v, ! L]
10 [ ] E o
09 A = |
0\3 T T T T T T
- o I E E " 5 F=3 §' i E E ; =
F F o Y R ¥ ® = Z
Plesistiiiiing
T &8 O 0 FFEFEEEF

Figure 2.
Bond length differences between theoretical (HF and DFT) approaches.
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Bond angle differences between theoretical (HF and DFT) approaches.

angles and binding lengths of B3LYP are compared with those of HF, the formers
are generally larger than later and the values calculated by B3LYP are well correlated
with the experimental data. The parameters (the vibration frequencies and the
thermodynamic properties) represent a good approximation. The data presented

in Table 1 show that the theoretical HF and DFT levels (B3LYP/6-311++G (d, p))
generally estimate the same values for some link lengths and angles. The calculated
C==N bond lengths are found same at two positions (C2==N2 and C3==N3) is 1.4847
and 1.5066 A (HF and DFT), 0.0049 and 0.0012 A, respectively, differed from the
experimental value 1.4798(14) and 1.5054(15) A [15-17]. The [C,H;oN,]** dica-

tion shows an eclipsed conformation. The calculated N=C—=C==N torsion angle

is 74.53° (HF and DFT), 2.44° differed from the experimental value 72.09(12)°

[7]. The thiocyanate ion, present as a monodentate ligand, is almost linear. The
calculated angle is 173.60° but the experimental value 178.48 (11)° and an average
calculated and experimental C=S and C=N bond lengths are 1.6314 and 1.1651,
1.6358 (12) and 1.1573 (16) A [7], respectively.

3.2 Vibrational analysis
3.2.1 Contribution of IR spectrometry to the vibrational study of C,H;oN, Cl NCS
3.2.1.1 Theoretical analysis of C,H;oN, Cl NCS vibrations

The factor group method of classifying fundamental vibrational modes of
crystals, as developed by Bhagavantam and Venkatarayudu [18], is certainly the
most powerful method of treating C;H;oN, Cl NCS crystal structure. The unit cell
of C,HyoN, CI NCS contains 18 atoms which correspond to 54 degrees of vibrational
freedom. To simplify the discussion of the IR data, the vibrational modes will be
considered in two groups: the internal modes of SCN™ anions and (C,HyoN,)?* cat-
ions. Ethylenediammonium thiocyanate chloride crystallizes, at room temperature,
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in the triclinic system, space group P1 (C;). The entities [C,H;0N,]**, [SCN]~ and
[CI]™ occupy sites of symmetry (Cy).

3.2.1.2 Counting by the factor group method

The number of normal modes of vibration of the group SCN™ isolated of ideal
symmetry C, is given by the representation:

Fscn = 2A1+Eq (1)

While that of an isolated group [C,HyoN,]** of symmetry C,, is given by the
irreducible representation:

Iicomonog2e = 11A1+ 8A5 + 9B, + 8B, (2)

The correlation diagram is given in Table 2. The counting of the main vibrations
of this compound by the factor group method leads to the following results:

* Overall vibration representation: I'¢;) = 54Ag + 54Au

* Translation modes: I'ry = 9Ag + 9Au

* Rotation mode: I'ry = 5Ag + 5Au

* The representation of the internal vibrations is: I'yiy = 40Ag + 40Au

The analysis in terms of internal vibrations, rotation R* and translation T, is
given in Table 3 with their activities in IR.

3.2.1.3 Enumeration by the site group method

This method was used in order to have a detailed description of the symmetry
and the nature of the internal vibrations (deformation in the plane or out of the
plane, symmetrical or asymmetrical elongation, torsion, etc.).

3.2.1.3.1 Vibrations of [CoH NS in group (Cy)

To describe the vibrations of the organic cation, we considered separately the
vibrations of the groups (-NH;) and (-CH,-) and the skeleton (C,Ny)™.

a.Description of the normal modes of vibration of the grouping (==NH3)

The group (==NHj3) supposed free, has the symmetry 3 m (Cs,), it presents nine
internal vibrations schematized in Figure 4.

2A1+ A2 + 3E (3)
Each group (==NHj3) occupies a site (C;) in the cation. The use of correlation
tables allows us to describe the symmetry of these vibrations in the molecular group

of the cation (Table 4). The result is:

FNH3 = 18Ag + 18Au (4)
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Anion 2Am=Y (v1, va) 4Ag(w, 25, va)
(SCN) /
- . \

Ev=[] (2) 4Au(w, 25, v2)

Cation | 11A: 36AgZ
(CaHuwMNzp* | BA:2

(Ch) GH 364

/N

:

BB

Table 2.
Internal mode corvelation diagrams of C,H,,N, Cl NCS in C,.

b.Description of the normal modes of vibration of the grouping (==CHp==)

The group (==CH,=) supposed free, has the symmetry mm2 (Cy,), it has six
internal vibrations schematized in Figure 5.

2A;+ A, + B+ 2B, (5)

The (=CH,=) groups occupy E(C,) sites in the cation, the correlation method
allows us to determine their vibrational symmetry in the C1 molecular group of the
cation (Table 5). The result is:

FCHZ = 12Ag +12Au (6)

C; n; mw; R’ ™ ACtiVity

EDA SCN™ CI EDA SCN™ CI” EDA SCN™ CI- IR R
(CZV) (Coov) (Cl) (CZV) (Coov) (Cl) (CZV) (Caov) (Cl)

Ag 54 36 4 0 3 2 0 3 3 3 -
Au 54 36 4 0 3 2 0 3 3 3 + -
Table 3.

Enumeration of internal and external modes of C,H,,N, Cl NCS in C,.
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Symunetrical elongation Asyinmeirical elongation
uiAg) v(E)

Syvinanenical deformation  Asvinmenical deformmation

d,(Ag) Gx(E)

é?— o
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Torsion Recking
T(Ay) PE)

Figure 4.
Novrmal modes of vibration of groups (-NH,) of symmetry 3m (Cy,).

c. Description of the vibration modes of the skeleton (NC,N)

To describe the vibrations of the skeleton (NC,;N), the corresponding sym-
metrical coordinates as a function of the internal coordinates have been calculated
as follows:

¢ Increased C=N bonds: Ar; (i=1,2)

¢ Increased C=C bonds: Ar;

* Increase of the CCN bond angles: Ag; (i=1,2)

¢ Torsion of DC links: t¢¢

3m Ce mC. 2mm Ca [=] Lo
v, D) 24 5Ai 15AE (2vs, 200, dvs, 404, 20edii)
SA”
() Az 4Az
A" 184
5B
(v, B, Do)3E 18AU (21, 25, dve, 400, 20nd00)
4B

Table 4.
Internal modes of (-NH;) in (C;).
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Novrmal modes of vibration of (-CH,-) of symmetry mmz2, (C,,).

The number of coordinates is 6 = 3 N-6 (N: number of atoms in the backbone,
here N = 4). Using the transforms of each coordinate under the symmetry operations
of the point group C, corresponding to the cation, six symmetrized coordinates were
calculated (Table 6). At each coordinate a vibration mode has been assigned. These
vibrations are shown schematically in Figure 6. The description of the normal modes
of the NC,N backbone and their activities in IR are shown in Table 7. The irreducible
representation of the internal vibration modes of the skeleton in C; is:

Skeletal = 6Ag + 6Au @)
d.Description of the vibration modes of SCN™
The internal vibrations of the SCN™ anion have already been studied [2], they

are described in terms of symmetrized coordinates as a function of the internal
coordinates. These modes are divided in the group C.,, as follows:

F(SCN') = 2A1(2+) + El(H) (8)
GM (-CH:) (-CHz) GM (-CH:) | GS (-CH:) GF (Crystal)
mm2 Czv mCs mm2 Cev EG i
(v, Ds)20 3 12Ag (2vs, 20, 2va, 200, 200, 20y)
{h:] As \ 3-"!.' 3!5«."
12A
(®)B1 A 3B
3Bz 1240 (2vs, 20, 2va, 20u, 20m, 20g)
(v, DBz

Table 5.
Internal modes of (-CH,-) in (C;).
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Class Symmetric coordinate Vibration modes
A S =L (Ary + Ary) Symmetrical elongation C-N: vs (C-N)
2 S trical elongation C-C: vs (C-C)
SA = Ar ymmetrical elongation C-C: vs (C-

Symmetrical deformation in the plane CCN: &s (CCN)
S =L (Agy+ Ago)
31% 5 P P2

B Se&, = Tee Twist out of the plane CCN: 1.
B, S& = %(Arl — An) Asymmetrical elongation C-N: v, (C-N)

S8 = % (Agr — Agy) Asymmetrical deformation in the plane CCN: §,,(CCN)

Table 6.
Symmetric vibrational coordinates of NC,N in (C,,).

These vibrations are shown schematically in Figure 7. The vibrational analysis
in terms of internal vibrations is given in Table 8. The distribution of normal SCN
group modes and their IR activity are shown in Table 9. The irreducible representa-
tion of the internal vibration modes of SCN™ in C; is:

Tsen~ = 4Ag + 4Au )

3.3 Group theory analysis

The comparisons of the experimental infrared spectra for EDCT, by using
HF/6-311++G (d, p), (B3LYP) 311++G (d, p) and (B3LYP)/6-31++G (d, p) theory
level, with the corresponding average predicted demonstrate good correlations as
observed in Figure 8. Using the split triple valence base as well as the diffuse and
polarization functions for computed harmonic vibratory frequencies of EDCT,
6-31++G (d, p) and 6-311++G (d, p), the frequencies FT-IR observed for various
vibration modes were presented in Table 10. The comparative values of IR intensi-
ties activities are presented in Table 11 and their corresponding graph given in
Figure 9. The comparative graph of vibratory frequencies calculated by the HF and

ey “} "
,H‘ o " i
Y ala\ ah
L] LH L .:\. }
Symmetrical elongation o G Symmmetrical elemgation ¥, C-L Symumstrical deformatisn § CCR
i &1 iy
L] - -
,‘_.l H-.“ .f. !
! L
',., » .’I‘ " - ‘ e
Asymmetrical elomgition © Ly Axvume iidal defanmation § CCN Torckon
[1-31] |B2) &1

Figure 6.
Normal modes of NC,N skeleton vibration in (C,y).
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Description of mnv Cyy C, (site group) C; (factor group)

Valence

v5(CN) A(IR, R) A(IR,R) Ag(R) + Au(IR)

v,5(CN) B,(IR,R) A(IR,R) Ag(R) + Au(IR)

vs (CC) A(IR, R) A(IR,R) Ag(R) + Au(IR)

Deformation

8, (CCN) A,(IR, R) A(IR, R) Ag(R) + Au(IR)

8,5 (CCN) B,(IR,R) A(IR,R) Ag(R) + Au(IR)

Torsion

Tce B,(IR, R) A(IR,R) Ag(R) + Au(IR)
Table 7.

Distribution of normal skeleton vibration modes in C,H,,N, Cl NCS.

DFT methods to HF/6-311++G (d, p), B3LYP/6-31++G (d, p) and B3LYP/6-311++G
(d, p). The basic sets for the EDCT are shown in Figure 10. It appears from the
figure that the frequencies calculated by B3LYP with 6-31++G (d, p) of basis sets are
closer to the experimental frequencies as HF method with 6-311++G (d, p) base set.

3.4 Bands assignments
3.4.1 NH;3 modes

The asymmetric stretching v,,(NHj;) of symmetries (Ag + Au) are observed in IR
at 3325 and 3326 cm ™. The symmetric stretching v,(NH;) of symmetries (Ag + Au)
are observed in IR at 3210 cm ™. The asymmetric deformation 8,,(NH;) of sym-
metry (Ag + Au) observed IR at 1500 and 1570 cm™". The symmetric deformation
8(NH;) of symmetries (Ag + Au) are observed in IR at 1467 cm ™. The Rocking
8,(NH;) of symmetries (Au) are observed only in IR at 493 and 498 cm ™. The
torsion 8.(NH;) of symmetries (Au) observed in IR at 483 cm ™. The rocking and
twisting modes are assigned as predicted by the calculations and in accordance with
the expected regions for similar compounds [7, 8, 19, 20], as observed in Table 10.

Svinmetrical elongation vl {C-5) of syimmetry E"' O . .

symmerrical deformation 6 (SCN) of symmetry = ? ‘ ?

: : el . v . N
Symmemrical elongation v (C-N) of sy1mmeiny l O * . - .

Figure 7.
Normal modes of vibration of the anion SCN™ in (C,).
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Mode Molecular group Group of site Factor group Activity
(GM) (1G.5) (GF)
Cov C Ci IR R
Anion | (v, vz} | 25 dAg(v, 20, v1) | - +
[SCNY
(C=) 44
(o) Mn 4Auln, 28, va) | +
Table 8.

Internal modes of (SCN)™ in (C.,).

3.4.2 CH, modes

By comparison with previous works reported on similar compounds contain-
ing [C,H;oN,]** [21], we have attributed the bands observed in IR at 3222 and
2427 cm ™ to asymmetric stretching v,(CH,) and symmetric v;(CH,) of symmetries
(Ag + Au), respectively. The asymmetric deformation 8,,(CH,) and symmetric
8s(CH,) is observed at 1452 and 1200 cm™ in IR spectrum at 1341 and 1454 cm ™.
The calculated frequencies of B3LYP/6-31++G (d, p) and B3LYP/6-311++G (d, p)
methods for CH, asymmetric and as asymmetric vibrations showed excellent
agreement with recorded spectrum as well as literature data. The Rocking §, (CH,)
of symmetries (Ag + Au) are observed in IR at 1000 cm ™. The torsion 8,(CH,) of
symmetry (Ag + Au) observed in IR at 1124 cm™". The rocking and twisting modes
are assigned as predicted by calculations, as indicated in Table 10.

3.4.3 Skeletal modes

The NCCN skeleton gives six normal modes of vibration that may be described
as three skeleton stretching (2vcy + 1vcc), two NCCN deformation modes and one
torsional mode around the C=C bond. The symmetrical elongations of the symmetry
skeleton v, (CC) of symmetries (Ag + Au) appear in IR at 750 cm™". The asymmetric
stretching v,s(CN) of symmetries (Ag + Au) observed in IR at 544 cm™". The symmet-
ric stretching v;(CN) of symmetries (Au) observed in IR at 532 cm ™. The asymmetric
deformation 8,;(CCN) of symmetry (Ag + Au), is observed in IR at 435 cm ™. The
symmetric deformation 8,(CCN) of symmetry (Au) observed only in IR at 430 cm™.

3.4.4 Internal modes of the thiocyanate group (SCN™)

The thiocyanate group (SCN™) has four vibrations in the C, group: two of valence
denoted [141(CS), 1L(CN)] of symmetry (X*) and a doubly degenerate deformation

Description of mnv Coov G.S(Cy) C.G (G.F)

Valence

11 (CS) A(IR, R) A(IR,R) 2A4(R) + 2A,(IR)

1,(CN) A(IR, R) A(IR,R) 2A4(R) + 2A,(IR)

Deformation

5(SCN) E; A(IR,R) 2Ag(R) + 2Au(IR)
Table 9.

Description of the normal modes of SCN™ in C,H,,N, CI NCS.
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Table 10.
Observed, HF/6-31++G (d. p), B3LYP/6-31++G (d. p) and B3LYP/6-311++G (d. p) level calculated
vibrational frequency of ethylenediammonium chloride thiocyanate.

vibration denoted §; (SCN) of symmetry (r). From the bibliographic results [22-28]
and the analysis by group theory, an attempt to attribute these vibrations observed in
IR is illustrated in Table 10. The deformation & (SCN) of symmetry (1Au) is observed
in IR at 409 and 424 cm™. The calculated frequencies of B3LYP/6-31++G (d, p) and
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Calculated with HF/6-311++G (d. p) Calculated with Calculated with
B3LYP/6-31++G (d. p) B3LYP/6-311++G (d. p)
Mode IR Mode IR IR IR IR IR
nos. intensity nos. intensity intensity intensity intensity intensity
1 14.48 25 12.72 13.50 19.57 15.30 14.59
2 15.73 26 24.56 9.27 18.75 10.22 2215
3 717 27 32.62 6.33 36.54 4.37 34.14
4 20.26 28 30.24 12.70 33.84 10.60 31.04
5 13.87 29 0.11 13.85 140 17.22 0.40
6 9.54 30 23.90 9.61 131.09 791 129.89
7 28.49 31 12.19 2724 9.80 27.24 9.09
8 45.53 32 176.12 73.75 149.02 70.95 141.72
9 111.58 33 19940 8748 190.70 87.08 188.76
10 29.05 34 82.23 6.61 48.96 8.11 42.56
11 212 35 13.39 166.12 62.76 186.03 62.76
12 6.16 36 65.01 12.53 99.11 13.63 99.11
13 31.58 37 64.34 341 161.00 511 15911
14 12.29 38 194.80 3730 83.40 35.20 83.40
15 18.08 39 955.17 5.35 398.06 315 518.06
16 211 40 595.05 7.87 17.3604 8.07 102.36
17 0.73 41 5.95 334 2.72 1.04 1.79
18 25.97 42 190.52 17.59 189.07 12.09 199.17
19 4146 43 2.82 9.63 4.62 10.03 4.32
20 243 44 0.69 6712 523.90 61.02 503.60
21 55.16 45 1.88 12.97 118.46 10.17 111.16
22 66.06 46 9.01 4244 380.52 41.01 370.12
23 93.86 47 121.09 7933 11771 89.83 115,51
24 28.19 48 111.24 3291 90.63 2711 77.83
Table 11.

Comparative values of IR intensities activities between HF/6-31++G (d. p), B3LYP/6-31++G (d. p) and
B3LYP/6-311++ G (d. p) of ethylenediammonium chlovide thiocyanate.
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Figure 9.
Comparative graph of IR intensities by HF and DFT (B3LYP).
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Comparative graphs of computed frequencies (HF and DFT) with experimental frequencies.

B3LYP/6-311++G (d, p) methods for SCN deformation symmetric vibrations showed
excellent agreement with recorded spectrum as well as literature data. We note a rise

of degeneracy of the symmetry x of 8, (SCN) with a burst of 33 cm ™. The symmetric
stretching 1, (C—=S) of symmetries (1Ag + 1Au) are observed in IR at 450 and 484 em™.
The calculated frequencies of B3LYP/6-31++G (d, p) and B3LYP/6-311++G (d, p)
methods for C—S symmetric vibrations showed excellent agreement with recorded
spectrum as well as literature data. The symmetric stretching v, (C—N) of symmetries

(1Ag + 1Au), predicted by the group theory, are observed in IR at 1616 cm ™.

3.5 Other molecular properties

Several calculated thermodynamic parameters are presented in Table 12. Scale
factors have been recommended [29] for an accurate prediction in determining the

Parameters HF/6-311++ (d, p) B3LYP/6-31++(d, p) B3LYP/6-311++G (d. p)
Zero point vibration energy 105.84889 100.34649 98.57158
Rotational constants 1.55409 1.63393 1.55409
0.47626 0.52535 0.47626
0.37522 0.46146 0.37522
Rotational temperature 0.07458 0.07842 0.07458
0.02286 0.02521 0.02286
0.01801 0.02215 0.01801
Energy
Translational 0.889 0.889 0.889
Rotational 0.889 0.889 0.889
Vibrational 108.982 105.524 105.017
Total 110.759 107.302 107.394
Molar capacity at constant volume
Translational 2,981 2,981 2,981
Rotational 2,981 2981 2,981
Vibrational 19.092 29.415 17227
Total 25.054 25.377 23.189
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Parameters HF/6-311++ (d, p) B3LYP/6-31++(d, p) B3LYP/6-311++G (d. p)
Entropy

Translational 41.025 41.025 41.025
Rotational 31.426 31.426 31.074
Vibrational 15.540 15.594 15.589

Total 87.792 87.546 87.587

Dipole moment 39.4045 38.6462 38.6426

Table 12.

Theoretically computed zero point vibrational energy (kcal mol™), rotational constants (GHz), rotational
temperature (K), thermal energy (kcal mol™), molar capacity at constant volume (cal mol™ K™) entropies
(cal mol™ K™) and dipole moment (Debye) for ethylenediammonium chlovide thiocyanate.

zero-point vibration energies, and the entropy. It can be seen that the total energies
decrease with the increase of the size of the basic set. Changes in the total entropy
of EDCT at room temperature and in different basic sets are only marginal.

4, Conclusions

The present document attempts to define the appropriate frequency assignments for
the thiocyanate ethylenediammonium chloride compound from the FT-IR spectrum.
Vibrational frequencies and infrared intensities are calculated and analyzed by the theo-
retical HF and DFT (B3LYP) levels, using the 6-31++G (d, p) and 6-311++G (d, p)base
sets.. The comparison between the calculated vibrational frequencies and the experimen-
tal values indicates that both methods can predict the FT-IR spectra of the title compound.
The results of DFT-B3LYP method indicate better fit to experimental ones than ab initio
HF upon evaluation of vibrational frequencies. Several thermodynamic parameters of the
title molecule are comparatively discussed. The observed and the calculated wavenumbers
are found to be in good agreement with majority modes.
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Characterization of Whole and
Fragmented Wild-T'ype Porcine
IgG
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Abstract

Glycoproteomic analyses of tryptic (glyco)peptides from wild-type (WT)
porcine IgG were performed. In a first protocol, intact antibody was digested
with trypsin, followed by glycopeptide enrichment and liquid chromatography-
tandem MS (HPLC-MS/MS). This procedure allowed to detect N-glycopeptides
observed previously (Lopez, P. G. et al., Glycoconj. J. 2016, 33 (1), 79), plus other
non-reported N-glycopeptides. The method provided useful information but did
not allow to discern between Fab (antigen-binding region) and Fc (constant region,
fragment crystallizable) peptides/glycopeptides. In a second scheme, glycopro-
teomic analysis was attempted for Fab and Fc fragments obtained by papain and
Fabulous™ hydrolysis. Usually employed for milligram amounts of antibodies,
the papain and Fabulous™ protocols were adapted to 200 pg of WT IgG. Fab and
Fc fragments were separated by size-exclusion (SEC) HPLC. Fractions collected
were reanalyzed by gel electrophoresis (SDS-PAGE). Bands were excised, and
fragments digested in-gel, followed by matrix-assisted laser desorption/ionization
time-of-flight (MALDI-TOF) MS and HPLC/MS-MS. In the protocol no glyco-
peptide enrichment was involved, that is, whole tryptic digests were analyzed. Fc
N-glycopeptides were identified, and greater numbers of non-glycosylated peptides
were tabulated. Very few peptides overlapped between Fc and Fab, as most peptides
were clearly from Fc or Fab. HPLC-MS/MS detected more sialylated glycoforms
than MALDI-TOF-MS. Sections of Fab and Fc were assigned de novo, through a
database search or manually.

Keywords: porcine IgG, papain, enzymatic fragmentation, Fabulous™,
glycoproteomics

1. Introduction

There have been reports on the mass spectrometric (MS) analysis of pig immu-
noglobulins (IgG) in relationship with use in a xenotransplantation context [1-4].
These studies have explored the amino acid composition and glycosylation of pig
IgG according to glycoproteomic [2, 3] and glycomic [1] workflows involving the
enzymatic digestion of whole antibodies. Glycoproteomic workflows resulted in the

65 IntechOpen



Recent Advances in Analytical Chemistry

identification of many peptides that could be matched with the conserved gamma
portion of the heavy chains of some of the 11 subtypes of pig IgG [5], including
N-glycopeptides EEQFNSTYR and EAQFNSTYR [3]. No specific information was
given on the variable portions of neither Fab nor Fc components, as most of such
assignments would have had to be attributed de novo. The conserved Fc glycosyl-
ation site is often described as the only IgG site glycosylated at 100%, in spite of the
fact that 10-15% of wild-type antibodies have glycosylation also in their variable
region [6], and reports have shown that even higher glycosylation levels (up to
30-40%) can exist in the variable regions of polyclonal IgGs [7, 8].

For more specificity, the analysis of antibodies by MS can take great advantage
of enzymatic fragmentation with papain [9, 10] or new enzymes produced by
recombinant methods and available on the market [11]. This type of procedure has
not been reported for the fragmentation of porcine IgG, to the authors’ knowledge.
For instance, procedures have been published for mouse [12, 13], chicken [14],
rabbit [15], sheep [16], and human [17, 18] IgGs. The two groups of antibody
fragments of primary interest are the antigen-binding fragments (Fab) and
class-defining crystallizable fragments (Fc). The hinge region of immunoglobulins
(IgGs) is readily accessible to proteolytic attack by enzymes [9, 10], and cleavage
at that point produces F(ab’), or Fab fragments and the Fc fragment. Papainisa
nonspecific thiol-endopeptidase and has a sulfhydryl group in its active site, which
must be reduced for activity. When IgG molecules are incubated with papain in
the presence of a reducing agent, one or more peptide bonds in the hinge region
are split, producing three fragments of similar size: two Fab fragments and one Fc
fragment [9, 10].

Fabulous™ enzyme is a recombinant cysteine protease that under reduced
conditions digests in the hinge region of antibodies from many species and sub-
classes, including human, mouse, rat, and goat, yielding Fab and Fc fragments [11].
As areducing agent is present during digestion, it is likely that interchain thiols
will be reduced. Fabulous™ and papain have typically been used for the production
of relatively large amounts of antibody fragments (10 mg of starting material),
whereas methods adapted to MS require much less, about 50-200 pg. There isa
need for downscaling these workflows, especially for porcine IgG, which has not
been previously studied by fragmentation followed by MS.

Reports on post-fragmentation MS analyses of antibodies have demonstrated
that detailed fragment characterization allows for the identification of more
glycosylation sites than bottom-up approaches [19, 20]. It is also important to study
amino acid sequences of the variable portions of IgG for therapeutic purposes [21],
and the information obtained after fragmentation is much more specific than data
generated through the tryptic digestion of whole intact antibodies.

The interest of the present study is to compare results from two main work-
flows aimed at characterizing wild-type porcine IgG’s glycosylation and amino
acid sequence features. In the first workflow, porcine IgG is digested with trypsin,
followed by glycopeptide enrichment. Reversed-phase high-performance liquid
chromatography (RPLC) coupled with electrospray ionization (ESI) MS and
tandem MS (MS/MS) is used to characterize the glycopeptide-rich fraction. The
second workflow involves subjecting porcine IgG to fragmentation by one of two
enzymes, papain or Fabulous™. The steps necessary between fragmentation and
MS included size-exclusion chromatography (SEC), sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE), and tryptic digestion. This is the first
attempt to characterize porcine IgGs in small amounts (sub-mg) using a combina-
tion of these methods. Two different MS techniques were used for the analysis of
tryptic products of antibody fragments: matrix-assisted laser desorption/ionization
time-of-flight (MALDI-TOF) MS and ESI/MS-MS coupled with RPLC.
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As the tryptic digestion products of whole wild-type porcine IgG antibodies
have been characterized by MALDI-MS [2, 3] and ESI-MS and MS/MS (new results
presented in this report), data from these different workflows serve as comparative
benchmarks between intact and fragmented IgG samples. Overlaps and differences
allow to identify peptides and glycopeptides as originating from either the Fc or Fab
portions, and database searches [22] can verify if these sequences are already available
in the literature or need to be determined de novo. Porcine IgG is a complex mixture of
subtypes, and the complementarity of MALDI- and LC/ESI-MS-MS brings a consider-
able amount of information to document the identification of these IgG components.

2. Experimental
2.1 Materials

Wild-type porcine IgGs were obtained from Université de Nantes (Dr. Jean-Paul
Soulillou’s Laboratory). Trypsin Ultra™ was purchased from Promega (Wisconsin,
USA). The Fabulous™ enzyme was kindly provided by Genovis (Cambridge, MA).
Dihydroxybenzoic acid (DHB), sinapinic acid, ammonium bicarbonate, dithioth-
reitol (DTT), L-cysteine, iodoacetamide (IAA), and trifluoroacetic acid (TFA) were
purchased from Sigma-Aldrich (St. Louis, MO). Mini-Protean TGX precast gels
(4-15%), Precision Plus™ protein standard, 2-mercaptoethanol, and 4x Laemmli
sample buffer were obtained from Bio-Rad (Hercules, CA). Imperial™ protein
stain, tris base (2-amino-2-(hydroxymethyl)-1,3-propanediol) and immobilized
papain-cross linked and 6% in beaded agarose supplied as 50% glycerol in sodium
acetate pH 4.5 were purchased from Thermo Scientific (Rockford, IL). Strata-X C-18
cartridges were obtained from Phenomenex (Torrance, CA). Acetonitrile (ACN) was
purchased from EMD-Millipore (Darmstadt, Germany). Sodium phosphate dibasic
anhydrous was purchased from McArthur Chemical Co. Ltd. (Montreal, Canada).
Hydrochloric acid was purchased from Anachemia (Vancouver, Canada) and deion-
ized water was obtained from an adapted filtration system (Millipore).

2.2 Tryptic digestion of whole porcine IgG

Porcine IgG (200 pg) was dissolved in 100 mM ammonium bicarbonate (pH~8)
and vortexed. A DTT solution (10 mM) was added to the sample, which was then
vortexed and left to react at 56°C for 40 min, then cooled to room temperature.
After 500 mM IA was added, and the sample was left to react in the dark for
45 min. The excess of IA was quenched with the addition of 100 mM DTT, and
the sample was left to react for 10 min in the dark. Trypsin was added and prote-
olysis took place at 37°C for ~18 h. To deactivate trypsin, the sample was frozen
and dried under vacuum. Glycopeptide enrichment was then performed using a
ProteoExtract™ glycopeptide enrichment kit (Millipore-Sigma, Etobicoke, ON)
according to the manufacturer’s procedure [23].

2.3 Papain digestion of porcine IgG

Just before use, 20 mM sodium phosphate digestion buffer was prepared with
a 10 mM cysteine content, and the pH was adjusted to 7 Bead-immobilized papain
slurry (20 pL, 50%) was added to an Eppendorf™ tube. The beads were washed
twice with 160 pL of digestion buffer and then re-suspended in the buffer. Porcine
IgG (200 pg) was dissolved in the digestion buffer. This was added to the tube
containing the washed immobilized papain and digestion buffer. The sample was
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incubated for ~24 h at 37°C. Constant mixing of the bead slurry was maintained
during the whole incubation. The bead-immobilized enzyme was separated from
the digest by centrifugation and 20 pL of 10 mM Tris-HCI, pH 7.5 was added before
centrifugation. The supernatant, which contained the IgG fragments, was removed.

2.4 Fabulous™ digestion for porcine IgG

The IgG sample (200 pg) was added to 200 units of Fabulous™ enzyme in
200 pL of 10 mM Tris, 50 mM cysteine buffer. The sample was vortexed and
incubated at 37°C for 1 h.

2.5 Fractionation of IgG fragments by HPLC using a SEC column

The digestion mixtures were injected into a preconditioned SEC-300 4.6 x
300 mm silica-based column (Phenomenex, Torrance, CA). The mixtures were
eluted with a mobile phase of 0.1% TFA, 0.1% formic acid in 20% ACN at a flow
rate of 0.3 mL/min (manufacturer’s recommendation). The HPLC system used was
a Waters 1525 binary pump equipped with a Waters 2707 autosampler and a Waters
2998 photodiode array detector (Milford, MA). Fractions were collected, dried, and
re-suspended for MALDI-MS analysis.

2.6 Separation of IgG fragments by SDS gel electrophoresis

Once fractionated by SEC, Fab and Fc components were separated on a
Mini-Protean™ Tetra cell system (Bio-Rad). Bio-Rad TGX™ gels used had 10
wells and a density gradient of 4-15%. Wells were washed individually four times
with running buffer (10 x tris-glycine-SDS buffer diluted 1 x with water) prior
to the loading samples. Each sample fraction containing Fab, Fc, or both Fab and
Fc had its own lane on the gel. Each gel was loaded with 15 pL of each fraction
(in water) in 11.3 pL of 4 x Laemmli sample buffer, without adding 2-mercapto-
ethanol. Well 1 was loaded with 10 pL of Precision Plus Protein Kaleidoscope™
standard. Intact-reduced IgG (15 pL, ~14 pg) was loaded into well 2. IgG frag-
ments (~14 pg) were loaded in other lanes. Running buffer was poured in the
cell system and the voltage was set at 150 V. Samples were allowed to migrate for
40 min, until the dye front reached the bottom of the gel. The gel was removed
from the cell and was rinsed four times with Millipore water, and sufficient
Imperial™ protein stain was added. IgG fragments absorbed the stain overnight,
and the stain was decanted and replaced with Millipore water until gel bands
became visible.

2.7 In-gel tryptic digest of IgG Fab and Fc fragments

Non-reduced Fab and Fc bands were excised from the gel. Tryptic digestion
was performed on each single cut out band. Bands were cut into small pieces and
placed into 1.5 mL Eppendorf tubes. The digestion buffer was 50 mM ammonium
bicarbonate in water. Each tube contained one lane worth of gel. Gel pieces were
washed with wash buffer (1:1 digestion buffer-ethanol) until all protein stain was
removed. They were then incubated in absolute ethanol for 10 min. Gel pieces
were then rewashed with digestion buffer for 20 min and then incubated again in
absolute ethanol for 20 min, which was removed from the gel by vacuum centrifu-
gation. Trypsin solution was added and the tubes were placed on ice where the gel
was allowed to swell. Thereafter, excess trypsin solution was discarded. Gel pieces
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were covered with digestion buffer and incubated at 37°C for ~18 h. Glycopeptides
and peptides were extracted on Cyg cartridges with buffer A, 0.5% acetic acid;
extraction buffer B, 5:3 30%; ACN, 0.5% acetic acid; and extraction buffer C, 100%
ACN. Samples were dried down for further analysis.

2.8 Peptide-N-glycosidase F (PNGase F) removal of glycans from trypsin
digested Fab and Fc fragments

A solution of PNGase F (4 pL, 10 units/pL) was added to a solution of tryptic
glycopeptides. The sample was vortexed and set at 37°C for ~18 h. After the digest,
glycans were separated from the de-glycosylated peptides on a Cg cartridge. The
cartridge was conditioned with 5x 1 mL (ACN + 0.1% TFA), then 5 x 1 mL of
(H,0 + 0.1% TFA). The sample was loaded onto the cartridge and allowed to equili-
brate for about 1-2 min. Glycans were eluted with 3 mL H,0 + 0.1% TFA and col-
lected in two fractions. Peptides were eluted with 1.5 mL of 50:50 ACN:H,0 + 0.1%
TFA. Solvent was evaporated from the fractions.

2.9 Preparation of samples for MALDI-MS analysis

Glycopeptide fractions were mixed directly with 5 pL of DHB in 30:70 ACN: water.
Samples (1 pL) were then spotted onto the stainless steel target and allowed to dry, for
reflector positive mode MALDI-MS. For the Fab and Fc fragments from HPLC frac-
tions, 5 pL of 0.1% TFA and 5 pL of sinapinic acid in 0.1% TFA, 30:70 ACN: water was
added, and 1 pL was spotted onto the target already pre-spotted with 0.5 pL of sinapinic
acid in ethanol. Spots were then allowed to dry for linear positive mode MALDI-MS.

2.10 MALDI-TOF-MS analysis

These analyses were performed on an UltraFleXtreme™ mass spectrometer
(Bruker, Billerica, MA) equipped with LID-LIFT™ technology for tandem MS
experiments. For positive ionization mode, a nine-peptide calibration mixture with
masses ranging from 500 to 5000 Da was used. In linear positive mode, the instru-
ment was calibrated using tryptic peptides of cytochrome C, mass ranging from
10,000 Da to 160,000 Da.

2.11 Preparation of samples for HPLC-ESI-MS analysis

For the Fab and Fc tryptic digest fragments, 100 pL of water was added to the
pooled Cyg cartridge fractions of each Fab and Fc tryptic digests. Samples were
sonicated and then ready for HPLC-MS analysis.

2.12 RPLC-MS/MS analysis of Fab and Fc tryptic digests

Both digestion mixtures (50 pL) were in turn injected into a preconditioned
Acquity BEH Cyg (1.7 pm, 2.1 x 50 m) silica-based, reverse phase column, on a
Waters Acquity UPLC system (Waters, Mississauga, ON). The flow rate was
0.25 mL/min, and a linear increase from zero to 28% ACN in water with 0.1%
formic acid was used. Mass spectrometric detection was performed on a Waters G2
Synapt ESI-MS instrument. Positive ionization mode was used. The analyzer mode
was set to high resolution, with a capillary voltage of 3.00 kV and a cone voltage of
25 V. The Progenesis™ software was used to handle and search databases for these
HPLC-MS/MS analyses.
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2.13 Analysis of whole porcine IgG tryptic digest by RPLC-MS/MS

Separations were conducted on a LC Ultra system (Eksigent, Dublin, CA). A
100 pm x 200 mm analytical column packed with 3 pm Luna C18 (Phenomenex,
Torrance, CA) was used, at 500 nL/min flow rate. A 300 pm x 5 mm PepMap 100
trap-column (Thermo Fisher, San Jose, CA) was used to protect the analytical
column. The elution gradient was as described above. A Triple TOF 5600 mass spec-
trometer (ABSciex, Concord, ON) was used in standard MS/MS data-dependent
acquisition mode. Mass spectra (250 ms) were collected (m/z 370-1250) and
followed by up to 20 MS/MS measurements on the most abundant parent ions (400
counts/s threshold, +2 to +5 charge state, m/z 100-1500 mass range for MS/MS,
100 ms each). Database search was performed using the Global Proteome Machine
(GPM) proteomics data analysis system [24].

3. Results and discussion
3.1 Mass spectrometric analysis of tryptic digests of whole porcine IgG samples

In previous studies, wild-type porcine IgG was digested with trypsin, and glyco-
peptides/peptides were fractionated on a C18 cartridge. Glycopeptide fractions were
analyzed by MALDI-MS/MS [2, 3, 30]. In a new separate experiment, the results
of which are presented here, all tryptic products were then enriched for glycopep-
tides using an EMD-Millipore ProteoGlycan™ kit [23]. The glycopeptide-enriched
fraction was injected into a RPLC-MS/MS system, using data-dependent MS/MS
acquisition. Figure 1a shows the MS/MS total ion chromatogram (TIC) obtained
from the elution, whereas Figure 1b represents the elution of peptides with m/z 204

. |
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Figure 1.

(a) Total HPLC/MS ion chromatogram obtained from the MS/MS spectra of porcine IgG tryptic peptides
and glycopeptides after envichment on EMD-Millipove Proteoglycan™. (b) Selected MS/MS fragment ion
chromatogram at m/z 204, indicating the elution times of glycopeptides [25].
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ions as product in their MS/MS spectra, identified as glycopeptides [25]. Although
enrichment was performed, there were still non-glycosylated peptides present in
the sample. The m/z 204 trace shows that glycosylated peptides eluted early in the
analysis and that the most abundant compounds eluting in (a) were most probably
non-glycosylated peptides.

A database search using GPM [24] helped to identify some non-glycosylated
peptides, while for glycopeptides the extracted m/z 204 chromatogram was used
to manually identify as many glycopeptides as possible. Table 1 gives a listing of
all peptides detected and sequenced with GPM [24] or manually. For glycopeptide
sequencing, MS/MS spectra were treated with CycloBranch [26] after removing
abundant glycopeptide ions. As a few sequences are available in UniprotKB [22] for
the Fc gamma portion of porcine IgG (K7ZLAZ, 1L8B180, L8B0S7, L8B0S2, L8B0Z4),
and more are available [3] from previously published DNA sequences [5], some
peptides show more than one identification source in Table 1. Only one entry was
found for a porcine IgG Fab portion, P01846, which corresponds to the lambda (})
constant region. Figure Al compares the published porcine IgG Fc heavy chain
sequences relating to Table 1 assignments.

Points of interest arising from this table are (i) the presence of a large number
of non-glycosylated, even after enrichment, from the Fab and Fc portions of the
antibody and (ii) the detection of seven distinct glycosylated peptides, some
with complex glycoforms and one with high-mannose glycoforms, thus of the
N-type. Indeed, all MS/MS spectra of these glycopeptides showed characteristic
fragment ions corresponding to the (M + H)* ions of the bare peptides, next to
the characteristic (M + H + 83)* and (M + H + 203) " ions [27], with the latter
being predominant.

Figure 2 shows four MS/MS spectra of glycopeptides, starting with two of
the complex GOF forms of peptides of (a) constant region EAQFNSTYR [3] and
(b) avariable region sequence partially determined as H,N-(300)-QNFSVER by
the CycloBranch software [26]. In these cases, the mass difference between the
protonated precursors and (M + H)* bare peptide fragments is 1444. The m/z 204
and 366 fragment ions are predominant as glycopeptide signature. In Figure 2c, a
sialylated complex glycoform is featured, the G1FS form of peptide EEQFNSTYR
[3]. In previous studies of wild-type pig IgG, the presence of N-glycolyl neuraminic
acid (NeuGc) is featured exclusively (i.e., no N-acetyl neuraminic acid (NeuAc))
has been reported [2, 3]. The fragmentation of NeuGc-containing species pro-
duces distinctive m/z 308 and 290 fragments, as observed in (c). Figure 2d shows
the fragmentation of a high-mannose glycoform of a peptide of undetermined
sequence. The bare peptide (M + H)" ions appear at m/z 1069, with +83 ions (m/z
1152) and + 203 ions (m/z 1272).

For known peptide sequences such as in Figure 2a and c, it is possible to find
most bare peptide y and b ions, although they appear with very low abundance and
are not accounted for by the search engine, due to the domination of all glycopep-
tide signature ions. There was an attempt by the authors to sequence all unknown
glycopeptide sequences, with partial success, as indicated in red in Table 1.

Overall results suggest that N-glycosylation occurs in the Fc but also in the vari-
able regions of the Fab and/or Fc domains of porcine IgG. Each glycosylated peptide
detected indicated patterns linked to N-glycosylation, while there was no obvious
detection of O-glycans. This may be due to the conditions used to enrich the gly-
copeptides with the EMD-Millipore Kit, which were optimized for N-glycosylated
peptides [23, 28]. Results obtained with this first workflow will be compared
with those generated with a more elaborated procedure involving fragmentation
enzymes as discussed below.

71



Recent Advances in Analytical Chemistry

a[qereaeun) 40D T'665C €5HSIL umowyun
€D SATD 0S'T6TE SE6T0€E ¥ +88T

¥Z09d8T1°081d8712993] ACO A1 40D 0D STTTLT T 09ST SO+IFT % 61'STIT YALSNAOVE
9t810d 60T ¥5°9601 ddd05d1004
a[qereaeun) 6N TEE6T §5'6901 umowyun
a|qereaeun) rre— 95'S10T MSN'TLVASST
€091 8T1 LSZ10T MSAOLVISLL
a[qe[reaeur) 6T $5'€86 YSAADLAIN
a|qereaeun) 85T~ 95186 MATdTVAAA
(39s-1D 81) 0TT£00 ¥dI LE€ ¥5'8L6 UNLVOAIT
9¥810d $IT 85796 HADLALLODV
a[qe[reaeur) 9Y— 5168 WIADONTT
S[qe[reaeu) 90— 65688 Y41dTTT

$70481/S04d81°081481q
29931923 ‘q-eqrH3] 88— §zss ALLAVATA
9¥810d ue S°088 MNOSIVOSH
9¥810d 8¢ 8€+98 VOHSALAL
a[qe[reaeu 444 15558 AITIATT

¥Z0981
08T8TLY 1ZICS098T1£S048Tq
-2953] ‘q-5H3[‘q 0T'€98C

“2D3]‘q- ez ‘q- eI SATO SATO ATD 40D 80°T0LT 8T'T6ET FI'TELT 0 1€£78/ YALSAN
a[qe[reaeun) SE9Y9 umowyuf
901IN0S UOHEdYNUIP] ur10J024[9 ur10J02413 z/m (udd) roxxg +(H+IN) Z/m aouanbas apndag

72



Characterization of Whole and Fragmented Wild-Type Porcine IgG

DOI: http://dx.doi.org/10.5772/intechopen.82792

Ldlz 0 61991 MVSALTASOAIASVAY
a[qe[reaeu) LT €87991 MDLALTAAATIATO
YZ098TLV1ZL08T98T1°99931€D81q
-e1D3] 01— 761991 NTMAOHOIATASAA
9¥810d ¥20 6L°TE9L MMASYSTYTASSYVA
9¥810d 90 S8'7091 ASIMLLIADLALLODY
9¥810d 6€0 9L'6¢ST TVTASSYVAMNNSO
£S048T°081481°7S098'T 1T S8'STST YTSDDIOATODDSANT
a[qe[reaeup) €LS6v1 umowyuf
a[qe[reaeur) 41D 40D TE€L0E 9TTT6T 8TL9V1 umowup)
o[qe[reaeu) 9GS umowyuf)
a[qe[reaeu) 1 18'90%1 YHIAOADTASYOTI
YZOd8 1LY 1Z
£08T98T99D31°q5931 ‘9 D31 ‘q-e1H3] S8z T/'88ET YDAV TdAASIVL
9¥810d [TT 9G6EET HHLADDLADSSS
a[qe[reaeu) vLT 79°€0€T N TLAALDSDSOSA
9¥810d 910 S9'85CT YSdADLIYSNIS
S[qe[reaeun) 9T~ Ot YadIDSAINLA
9¥810d $9'0— 9ot MMASYSTYTAS
a[qe[reaeu) 47D A1D 40D 0T'186T Y1'618T 60°959T i3 waras YAASINO-00€-NTH
o[qe[reaeu) £9'8611 YSAADLIYNNL
N-6IN ¥0°€€8T STHYTE ETHOTE
LVTZLTS09814S098'T SHTD AED ATD SATD 61°TH6T £TL80E E1°08LC
‘q9931'qesn31'q-eyHI31‘q-ezD I ‘q-erDI 419D 19 409 09 L0'Y€9C 60°8T9C TO'TLYT 91— SELTL YALSNAOHH
90IM0S UOHEdYNUIP] urL10J024[5) ur10J0241S z/m (udd) roxxg +(H+IN) Z/m aouanbas apndag

73



sut10f026]3 AJuo “paasasqo j0u pjoq ui sanjva 2/u sapr1dadosd]o [te] NI
Aq payorpus 40/ puv pasuanbag :yovjq Apnuvu pajaquT :pay s1onpoid uorsasip ouday (2dd1-ppm) 53 surosod woaf uorgovaf payoraus-apridadosd)s v ur punof saprydad o soouanbas pup sassvj

“TaIqeL,

$2143U2 INJD YdI <[] worf sOI] ‘urwyo Lavay D3] uvwny /IO
‘furpyo Lavay DI] asnows 98/10d “wivyo Kavay WIT /d[Z/] “(94d) urwwop juvisuod vpquiv] D3 au1od 9L810d ‘[zz] () sarauo wwyo Kavay D3] owrosod [y71Z/X/SOG8TTS0I8T ¥ Z098T 08TAS T,

Recent Advances in Analytical Chemistry

d[qeyteaeup) ¥0°7€8¢ umowyup)
S[qerteaeuf) L0Z/1/¢ umowyup)
9%810d 80 90%0¢¢ MMASYSTYTASSYVAINNSO
S[qerteaeu() 6€°C YI'eLIe ASddOdddIdIIIAMOTIOV
9%810d 9Te 1€80C MIMALAVOdAAASTTOANTLY
S[qerteaeuf) ST0 0°€90¢ AVIATISdOTASATLAAL
[qeyteaeup) 98T 96'S861 ATLAALOSOSOSTIAIADSY
9¥810d 90T [243) JINLOTIISSddAINALIVY
9%810d (40" 69961 MIALLOTHLADDLIDSSS
(a111-81) 0T1£00 UdI 86'T L6'9181 YSdADLJISNIOAITO
s[qe[reaeun) 88'€ S6'T08T YSAADLIANNISAITO
9¥810d €LT T6¥ELL USAADLIISNLSAIAL
S[qeyteaeup) 16'8T.1 umowqur)
201m0s uoNEIYNUAP] urL10J024[5) ur10J0241S z/m (udd) xoxxg +(H +IN) 2/m aouanbas apndag

74



Characterization of Whole and Fragmented Wild-Type Porcine IgG
DOI: http://dx.doi.org/10.5772/intechopen.82792

Precunor BR800 0w

Peptide (M+H)* 1115.52
i Glycoform (M+H)* 2560.07 s
| Glycan 1444
o GOF

B Prevrse BBE4 Do

|mas Peptide (M+H)* 1212.53
Ghycoform (M+H)* 2656.09
Glycan 1444
GOF

Praurior: BT Da

Peptide (M+H)* 1173.52
Glycoform (MeH|' 3087.23

|or r Glycan 1914
GIF5 (NeuGc)

Precunaor §T0.7 Da

Peptide (M+H)* 1069.55
Glycoform (M+H)* 2933.21
Glycan 1864

Man 9

Figure 2.

Tandem mass spectra of doubly or triply charged ions of glycopeptides enviched from the tryptic products of
porcine wild-type IgG. (a) GoF glycoform of EAQFNSTYR, (b) GoF of undetermined peptide, (c) G1FS of
EEQFNSTYR, (d) Man-9 of undetermined peptide.

3.2 Fragmentation of porcine wild-type IgG with papain and fabulous™
followed by SEC

Antibody samples were first fragmented on immobilized papain, and thus it is
expected that only IgG-related products will be present in the mixture. As shown
by Figure 3a, all antibody was fragmented (intact antibody would have appeared at
ca. 4.5 min). In general, when IgG is incubated with papain with a reducing agent,
one or more peptide bonds in the hinge region are split, producing three fragments
of similar size: two Fab fragments and one Fc fragment. The Fc may remain intact
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based on conditions and enzyme used [9, 10]. The cleavages occur at cysteines
around position 271 (in Figure A1), about 10 amino acids from the IdeS cleavage
site [29]. In human IgG subtypes (IgG1-4), there are on average of three cysteines
in the range of hinge region positions 265-275 to make the numbers correspond
with those of Figure A1, where papain cleavages can be initiated [29]. Porcine IgG
has similar cysteine motifs in these positions; however, Figure Al shows different
lengths of amino acid chains in the hinge region, which did not seem to prevent
fragmentation. Interestingly in this papain-fragmentation experiment, the Fc did
not remain intact, but the Fab did. Figure 3a shows significant separation although
not at the baseline, but which still allowed the collection of Fab and Fc fractions.

In order to further isolate Fab and Fc segments, collected fractions were analyzed in
turn by SDS-PAGE. This allowed identification by mass, with confirmation by linear
mode MALDI-TOF-MS (not shown) and in-gel tryptic digestion of the bands (analyzed
by reflector mode MALDI-TOF-MS and HPLC-MS, next section). The first major peak
in Figure 3a was identified as originating from the Fab, and the second peak was identi-
fied as the Fc. The intact Fab fragment is larger and thus elutes prior to the split Fc, while
the opposite is usually true in the case of human IgG [15].

Fabulous™ is a recombinant cysteine protease which under reducing conditions
digests in the hinge region of antibodies from many species and subclasses, including
human, mouse, rat, and rhesus monkey, yielding Fab and Fc fragments [11]. Some
specific fragmentation site information is available for human IgG1, mouse IgG1,
and rabbit IgG, but no information at all pertains to the fragmentation of porcine
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Figure 3.

Size exclusion chromatograms obtained for 200 ug of wild-type porcine IgG fragmented by (a) immobilized
papain and (b) Fabulous™.
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IgG. Looking at all porcine IgG subtype sequences (see alignment in Figure A1), they
have a motif similar to that of rabbit IgG (KP*°1/CPP) [11], that is, with a potential
fragmentation site between isoleucine I and cysteine C: CP”°I/CPG or CP*°I/CPA.

In general, when IgG molecules are incubated with Fabulous™ in the presence
of a reducing agent, one or more peptide bonds in the hinge region are split next to a
cysteine, producing two Fab fragments and one Fc. As the reducing agent is present
during the digestion reaction, it is likely that all interchain thiols will be reduced.

In this experiment with Fabulous™ using 100 pg of pig IgG, a small portion of the
antibody was not fragmented; otherwise the Fc was split into two halves and the Fab
fragments remained intact. The HPLC-SEC chromatogram is shown in Figure 3b. The
first major peak was indicative of the Fab fragment, and the second peak eluting after
identified as the Fc, as verified later by SDS-PAGE and further tryptic digestion. As
noticed in the chromatograms of Figure 3, elution times are different, that is, longer
in portion b. This is due to gradual deterioration of the column, as both experiments
depicted in a and b were performed several months apart.

The fact that Fabulous™ (28,724 Da [11]) was free in solution and not immobi-
lized as in the case of papain involves that it would elute in the SEC chromatogram
(Figure 3b), most probably in the second peak with the Fc. If this proprietary
enzyme has a sequence similar to that of papain, subsequent proteolysis by trypsin
is likely to occur extensively, as many lysine and arginine residues are present in
papain’s sequence [31].

3.3 SDS-PAGE separation of porcine IgG fragments

For papain-produced fragments, a nonreducing gel experiment was performed
on the previously collected SEC fractions (Figure 4a). This experiment allowed
confirming the identity of the fragments. A reducing SDS-PAGE experiment was
also performed on intact pig IgG to serve as a control (Figure 4b). Bands were then
excised from the gel, followed by in-gel tryptic digestion. This helped to single out
heavy and light chains for differentiating between Fab and Fc according to their
respective known glycopeptides and peptides [2, 3]. In Figure 4a, lanes 6-9 corre-
spond to a fraction containing both Fab and Fc collected at the junction of SEC peaks
in Figure 3a. A single 50 kDa Fab band and two 25 kDa bands were obtained. The Fab
band is positioned just below the 50 kDa marker band and clearly below the Fc band
in Figure 4b, and the Fab should have a lower molecular weight than intact Fc [32].
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Figure 4.
(a) Fab and Fc SEC fractions from papain-fragmented porcine IgG on nonveducing SDS-PAGE and (b) from
Fabulous™-fragmented porcine IgG, (c) whole porcine IgG runs under reducing conditions.
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Both bands appearing in the Fc region were digested independently with trypsin as
denoted by “upper Fc band” and “lower Fc band.” It appears from further results that
they belong to different IgG subtypes. For Fabulous™ fragments, the same experi-
ment was conducted and results are shown in Figure 4b. According to gel separa-
tions, papain and Fabulous™ had very similar fragmentation effects on porcine IgG.

3.4 MALDI-MS of in-gel tryptic-digested Fc bands

Figure 5a shows the tryptic products for the upper Fc band (papain generated)
in Figure 4a. The main glycopeptide observed has three main glycoforms at m/z
2472, 2618, and 2780 as [M + H]" ions. In Figure 5b (lower Fc band), two series of
glycopeptides are observed, that is, the same as above and another one at m/z 2414,
2560, and 2722. The amino acid sequences of these glycopeptides were verified by
MALDI-MS/MS as EEQFNSTYR and EAQFNSTYR, respectively [2, 3], with glyco-
forms as indicated in the figure. PNGase de-glycosylation of these two samples led
to the spectrum of Figure 5c, where peptides at m/z 1117 (EAQFDSTYR) and 1175
(EEQFDSTYR) were detected, while the analysis of released glycans was not suc-
cessful. Similar MALDI-MS and MS/MS results were obtained for the Fabulous™-
generated porcine IgG that combined upper and lower Fc fragments digested with
trypsin. Besides glycopeptides from the Fc region, other Fc y-domain peptides were
observed, as identified from the database [22] in Table 2.
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Reflector positive mode MALDI-TOF-MS spectra of (a) tryptic digestion products from pig IgG Fc fragment
(higher 25 kDa band) and (b) lower Fc fragment. Both bands were excised from the gel run under non-

reducing conditions shown in Figure ga. (c) De-glycosylated peptides after removal of glycans to give peptides
at m/z 1117 and 1175.
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3.5 In-gel tryptic-digested fab bands analyzed by MALDI-MS

peptide masses and sequences available are listed in Table 3.

The bands just below 50 kDa from both papain and Fabulous™ digestion
processes were excised from the gel and digested with trypsin. MALDI-MS spectra
of the products were obtained, and display no obvious glycopeptides as found in
the Fc. Some peaks could be identified as light and heavy chain Fab peptides. Fab

Sequence m/z ESI m/z MALDI Error Identification
ppm source
FSGAISGNK 880.45 880.39 -70.8 P01846 (IgA
const. region)
Unknown 951.33 951.21 Unavailable
Unknown 993.36 993.56 Unavailable
Unknown 1052.22 Unavailable
Unknown 1119.29 Unavailable
Unknown 1141.26 Unavailable
Unknown 1209.48 1209.28 Unavailable
Unknown 1242.51 Unavailable
FSGSGSGTDFTLK 1303.62 1303.61 -491 Unavailable
Unknown 1339.55 Unavailable
Unknown 1374.27 Unavailable
Unknown 1383.95 Unavailable
Unknown 1419.30 Unavailable
Unknown 1476.02 Unavailable
Unknown 1503.39 1504.12 Unavailable
Unknown 1526.39 Unavailable
Unknown 1584.35 Unavailable
Unknown 1622.45 Unavailable
YAASSYLALSASDWK 1632.79 1632.85 36.7 P01846 (IgA
const. region)
Unknown 1660.16 Unavailable
Unknown 173519 Unavailable
Unknown 1762.23 Unavailable
QLIYSTNNRPTGVPSR 1802.95 1803.00 2773 Unavailable
Unknown 1826.41 Unavailable
Unknown 1866.38 Unavailable
Unknown 1910.24 Unavailable
Unknown 1942.26 Unavailable
AAPTVNLFPPSSEELGTNK 1972.00 1972.18 90.2 P01846 (IgA
const. region)
Unknown 2034.37 Unavailable
FTDETLVSDLQPSLDRAR 2063.04 2063.17 629 Unavailable
Unknown 2135.81 2136.40 Unavailable
Unknown 2210.95 2211.46 Unavailable
Unknown 2338.64 Unavailable
Unknown 237763 Unavailable
Unknown 2408.38 Unavailable
VTLTCLVTGFYPPDIDVEWQR 2509.24 2509.39 58.5 IgG4a
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Sequence m/z ESI m/z MALDI Error Identification
ppm source
Unknown 2691.50 Unavailable
Unknown 2807.49 Unavailable
Table 3.

Fab tryptic peptides from porcine IgG fragmented with papain and fabulous™. Second column (m/z ESI):
Already identified in Table 1. Ervor: Measured using the MALDI m/z values against calculated values.
Sequences in red are assigned from mass only based on Table 1.

Overall, MALDI-TOF-MS experiments allowed suggesting that efficient separation
of Fab and Fc fragments from each other occurred, using the SEC/SDS-PAGE proce-
dure. There was a minimal number of overlapping peptides between Fab and Fc MALDI
spectra (Tables 2 and 3). In Table 3, peptides in red had already been sequenced and
appeared in Table 1; peptides whose m/z values appear in the second column were also
observed in Table 1, although not sequenced. Overlapping peptides between Tables 2
and 3 are atm/z 2509 (unknown), 2884 (glycoform of m/z 1115), and m/z 1677 (IgM).
The presence of IgM in the sample had been noticed in an earlier report [3].

3.6 Tryptic products of Fabulous™-fragmented porcine IgG analyzed by
HPLC/MS

Each sample of digestion products from Fc and Fab bands were analyzed twice
by HPLC/MS, and results are summarized in Table 4. In Figure A2, total ion
chromatograms (TIC) of the pig Fab and Fc tryptic products showed differences
in the retention times of some peaks as expected. Peaks observed at the same
retention times (e.g., 4.41-4.46, 10.35, and 23.10 min) and common to all injections
corresponded to singly charged ions of small compounds of 7/z <700 and were
not considered in the analysis, as they probably were non-peptide contaminants.
Peaks at 5.96 min also present in both chromatograms corresponded to a mass 1660
peptide from the Fab, AGGTTVTQVETTKPSK. Non-glycosylated peptides in
Table 4 were identified through MS/MS and database search, while glycopeptides
were assigned by mass only in reference to entries in Table 1.

As Fabulous™ was possibly still present in the mixture at the time of tryptic diges-
tion of the Fc gel band, analogous papain tryptic digestion products were sought for by
m/z, but not found. Only one papain peptide with sequence YIDETNK (m/z 882.4203)
could be present according to its nominal mass; however, the observed m/z 882.4998
peptide ions are closer to the calculated mass of IgG DLPAPITR, 882.4939. As seen in
Table 4, many peptides remain un-sequenced/unidentified, and others are identified
as either Fab or Fc peptides of porcine IgG. Interestingly, there were some very good
matches with human and mouse IgG, which is not surprising given relatively high lev-
els of homology between mammal species in general. However even with all the heavy
chain sequences available in the literature for porcine IgG (see footnote of Table 4 and
Figure A1), none of them contained the human- and murine-assigned peptides. It is
also interesting to observe that most peptides are predominant in either the Fab or Fc
injections and that overlapping peptides are clearly more present in one sample than
in the other. Accordingly, all Fab P01846 peptides (/2 880, 1175, 1274, 1375, 1533,
1590, and 1661) were more abundant in the Fab than the Fc sample, although all these
peptides showed some level of overlap. The same reasoning is applicable to Fc pep-
tides, including the N-glycoforms of EAQFNSTYR and EEQFNSTYR. It is also pos-
sible to know the origin of most unidentified peptides in Table 4 by comparing their
normalized abundances. Other N-glycopeptides reported in Table 1 were not detected
in these Fab and Fc RPLC/MS experiments, possibly due to the lack of glycopeptide
enrichment and to sample loss during the SEC and SDS-PAGE procedures.
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3.7 Comparative aspects of both workflows

The initial RPLC-MS/MS experiment on the enriched whole IgG digest
produced the most useful information in terms of glycopeptides. Besides the
latter, many peptides were identified as originating from the Fc or Fab portion,
while for other peptides origin remained unknown. This first workflow allowed
detecting N-glycopeptides from the Fab portion of the antibody, although their
sequences could not be completely assigned. The second workflow necessitated
more intensive work than the first one. Size-exclusion chromatography or
SDS-PAGE was not sufficient on its own to properly separate Fab and Fc, and a
combination of both was preferable. Even then, RPLC/MS results show partial
overlaps for many peptides, although most peptides were much more abundant
in one sample (Fc or Fab) than in the other. In terms of ionization modes used in
the second workflow, ESI yielded more details on sialylated glycopeptides, but
did not allow the observation of Fab N-glycopeptides. As analyses by MALDI
were the result of depositing all tryptic products of a gel band onto one target
spot, it is probable that the signals of sialylated glycopeptides or low concentra-
tion Fab glycopeptides were overtaken competitively by peptides that are more
abundant.

4. Conclusions

Porcine immunoglobulins constitute a complex ensemble of biomolecules, with
several subtypes whose amino acid sequences are not clearly assigned and described
in the literature (see Figure A1). In this study, three state-of-the-art mass spectrom-
eters were used to characterize tryptic peptides, offering a considerable amount of
complementary information owing to the great sensitivities of these instruments,
given the small amounts of IgGs used. Indeed, fragmentation of porcine IgG into its
Fc and Fab portions was achieved for the first time using papain and Fabulous™ on
200 pg or less of antibody. Fragments needed separation by both SEC and SDS-
PAGE before analysis by MALDI-TOF-MS and HPLC/MS. These separation pro-
cedures did not eliminate the overlapping of Fab and Fc tryptic peptides entirely;
however, there was a significant level of discrimination. This workflow resulted in
better knowledge about the origin of tryptic peptides from IgG.

During the course of this work, the several sources of sequence information
on porcine IgG found in Figure A1 were used to verify HPLC-MS/MS, MALDI-
TOF-MS, and HPLC-MS data. Most Fc peptides were from the gamma constant
region, where some Fab peptides were identified as belonging to the constant
portion of the lambda chain. The HPLC-MS/MS method of tryptic peptide with-
out previous Fab-Fc fragmentation was the most efficient in terms of useful data
generated per amount of sample used, although many peptides could not be related
to either Fc or Fab. This study highlights the need for detailed pertinent sequence
information for porcine IgG, which is not a commonly studied set of biomolecules.
Future work will involve the quantification of IgG subtypes according to unique
peptide sequences that are already known in each subtype.
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Figure A1.
Alignment of sequences available in the literature for the porcine IgG heavy chains. IgGn: from Ref. [3]. Others:
UniprotKB [22].
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Figure A2.
HPLC/MS total ion chromatograms obtained for the tryptic products of wild-type porcine IgG Fabulous™
fragments, (a) Fc and (b) Fab.
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Abstract

For various types of drug approval processes like INDs, NDAs, ANDAs, veterinary
drug approval, the data related to bioanalytical method development and validation is
needed to sponsors. Various agencies namely US FDA, American association of phar-
maceutical scientists (AAPS), Health protection Branch (HPB), Association of ana-
lytical chemists (AOAC), Center for Veterinary Medicine (CVM), U.S. Department
of Health and Human Services Food and drug Administration, Center for Drug
Evaluation and Research (CDER), European Medicine Agency (EMA), China Food
and Drug administration(CFDA), European Bioanalytical Forum (EBF), Global
CRO council (GCC), ANVISA (Brazil), Japan Bioanalytical Forum (JBF) had done
collective efforts at different timings to regulate and harmonize bioanalytical method
development and validation.

Regulatory guidance documents are available as a result of the involvement of
various official agencies. Bioanalytical method development and validation can
be performed with various validation parameters by using LC-MS/MS and other
analytical techniques. Also, there are various stability guidelines and procedures
were set which are useful for bioanalysis.

The present review is having a special concern on regulatory and practical per-
spectives to researchers for development and validation of the bioanalytical method.

Keywords: bioanalytical method development and validation, validation parameters,
sample extraction technique, stability, good laboratory technique, recent trends

1. Introduction and history

When we draw attention on bioanalytical method development and validation,
from last three decades, there was major progress in this field. Various agencies
namely US Food and drug administration (US FDA), American association of phar-
maceutical scientists (AAPS), Health protection Branch (HPB), Association of ana-
lytical chemists (AOAC), Center for Veterinary Medicine (CVM), U. S. Department
of Health and Human Services Food and drug Administration, Center for Drug
Evaluation and Research (CDER), European Medicine Agency (EMA), China Food
and Drug Administration (CFDA), European Bioanalytical forum (EBF), Global CRO
Council (GCC), ANVISA (Brazil) had done collective efforts at different timings
to regulate and harmonize bioanalytical method development and validation. The
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very first workshop was held in Arlington, VA, December 3-5, 1990 which was col-
lectively organized by AAPS, U.S. Food and Drug Administration, the International
Pharmaceutical Federation (FIP), the HPB, and the AOAC and the report of that was
published in Pharmaceutical research and four other journals. This workshop clearly
points out two important phases of bioanalytical method development and validation
that are, an analytical method development in which all parameters of the bioanalyti-
cal method should be developed including assay definition, and actual application
of a bioanalytical method for Bioavailability, Bioequivalence and Pharmacokinetics
studies. Draft guidance on bioanalytical methods validation was issued by the FDA
in January 1999The second AAPS/FDA bioanalytical workshop was held in January
2000. The workshop has resulted in a report ‘Bioanalytical method validation—A
revisit with a Decade of Progress’. This workshop also forms the basis of FDA guid-
ance on bioanalytical method development and validation, in May 2001. A separate
workshop was held 2000 to discuss validation principles for macromolecules. To
address the need for guiding principles for the validation of bioanalytical methods for
macromolecules, the AAPS Ligand—Binding Assay, Bioanalytical focus group devel-
oped and published recommendations for the development and validation of ligand-
binding assays in 2003. Current FDA guidance and bioanalytical methods validation
workshop white paper was published in 2006. The third AAPS-FDA bioanalytical
workshop was held on May 1-3, 2006, in Arlington, VA, concluded with several
recommendations to achieve the above goals and objectives related to bioanalytical
method development and validation. There was EMA Draft guidance on validation
of bioanalytical methods held on April 15-16, 2010. GCC, EBF, CFDA, ANVISA had
taken the wide range of efforts to discuss various practical problems of bioanalysis
in this decade along with the industry. The regular workshops, conferences of these
organizations create interest and improve knowledge in bioanalysis field.

In May 2018, U.S. Department of Health and Human Services, Food and drug
administration, Center for Drug Evaluation and Research (CDER) and Center
for Veterinary Medicine (CVM) were published guidance for industry regarding
bioanalytical method development and validation [1].

2. Need of bioanalytical method development and validation

Sponsors are applying for investigational new drug application (IND), new drug
application (NDA), Abbreviated new drug application (ANDA) to FDA. To fulfill
the formalities, they have to submit human clinical pharmacology, bioavailability
(BA), and bioequivalence (BE) studies, requiring pharmacokinetic (PK) evaluation
including non-human pharmacology and toxicology studies and preclinical stud-
ies, for this purpose there is a need to develop and validate bioanalytical method.
Generally, for industrial use, the bioanalytical methods are developed in biological
matrices such as blood, serum, plasma, or urine [2]. The new guidance was having
influence of chromatographic assays (CCs) and ligand binding assays (LBAs), as
these types of assays can quantitatively determine the drugs and their metabolites,
therapeutic proteins and biomarkers in biological matrices such as blood, serum,
plasma, urine and tissues. The guidance document also includes the public com-
ments on the revised draft published in 2013. It also provides recommendations
for the development, validation and in-study use of bioanalytical methods. The
recommendations can be modified with proper supporting documents according to
the specific type of bioanalytical method. The advances in scientific and technical
factors were included in the guidance. For the successful conduct of nonclinical,
biopharmaceutics and clinical studies, the validated analytical methods which
provide quantitative data of analytes including drugs and biological products and
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biomarkers in given biological matrix are critical ones. These validated methods
provide important data related to safety and effectiveness of drugs and biological
products. The validated method addresses the key questions related to specificity,
accuracy and precision, sensitivity, sample collection, handling, storage of analyte.
There is need for partial or cross validation when there are changes to a validated
method. The level of validation should be proper for intended purpose of the study
which is stated by fit-for-purpose. The most crucial studies submitted in an NDA,
BLA or ANDA which helps in regulatory decision making for approval, safety such
as BE or pharmacokinetic studies should contain validated bioanalytical methods.
The analytical laboratory, which is involved in conducting toxicology studies for
regulatory submissions, should follow 21 CFR 58 and GLP [2].

3. Instrumentation for bioanalytical method development and
validation

Gas chromatography, high-pressure liquid chromatography, LC and GC,
combined with mass spectrometric (MS) procedures such as LC-MS, LC-MS-MS,
GC-MS, and GC-MS-MS are used for quantitative analysis. For the quantifica-
tion of conventional, low molecular weight drugs in biological fluids has shifted
dramatically in favor of mass spectrometry-based methods, particularly LC-MS
and LC-MS-MS. In the years of 90’s there have been tremendous advancements in
the field of mass spectrometry with the development of new interfaces, ionization
and detection techniques. These advancements resulted in the rapid emergence and
widespread commercial use of hyphenated mass spectrometry-based assays, which
have largely replaced conventional HPLC, GC, and GC-MS assays [2].

4. Validation and acceptance criteria
4.1 Background

The main purpose of bioanalytical method development is to clearly define
the design, operating conditions, limitations and suitability of the method for
its intended purpose. It also ensures that the method is optimized for validation.
Before starting development of bioanalytical method, the sponsor should perform
the detail study of analyte including physicochemical properties, in vitro and
in vivo metabolism and protein binding etc.

The procedures related to extracting the analyte from biological matrix and its
detection are the important tasks in method development.

Following are the parameters for method development:

* Reference standards

* Critical reagents

* Calibration curve

* Quality control samples(QCs)

* Selectivity and specificity

* Sensitivity
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* Accuracy
* Precision
* Recovery
* Stability of the analyte in the matrix

The developed method should be suitable for analysis of study sample and that
is proved on the basis of bioanalytical method validation results. In case if there is
new drug entity, its metabolites or biomarkers or any revisions to existing method,
the full validation is necessary. The detailed written description like protocol, SOP’s
should be established. The detailed description of parameters, environment, matrix,
collection of sample should be included. Any parameter and results draws any
conclusion should be documented and presented in detailed report. Each analyte
should be validated in biological matrix [1].

Three types of validation are full validation, partial validation, cross valida-
tion. When there is completely new drug entity under investigation, bioanalytical
method is developing for the very first time, any small change in laboratories,
instrument, software, matrix, (from rat plasma to mouse plasma or matrix
within species like human plasma to human urine) in that case validation can
range from as little as one assay accuracy and precision determination to a
nearly, full validation. In Cross validation, comparison is done in between two
bioanalytical methods. For example, data generated using different analytical
techniques like LC-MS-MS vs. ELISA in different studies are included in a regula-
tory submission [3, 4].

4.1.1 Validation parameters
According to FDA guidance following are common method validation terms.
4.1.1.1 Reference standards and critical reagents

The reference standard should be authenticated with known identity and purity
to prepare the known concentrations. The reference standard should be identical
to the analyte under study but if not possible then the established chemical form
like free base, free acid or salt with known purity can be used. For commercially
available reference standards, they should be with certificate of analyses (CoA) as
per requirement of USP standards. In certain cases, if there is no CoA for internally
or externally generated standards, then detail information and evidences regarding
purity, source, and lot number should be provided. If expired reference standards
are available in that case CoA is necessary or there should be regeneration of iden-
tity and purity standards. In case of internal standards, there is no need of CoA, if it
is not interfering with analyte. The critical regents should be properly characterized
and documented for identity, purity and stability. These critical reagents include
antibiotics, labeled analytes and matrices.

In case there is change in critical reagent like lot-to-lot change or switches to
another reagent then there is need of assay validation [1].

4.1.1.2 Calibration curve

The proper quantitation range should be selected for assay and calibration
standards based on expected concentration range in the particular type of
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study. While studying Ligand Binding Assays (LBAs) there should be anchor
points outside the range of quantification in addition to calibration standards.
However, these anchor points should not be the part of the acceptance criteria.
In most of the LBAs the calibration curves are nonlinear therefore more calibra-
tion standards are needed to finalize the calibration range for LBAs than for
Chromatographic assays (CCs).

The response-error relationship for LBA standard curves is variable func-
tion of the mean response. The concentration-response relationship should
be explained with simple model including weighting scheme and regression
equation. The reproducible calibration curve should be obtained. The biologi-
cal matrix should be same throughout the study. The calibration curve should
be generated for each analyte if sample contains more than one analyte. In case
of surrogate matrices, there should be proper justification and validation of the
calibration curves [1].

4.1.1.3 Quality control samples

For determining precision and accuracy as well as stability, the quality control
samples should be used. During method development stage, freshly prepared QCs
are recommended. For evaluation of performance of method and stability of ana-
lyte, QCs are helpful. While determining the precision and accuracy of the method,
the performance QCs are included. The stability QCs are useful to determine stabil-
ity under stress condition. The calibration standards and QCs are prepared from
separately. The calibrators and QCs should be prepared in lots of blank matrix that
is free of interference or matrix effects [1].

4.1.1.4 Accuracy

The degree of closeness of the observed concentration to the nominal or known
true concentration. It is typically measured as relative error (% RE) [5, 6].

4.1.1.5 Precision

Measurement of scattering for the concentrations obtained for the replicate

sampling of a homogeneous sample. It is typically measured as coefficient of variation
(%CV) [5, 6].

4.1.1.6 Selectivity
The ability of the bioanalytical method to measure and differentiate the analyte
in the presence of components that may be expected to be present. These could

include metabolites, impurities, degradants or matrix components [5, 6].

4.1.1.7 Sensitivity (LLOQ, Lower limit of quantitation)

The lowest concentration of an analyte in a sample that can be quantitatively
determined with an acceptable precision and accuracy [5, 6].

4.1.1.8 Standard curve

The relationship between the experimental response value and the analytical
concentration [5, 6].
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4.1.1.9 Linearity
The ability of the bioanalytical procedure to obtain test results that are directly

proportional to the concentration of an analyte in the sample within the range of
the standard curve [5, 6].

4.1.1.10 Quantification range
The range of concentration, including the LLOQ and ULOQ (Upper limit of

Quantitation) that can be reliably and reproducibly quantified with suitable accu-
racy and precision by a concentration-response relationship [5, 6].

4.1.1.11 Recovery
The extraction efficiency of an analytical process, reported as a percentage of

the known amount of an analyte carried through the sample extraction and pro-
cessing steps of the method [5, 6].

4.1.1.12 Matrix factor

A quantitative measure of the matrix effects due to suppression or enhancement
of ionization in a mass spectrometric detector [5, 6].

4.1.1.13 Stability

The chemical or physical stability of an analyte in a given matrix under specific
conditions for given time intervals [5, 6].

4.1.1.14 Reproducibility

Ability of the method to yield similar concentration for a sample when measured
on different occasions [5, 6].

4.1.2 Stability study

Special focus is given on stability study. Various stability parameters can be
explained as below [5, 6].

4.1.2.1 Stock solution stability

The stock solution stability of drug sample and internal standard should be
evaluated at room temperature for minimum of 6 h. The stock solutions are kept
at frozen or refrigerated over the period. Then these stock solutions are evalu-
ated by comparing with the response of freshly prepared stock solutions. The
stock solution stability should be performed at least for one concentration in
duplicate.

4.1.2.2 Post preparative (extracted samples or autosampler tray) stability
This stability is determined for extracted samples. To cover expected run time

for the analytical batch and to allow delayed injection due to some instrument
malfunctioning or long term storage of the samples, this stability is determined for
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~48 to 96 h. This stability is determined on QC samples which are kept for measur-
able time at the autosampler tray. These samples are analyzed with fresh standards.

4.1.2.3 Benchtop stability

The QC samples at minimum of two concentration levels are kept at room tem-
perature for 4-24 h. It covers the time to extract the samples. The concentrations
are analyzed by comparing with their nominal values. The samples are analyzed in
replicates generally in triplicate.

4.1.2.4 Freeze-thaw stability

This stability is determined at a minimum of two concentration levels. The
samples are frozen overnight for —20 or —70°C. Then it is removed and thawed at
room temperature. After that, the samples are frozen again at the same temperature
for 12-24 h and again thawed. This freeze thaw cycle is repeated for two more times.
After completion of third cycle the samples are analyzed. If more degradation is
observed than normal values then the first and second freeze-thaw cycle is repeated
and the step in which instability occurred is determined. The freeze-thaw cycle can
be extended as per requirement.

4.1.2.5 Freezer storage stability

The freezer storage stability should be carried out at nominal freezer storage
temperature during the validation process. The long term stability should be carried
out and properly documented as per the procedure discussed below.

4.1.2.6 Postvalidation long-term stability

This stability is performed after validation. The two QC samples in the matrix
low and high concentration level are analyzed by keeping at long-term storage
temperature and analyzed in triplicate. The postvalidation long-term stability
should be performed in regular intervals starting from 1, 3, 6, 9 and 12 months
in accordance with the length of stability required. The long-term stability of
incurred samples at storage data should be assessed with stored in vivo samples.
The results should be incorporated in the original report or separate report should
be prepared.

4.1.2.7 Matrix stability

At lower temperature, there may be denaturation of matrix proteins. Therefore
matrix stability should be validated. For that purpose, additional stability should be
carried out at lower temperatures for sample matrix [7].

4.1.2.8 Bioanalysis of hemolyzed samples

As per 2009 EMA draft guidance and the 2003 ANVISA guideline hemolyzed
samples should be analyzed during method validation but practically that will dif-
ficult at the time of method validation, therefore, it was recommended to perform
at the time of method development. Data reliability and reproducibility should be
monitored according to an internal standard (IS) and incurred sample reproduc-
ibility (ISR) response. Also one can apply standard addition or standard dilution for
further investigation of data reporting. However, the final recommendation about
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hemolyzed sample is that there is no standard approach for testing of these types of
samples, so there should be the least impact on method development or validation.

4.1.2.9 Whole blood stability evaluation

The immediate spinning down of aliquot of whole blood containing the drug
taken immediately following preparation (time zero) followed by the spinning down
of another aliquot following the stability period. The whole blood stability should be
performed during method validation. However, there are various approaches for deter-
mination of whole blood stability. In case of large molecule, it is not applicable [7].

4.1.2.10 Dilution effects

The integrity of the dilution should be monitored during validation by QC
samples above the ULOQ with like matrix to bring to within quantitation range, if
the method measures the diluted samples. There should be proper demonstration of
accuracy and precision of these diluted QCs [1].

5. Sample collection, stability, storage, sample transport

For analysis purpose, some processing is required after collection from an animal
or human subject. Harvesting of plasma or serum can be done by centrifugation
process and it is kept in frozen condition. The conditions like temperature, centrifu-
gation time and force, maximum from sampling to freezing sample are specified
and maintained for proper development of the method. If an analyte is less stable in
whole blood than plasma, any delay in processing the sample or poor temperature
control could result in analyte loss; in such case, one can apply stabilizers or other
special sample handling conditions. The stability of analyte in biomatrix should be
defined during validation and analyzed during that period only. To obtain Short-
term stability, freeze-thaw stability, long-term stability in bio-matrix (typically
at —20 or —70°C), there is need to maintain all parameters like backup capacity of
freezer, alarm system for staff, freezer and also all related document, to track sample
during collection, storage and stability. Bio-matrix samples are usually frozen in
insulated containers with dry ice. The main concern is ensuring that the shipment is
still frozen upon arrival. Shipments are usually packed with sufficient dry ice to last
for a significantly greater period than the anticipated shipment time. Samples are
split into two aliquots at the collection site, for additional security; a set of reserve
aliquots can then be safely stored until the first set is received for analysis [8-14].

6. Sample extraction techniques

Sample preparation is most important and critical step in bioanalytical method
development and validation. The main task is to remove interferences present in
the sample and to make the sample with the higher concentration of analyte, which
contributes to the sensitivity of the method [6].

There are various methods of extraction as follows.

6.1 Liquid-liquid extraction

In liquid-liquid extraction, the analyte gets partitioned in between two immis-
cible phases. Generally, selective partitioning of an analyte of interest is occurring
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in between two immiscible solvents and proper extracting solvents plays important
role in this step. In LLE, the analyte gets distributed in one immiscible phase and
this partitioning also helps to separate interferences. The analyte is dissolved in a
suitable solvent. Then the second solvent is added which should be immiscible with
the first solvent. The contents in the sample tube are mixed thoroughly and the two
immiscible solvents are allowed to separate into two layers. The less dense solvent
will be upper layer, while the more dense solvent will be the lower layer. The analyte
mixture will be get separated or distribute in two immiscible solvents according

to their partition coefficient. The extent of partition of analyte is depends upon

the solubility characteristics of the components of analyte in mixture. As there is
the partitioning of analyte in between two immiscible layers, the analyte which is
soluble in less dense solvent will be at the upper layer and which one more soluble
in the denser solvent will be in the lower layer. These two immiscible layers are
separated and after separation, the respective analyte is isolated. The hydrophilic
compounds are getting soluble in polar aqueous phase and hydrophobic compounds
are in the organic solvent. Generally, by evaporation, the analyte in the organic
phase is recovered and diluted with mobile phase and then injected into the column
while aqueous phase may directly be injected [6].

In LLE analyte is brought in the organic phase, and for that, the required condi-
tions are maintained. In this, there is a direct extraction of biological material with
the water-immiscible solvent. The important task is partitioning of analyte in to the
organic phase in which aqueous phase is also present [7].

6.2 Solid phase extraction

In Solid Phase Extraction, the partitioning is occurring in between liquid and
solid phase. The main advantage of SPE is removing impurities present in analyte,
which helps in increasing the sensitivity of the method. The removal of particulate
matter from analyte is major output of SPE. In SPE, multiple sampling generally
12-24 with a lower quantity of solvent with automation are major contributing
factors. In SPE the recovery of the sample is higher. Small disposable column or car-
tridge is employed for partitioning. The SPE consists of the medical syringe which
is packed with 0.1-0.5 g of sorbent generally C18 silica. Liquid samples are added
to the cartridge and wash solvent is selected to either strongly retain or unretain the
analyte. To minimize the presence of interferences, this method is advantageous.
Even though analyte get retained on the cartridge, the interferences can be eluted
or washed, that results in the analyte-free from interferences. Then the analyte is
eluted with elution solvent and either directly injected in or evaporated to dryness
followed by dilution with the HPLC mobile phase [15, 16].

6.3 Protein precipitation

Protein precipitation is one of the methods to make the matrix interference free.
This can be achieved by denaturation and precipitation. Trichloroacetic acid and
perchloric acid has a wide choice as a precipitating agent. Various organic solvents
like methanol, acetonitrile, acetone, and ethanol are the wide choice for removing
plasma proteins and possess compatibility with high performance liquid chroma-
tography (HPLC) as a mobile phase. One part of sample matrix is diluted with
three—four parts of the precipitating agent then vortex mixing is carried out. After
that centrifugation, filtration is done to remove the protein mass. The supernatant
liquid or filtrate obtained is directly analyzed for the analyte of interest. For quan-
titative analysis, the supernatant can be isolated, evaporated to dryness and then
reconstituted with a suitable solvent before analysis [8]. In protein precipitation
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method, the analyte should be freely soluble into the reconstituting solvent. Either
by converting soluble protein to a nonsoluble state that salting out or by the addi-
tion of water miscible precipitation solvent or organic solvents such as acetone,
ethanol, acetonitrile or methanol, this technique can be achieved [10, 15].

6.4 Solid phase microextraction

Solid Phase Microextraction involves the sampling, extraction, concentration
and sample introduction single step which is solvent-free step. The bonded phase
which is fused silica fiber coated with polyacrylate, polydimethylsiloxane, carbowax
is kept in contact with the sample and exposed to the vapor, also it can be placed in
the stream of a gaseous sample to isolate the analyte and concentrate analyte into a
range of coating materials. Lastly, the fibers are transferred to analytical instruments
like gas chromatography (GC) and GC/mass spectrometry (GC/MS) for separation
and quantification of the target analyte with the help of syringe. For routine analysis
of volatile and semi-volatile compounds, SPME can be implemented. Exposed fiber
has the ability to extract and sample delivery is a key aspect of this method [8-14].
The SPME apparatus is a very simple device. It looks like modified syringe consisting
of a fiber holder and a fiber assembly, the latter containing a 1-2 cm long retract-
able SPME fiber. Analyte in the sample is directly extracted and concentrated to
the extraction fiber. The method saves preparation time and disposal costs and can
improve detection limits. SPME was also introduced for direct coupling with high-
performance liquid chromatography (HPLC) and HPLC-MS in order to analyze
weakly volatile or thermally labile compounds not amenable to GC or GC-MS [12].

6.5 Matrix solid-phase dispersion

In Matrix solid-phase dispersion technique solid matrices are used for sample
preparation. It is advantageous as the sample requirement is less that is 1 g with
low solvent, which is why it is also termed as microscale extraction technique. Near
about 98% solvent use is reduced and giving 90% sample turnaround time. In the
Conventional extraction of an organic analyte from tissue, the homogenization
of small amount of sample tissue with bulk bonded silica-based sorbent has to
perform, this can be achieved in mortar and pestle. The structure of tissue is getting
disturbed due to mechanical shearing. The sample gets dispersed on the surface
of support sorbent, for this, hydrophilic and hydrophobic interaction plays a role
which causes the mixture to become semi-dry and free-flowing homogeneous blend
of the sample. The sample disruption will be performed due to bound solvent in
the sorbent. The sample disperses over the surface of the bonded phase support
material to provide a new mixed-phase for isolating analytes from various sample
matrices. The interferences and analyte are eluted by transferring in to a pre-fitted
SPE cartridge. This technique has recently been applied, using acid alumina, to
extract the organic analyte. The two important lacunas with the method are longer
analytical time and having a limited limit of determination (LOD) [15, 20, 21].

6.6 Supercritical fluid extraction

Supercritical fluid extraction is generally used for removing nonpolar to moder-
ately polar analyte from the matrix. As per regulatory point of view, there should be
need to replace organic solvents and it is advantageous in the sense of environment.
The density of the supercritical fluid is like liquid while its viscosity and diffusivity
is in the gas and liquid values. By reducing the pressure and by the evaporation, the
recovery of supercritical solvent can be obtained. Even though there is increase in the
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pressure, if the temperature is maintained above the critical temperature, the liquid
phase will not be appeared. To obtain more efficient extraction the density of super-
critical fluid should be like liquid which can be obtained by increasing pressure and
this step is more advantageous that of organic solvents. Carbon dioxide dissolves many
volatile polar compounds, acting good supercritical solvent. This work can be achieved
in the presence of trace amounts of polar co-solvents like water and short-chain alco-
hols. Supercritical fluids can be used to extract analyte from samples [15, 17]. The SFE
is fast process. The rate of diffusion of a species in the fluid and viscosity of the fluid
determines the rate of mass transfer between a sample matrix and an extraction fluid.
The greater the diffusion rate and the lower the viscosity, the greater will be the rate of
mass transfer. The SFE can generally be completed in 10-60 min. The solvent strength
of a supercritical fluid can be varied by changes in the pressure and to a lesser extent in
temperature. Many supercritical fluids are gasses at ambient conditions. Thus recovery
of analyte becomes simple compared to organic liquids. Some supercritical fluids are
cheap, inert and nontoxic. Thus they are readily disposed-off after an extraction is
completed by allowing them to evaporate in to the atmosphere [11].

6.7 Column switching

The broad definition of 2D (or multidimensional) chromatography is a ‘Selective
transfer of analyte of interest from a first column to the second column. (By means of
switching valve) [12]. Column switching is one of the interesting techniques for sam-
ple preparation. In this technique, the analyte of interest is retained and separated
on HPLC stationary phase while the unretained components are eliminated from the
column. In this technique, the component of interest separated at lower retention
time is cut and transferred onto another HPLC column for further separation. The
important advantage is that the process is automated and whatever transfer of analyte
occurs can be determined quantitatively. The analyte gets transferred quantitatively
without any loss in concern with the adsorption or degradation [15, 18, 19].

7. Acceptance criteria for method validation

One care must be taken while preparing standard and QC samples, which they
should be prepared from same stock solution, also the stability and accuracy of both
should be verified before proceeding for actual practical. The selectivity of sample
matrix should be verified, can be used throughout the experiment. Standard curve
samples can be inserted at any sight in the run.

7.1 Matrix-based standard calibration samples

75% or a minimum of 6 standards, when back-calculated (including ULOQ)
should fall within +15% of nominal, except for LLOQ when it should be within
+20% of the nominal value.

7.2 Quality-control samples

At least five replicates, at a minimum of three concentration levels that are
LLOQ, MQC and HQC should be inserted in into each run. The results obtained for
QC samples are the basis of acceptance or rejection of the run. Atleast 67% (4/6)
of the QC samples must be within 15% of their respective nominal (theoretical)
values; 33% of the QC samples (not all replicates at the same concentration) may be
outside the +15% of the nominal value [3].
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7.3 Selectivity

For chromatographic assays, the peak response in the blank matrix at the reten-
tion time of analyte(s) should be no more than 20% of the response for the lower
limit of quantitation (LLOQ ) sample [5, 6].

7.4 Sensitivity

Sensitivity of the method is defined as the lowest concentration that can be
measured with an acceptable limit of accuracy and precision. By analyzing at least
five replicates of the sample at the LLOQ on one of the validation days should be
performed for determining the accuracy and precision. The samples used should
be different from that of calibration curve samples. The accuracy as determined by
the relative error (RE %) at this concentration should be within +20% and the CV
should be less than 20% [5, 6].

7.5 Accuracy and precision

Accuracy and precision should be determined for both intra-and inter-runs.
They are determined at three concentration levels, which are representing entire
calibration range. The mean and CV of observed QC concentrations should be
determined to obtain intra-run accuracy and precision. The mean of the observed
concentrations should be within +15% of the nominal at all concentrations of the
QC samples. Coefficients of variation (indicating precision) around the mean
observed concentration should not exceed 15% at all concentrations. For both intra
and inter-run, all QC samples should be considered for calculation including the
samples that are failed [5, 6].

7.6 Extraction efficiency

The ratio of the results obtained for analyte from an extracted sample to the
results obtained by analyzing unextracted samples. In both cases samples should
contain same amount of analyte. The extraction efficiency need not be very high,
but it should be consistent, precise and reproducible. One can also determine the
extraction efficiency of IS. The ratio of the extraction efficiencies of the analyte and
IS provide an IS-normalized extraction efficiency [5, 6].

7.7 Matrix effect

The Matrix effect is the suppression or enhancement of ionization of analyte
by the presence of matrix components in the biological samples. The quantitative
measure of matrix effect is matrix factor. Matrix factor = peak response in pres-
ence of matrix ions/peak response in absence of matrix ions [22]. For determining
matrix effect standard curve should be compared with the standard in the buffer
to detect matrix effects. Parallelism of diluted study samples should be evaluated
with the diluted standard to detect matrix effects [9]. Due to disease conditions,
there may be variations in lipid or specific or total protein that should be consid-
ered while determining matrix effect. During method development, the impact
of hemolyzed and lipemic samples may be assessed. At the time of validation,
suppression/enhancement (matrix effect), should be assessed instead of matrix
factor [21].
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7.8 Recovery

The recovery of analyte should be consistent and reproducible. It is not expected
that it should be 100%.The recovery should be determined at three concentrations
that are low, medium, and high by comparing analyte results of extracted samples
with those of spiked control extracts [21].

8. Good laboratory practices: an important part of regulatory acceptance

The workshop on EMA draft guideline on validation of bioanalytical methods
held on April 15-16, 2010 in Brussels that was jointly organized by the European
bioanalysis forum (EBF) and the European federation of pharmaceutical Sciences
(EUFEPS). The draft guideline explains how Good Laboratory Practices are
essential for bioanalytical method development and validation. For regulatory
acceptance of method, the GLP should be followed. The word that is “regulated
bioanalysis” should be implemented while practicing the bioanalysis. The internal
quality assurance units are responsible for proper procedures, documentation of
data and review of all processes. This should be performed in a transparent environ-
ment. In addition, the fundamentals’ of GLP should be strictly and interestingly
supported by both bioanalytical chemist and regulators that contribute in the reli-
ability of bioanalytical results. When there is any new or literature based method,
complete validation should be performed. In case there is a change in the matrix,
partial validation should be performed. For QC samples, which are separated in two
aliquots in such case, cross validation is to perform. Selectivity should be confirmed
by using at least six sources of the appropriate blank matrix. In the case of matrix
effect at three times LLOQ and additional determinations of at medium and high
QC were recommended. Stability should be performed at every stage. The between-
run accuracy of QC samples should be within 15% of the nominal value and
between-run precision should not exceed 15% [8]. SOPs should be readily available
for various activities of bioanalytical method development and validation. Study
director or principal investigator should have overall responsibility of the bioana-
lytical method. In addition, all protocols should be generated according to GLP and
any alteration in protocol can be done by issuing amendment [8-14].

9. Recent trends of bioanalytical method development and validation

As per second China bioanalysis forum (CBF), all approved clinical trials that
are BE and pharmacokinetic (phase I-IV trials) should be registered and published
on CFDA website eng.sfda.gov.cn. CBF expert committee (EC) participated in the
first independent BMV draft guidance of the Chinese pharmacopeia [14].

European bioanalytical forum was established in 2006 to focus on the issues on
ISR, matrix suppression and metabolite quantification. The EBF-IGM also focuses
on Ligand-binding assays (LBAs) and immunogenicity assessment. There were
certain observations of the industry as well as FDA during audits creates interest
in ISR (Incurred sample reproducibility).It should be included in bioanalytical
support. Because there were, different observations and readings were found while
performing repeat analysis. In bioanalytical method validation, human methods
are considered validated without ever applying to study samples which are the
major drawback of FDAs guidance. The EBF provides additional clarification and
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recommendations with a view to achieving uniformity in quantitative bioanalytical
estimations of various molecules. The ISR reinforces confidence that a method is
valid and reproducible. The few important recommendations related to acceptance
of ISR suggest that it does not accept or reject a study. Failed ISR should lead to
investigation and follow-up. For small molecules, two-thirds of repeats agree within
20%, large molecules within 30%.Incurred sample reproducibility enforces the con-
fidence that a method is valid and reproducible for intended purpose. ISR should be
part of method validation in addition to various parameters. It is important to docu-
ment of robustness and repeatability of the method. It is part of regular process
check on laboratory procedures like SOPs and analysis protocols. Whenever the first
time in a new matrix whether animal or human, in new population, first patient
study, disease state changes in patient population, any major method change,
existing method in new laboratory, whenever scientific reasons require retesting of
ISR, process check, all BE studies, incidental check in any studies collectively both
clinical and nonclinical studies, there is recommendation of ISR by EBF [23].

The 5th Global CRO Council was held on 13 November 2011 in which European
medicines Agency (EMA) guidelines were the main issue of discussion. The GCC
recommends three major recommendations on incurred sample reproducibility,
consultants, and good clinical practice. The ISR should be carried out in separate
batches from that of study samples in a very short period finalized on the priority
basis of knowledge related to the stability of the analyte and the matrix. The mean
of two results that are of original and ISR results and their difference should be
determined. They also recommend good clinical practices with respect to method
validation, ISR, repeat analysis, Data recording, reporting and retention of data,
facilities and equipment maintenance, computerized systems, QA and QC, SOPs
and policies [24]. The European medicine agency (EMA) suggests about the stabil-
ity of sample in the matrix containing all the analyte. Accordingly, Global CRO
council recommends stability validation experiments in presence of co-admin-
istered compounds for fixed-dose drug combination studies including patient
studies [25]. The 2nd Global CRO Council (GCC) for bioanalysis closed forum was
held on 15 April 2011 in Montreal, Canada. In this forum they have suggested 10
recommendations on internal standard response, analyte stability, stability of light-
sensitive compounds, Incurred sample reanalysis, incurred sample accuracy, whole
blood stability evaluation, stability of the Co-administered compounds, rejected
evaluations of validation reports, stock solutions used for calibrates and quality
control sample preparation, carryover control, which are essential while develop-
ing bioanalytical method [26]. The GCC also recommends 20 recommendations
on new EMA guidelines on issues like certificate of analysis, internal standard,
calibration curve, accuracy, stability, sample stability, matrix effect, presence of
excipients, matrix obtained from special populations, study samples, calibration
standard and QC samples, acceptance criteria, chromatogram integration, sample
reanalysis, reference standards, matrix effect, matrix selection, parallelism, stabil-
ity, reagents [27].

The 5th Workshop on Recent Issues in Bioanalysis(WRIB) was held in Montreal,
Canada, on 13 and 14 April 2011 which was organized by Calibration and Validation
Group (CVG) This workshop gives 17 recommendations on various points like alter-
nate detectors, tissue analysis, whole-blood stability evaluation, chromatographic
peak integration, Systems cross-validation, stability issues in bioanalytical method
validation and the definition of fresh, fit-for—purpose validations, interpretation
of guidelines between different auditors, batch failure, effect of anticoagulant
counter ions, differences in slopes of the calibration curves on different LC-MS/

MS systems, variability of the IS response in analytical results, reinjection versus
reanalysis versus nonreportable values, matrix stability for co-formulated and
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co-administered drugs, Hemolysis of samples, method transfers and cross-valida-
tions, method development data. These recommendations should be studied and
implemented for proper regulatory acceptance of bioanalytical methods [28]. The
new draft guidance ANVISA (Brazil) was put forth in 2011. Japan bioanalysis forum
(JBF) was also put forth in 2011, which has participated for MHLW bioanalytical
study group to draft Japanese guidelines for bioanalytical method development.
Both ANVISA and JBF guidelines are having the impact of EMA guidelines with no
any remarkable difference [29]. In September 2013, FDA released a draft guidance,
which includes number of changes in bioanalysis and addition of biomarker assays
[30]. In December 2013 there was 8th GCC closed forum to discuss 2013 revised
FDA draft guidance. It was recommended that there should be minimum require-
ments for biomarker assays. It should be extended to validated, qualified or screen-
ing assays. In case of full validation, the pharmacokinetic assay approach can be
implemented but there will be certain limitations as biomarker kit are involved [31].

10. Conclusion

To evaluate and interpret bioavailability, bioequivalence, pharmacokinetic and
toxicokinetic study data, bioanalytical method validation plays an important role.
In this, the quantitative estimation of drug and its metabolites in the biological fluid
can be performed. There is a need to discuss issues related to bioanalytical method
development and validation and need to follow the guidelines, regulatory aspects
that are formed during the tenure of last three decades. Nowadays LC-MS/MS plays
important role in developing bioanalytical methods including GC-MS and other
techniques which are useful for these types of tasks. Various related authorities are
having a keen focus on different aspects of bioanalytical method development and
validation. If researchers applied all practical aspects of bioanalytical method devel-
opment and validation for determination of API or certain chemical entity, that
is advantageous for regulatory submissions of particular drug component. While
developing the bioanalytical method there should be complete clarity about the
nature of the analyte, that whether it is a small molecule or macromolecule. There
certain differences in principles of bioanalysis for these types of an analyte. For
small molecules generally LC-MS and for macromolecules, Ligand-binding assays
should be performed. Recent trends related to bioanalytical method development
and validation should be followed with GLP requirements for regulatory acceptance
of method. There are continuous conferences; workshops are arranged at different
sights of the world by CBF, GCC, and other related agencies to discuss, to solve and
to improve practical difficulties and additions in the field of bioanalysis.
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Abstract

Aptamers are in vitro selected oligonucleotides (DNA, RNA, oligos with modi-
fied nucleotides) that can have high affinity and specificity for a broad range
of potential targets with high affinity and specificity. Here we focus on their
applications as biosensors in the diagnostic field, although they can also be used as
therapeutic agents. A small number of peptide aptamers have also been identified.
In analytical settings, aptamers have the potential to extend the limit of current
techniques as they offer many advantages over antibodies and can be used for
real-time biomarker detection, cancer clinical testing, and detection of infectious
microorganisms and viruses. Once optimized and validated, aptasensor technolo-
gies are expected to be highly beneficial to clinicians by providing a larger range and
more rapid output of diagnostic readings than current technologies and support
personalized medicine and faster implementation of optimal treatments.

Keywords: aptamer, SELEX, biosensors, aptasensors, diagnostics, infectious diseases

1. Introduction

In 1868, a young Swiss physician Friedrich Miescher isolated a new biological com-
pound from nuclei of white blood cells, which had not been described before. He named
it “nuclein” [1]. Today, it is known as “deoxyribonucleic acid (DNA)” which is nucleic
acid in nature and carries heritable information for biological organisms. However, with
advancements in the molecular genetics field, scientists started to discover new functions
of nucleic acids other than storing and transferring genetic information [2].

In the 1980s, research on human immunodeficiency virus (HIV) and adenoviruses
revealed a new understanding of the importance of selective interactions between nucleic
acids and proteins. These studies demonstrated that viruses express small RNAs, which
bind to cellular or viral proteins with high specificity. In parallel with these discoveries,
scientists focused on deciphering fundamental features of short RNAs that can fold into
unique three-dimensional structures [3]. In 1990, three separate groups [4-6] invented
the systematic evolution of ligands by exponential enrichment (SELEX) method by
which they obtained nucleic acid molecules, similar to naturally occurring nucleic acids,
which have high specificities and affinities toward their targets. They named these in vitro
selected molecules “aptamers.” Since then, researchers have selected numerous aptamers
against targets varying from small molecules to cells using SELEX [3].
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1.1 Systematic evolution of ligands by exponential enrichment

SELEX is a technique to isolate an aptamer that is specific for the desired target
from a randomized oligonucleotide (oligo) library by simulating evolution (system-
atic evolution of ligands). This in vitro technique includes a number of selection
rounds (between 5 and 20) alternated with exponential amplification of the fittest
oligonucleotides by PCR for DNA libraries or RT-PCR for RNA libraries (exponen-
tial enrichment).

In a typical SELEX experiment, the starting pool contains up to 10" random
oligonucleotide sequences. These sequences in the pool have a unique three-dimen-
sional (3D) structures defined by the combination of interactions that include base
pairing, stacking, sugar packing, and noncanonical intramolecular interactions.
This structural complexity in the pool establishes a high probability of selecting an
oligo that can interact avidly and specifically with the target of interest (aptamer).
The intermolecular interaction between aptamer and target may include hydrogen
bonds, salt bridges, van der Waals, and hydrophobic and electrostatic interactions.

Traditionally, SELEX is comprised of three main steps: incubation, separa-
tion, and amplification. The process involves incubating a “library” of oligos with
randomized internal sequences of 20—-60 nt with target molecules for a chosen
period of time. Removal of unbound oligos from this mixture completes this initial
step. Oligos that remain bound to the target are separated and amplified either
by PCR or RT-PCR depending on the oligo type, DNA, or RNA. For DNA SELEX,
biotin-labeled primers can be used in PCR, and the resulting double-stranded
forms are separated using methods such as streptavidin bead capture. For RNA,

T7 RNA polymerase promoter-containing primers are used in RT-PCR after which
RNA libraries are amplified by in vitro transcription. The protocol follows the

same amplification steps for several rounds (4-20) as for DNA SELEX (Figure1).
Negative selection can be included in either RNA or DNA SELEX protocols, which is
achieved by passing the nucleic acid pool over a supporting matrix in the absence of
the target. This step aims at eliminating the oligos that bind the matrix in a target-
independent manner. Analogs of the target can also be included during selection
rounds as competitors of binding if there is a means of separating the target from
the analog competitors. This competition is expected to result in aptamers with
higher specificity for the target over the analogs.

Two alternative protocols are followed after these rounds to complete the
SELEX. The selected oligos from the final round are cloned and sequenced for aptamer
identification. Alternatively, high-throughput sequencing (or next-generation
sequencing) can be employed to obtain sequence data from oligos present in the pool
after different rounds of selection. Comparative sequence analysis allows pinpointing
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Figure 1.
Schematic representation of SELEX protocol.
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consensus sites that are potentially involved in target recognition [7, 8]. The most
promising sequences are synthesized and characterized further, among which aptam-
ers with nanomolar dissociation constants are frequently identified. In some instances,
aptamers have also been isolated with picomolar dissociation constants.

In vitro selection can take months. To shorten the time for selecting high affinity
aptamers, Golden et al. suggested a new method for SELEX: photochemical SELEX
(PhotoSELEX) [9]. The technique involves the evolution of modified DNA aptam-
ers, which are capable of forming a photoinduced covalent bond with their targets.
Thus, these aptamers have greater specificity, and fewer selection rounds are
required to select aptamers compared with the traditional SELEX methodologies.

1.2 Aptamer structure

Aptamer selection directly depends on environmental components during
SELEX. This is because the ionic components and pH of the environment can dictate
the predominant structures of oligos in the pool. Nucleic acids are negatively charged
molecules that create an “ionic atmosphere” for ion-nucleic acid interactions, a freely
joined sheath of ions surrounding the nucleic acids. These electrostatic interactions
directly affect the structure of nucleic acids and thus the target binding by changing
charge distribution. For specific ligand binding, it is crucial that the aptamer reli-
ably forms the appropriate three-dimensional (3D) structure. However, structures
of short oligonucleotides like aptamers are affected by the incubation temperature
and the components of the operating buffer system such as the specific ions, ionic
strength, and pH. Therefore, the affinities and future performance of aptamers
depend on the buffers used during aptamer selection, and the choice of buffer pres-
ent during selection requires attention when developing a SELEX protocol [10-13].

Some factors present in the samples to be analyzed may have a negative impact
on aptamer performance. For example, aptamers are susceptible to nucleases that
are present in many biological samples. This is particularly true for RNA, having
the 2'OH group, which can electrophilically attack the phosphate of the nucleic
acid backbone. Nucleases promote this chemical property to catalyze hydrolysis
of RNA, and this property also makes RNA more chemically labile to high pH and
temperature compared with DNA. To counter this susceptibility to hydrolysis and
to stabilize nucleic acids, many post-selection chemical modifications can be made.
However, incorporating these modifications into the aptamer after its selection
carries a large risk of altering the aptamer structure with a resulting loss of affinity
for the target analyte. Alternatively, the less risky approach is to use chemically
substituted nucleotide analogs during SELEX.

Secondary motifs in the tertiary structures of aptamers are diverse. Such motifs

» <« <

include the “stem-loop,” “hairpin structure,” “pseudoknot,” “internal bulge,”
“kissing loop,” “three-way junction,” and “the G-quadruplex.” To understand
these structures in detail, X-ray crystallography or nuclear magnetic resonance
spectroscopy is utilized. But these techniques are laborious and expensive. To ease
the process, computer algorithms have been developed to estimate the lowest free-
energy structures using sequence-based modeling [14]. This makes it possible to
quickly predict the secondary structure of oligonucleotides without needing many
resources. However, computational approaches to obtaining 3D models of nucleic
acid structures by modeling from primary sequence are still in the development
phase, and the results are not as reliable as experimental methods [15-17].
Aptamers have a significant advantage over antibodies as components of sensing
units. One advantage is that nucleic acid structures can be regenerated several times
with little activity loss, whereas protein-based antibodies can only be used once or
a few times before their functionality is lost. In contrast to antibodies or enzymes,
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| Feawres | Aptamers | Antbodies |
Target Molecules Any molecule and cell Limited to immune response producing targets
Maolecular Structure  Nucleic acid or peplide Protein

Size Small (<30 kDa) Large (=75 kDA)

Stability Reversible after rounds of denaturation Easily bose function after denaturation
Chemical Functionality Easy to modify chemical structure Hard to modify chemical structure
Immunogenicity Non-immunogenic Immunogenic

Affinity & Specificity  High High

Generation Time Several Weeks Several Months

Cost <550 f gram ~5300 f gram

Storage Stable at room temperature; Mo need to freeze Easily denaturated; Need to freeze

Shelf Life Several years [if frozen or dried | ~& moanths

Table 1.

Comparison of aptamers with antibodies.

nucleic acid aptamers are often highly stable and can be inexpensively synthesized
with high reproducibility and purity. Like antibodies, they bind their targets with
high affinity and specificity (Table 1). These properties are motivating the current
flood of reports of aptamer-based biosensors employing a wide range of technologies.

1.3 Aptamers for diagnostic and therapeutic applications

Development of novel biosensors for various clinical diseases has become
essential as new health issues emerged. To meet this goal, antibodies have been used
extensively; however, more recently, aptamers have been recognized as promising
alternatives for developing diagnostic devices.

A biosensor is a tool with the ability to provide a measurable signal as a result
of biomolecular interactions. Biosensors generally consist of two components: a
bioreceptor and a transducer. The bioreceptor binds specifically to the molecule of
interest, and the transducer turns information from the binding event into a detect-
able signal. The components of the transducer include a detector and a reporter,
which acts as a bridge between the bioreceptor and the detector.

The most critical part of the biosensor is the bioreceptor (or bio-recognition ele-
ment). The success of the sensor directly depends on its high affinity and specificity.
Because of their more flexible structures, aptamers can provide a substantial signal in
combination with a larger number of detection methods than possible for antibodies.
Aptamers are preferred over antibodies for biosensor applications because of their
cost, stability, and reusability as well as the aforementioned advantages (see Table1).
Biosensors, called “aptasensors,” have been developed with many detectors including
electrochemical, optical, microcantilever, and acoustic detectors [10].

Aptamers are also used in therapeutic applications, which will not be extensively
discussed in this chapter. For discussions of therapeutic applications, the reader
is directed to reviews that focus on this topic [18-21]. The majority of therapeutic
aptamers inhibit their target molecules, and some act as receptor agonists. Potential
therapeutic aptamers against proteins including nucleolin, chemokine ligand 12,
or thrombin have been described. Several RNA and DNA aptamers are undergoing
clinical trials, yet only pegaptanib against vascular endothelial growth factor has so
far been in the USA by the FDA for the treatment of vascular ocular disease [3].

To advance therapeutic applications, drug delivery systems with aptamers have
been developed. For such applications, aptamers are needed that recognize cell sur-
face proteins, which can be challenging to select because these proteins are difficult to
purify in their natural conformations. The development of cell-based selection tech-
niques has enabled aptamer selection against proteins in their native form while they
are on the cell surface. These selections are performed against single-cell types [22]
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to obtain aptamers with the ability to bind cell surface proteins specifically expressed
on the surface of the cell type used for selection. Delivery systems with these aptam-
ers can carry a variety of cargos into cells by taking advantage of the surface protein
internalization in response to aptamer-receptor binding.

2. Aptamer use in diagnostics

Diagnostics is one of the most dynamic fields in biosensor research. To support
early diagnosis and individualized medicine, researchers seek to develop methods to
detect identified biomarkers by more sensitive, time-saving, and cheaper methods.
The perfect sensor for medical diagnostics should also be specific, reusable, easy
to monitor, nonreactive, and stable with various biological samples. Aptamers can
be developed to meet all these requirements. With their wide spectrum of possible
targets, sensitive detection of virtually all toxins, drugs, peptides, proteins, metabo-
lites, biomarkers, and cells is possible with aptamers.

Several types of aptasensors have been developed based on electrochemical,
optical, mechanical, and acoustic approaches. An early use of aptamers as bio-rec-
ognition elements in aptasensors was reported in 1996 with an optical biosensor that
utilized fluorescently labeled aptamers in a homogenous assay [23]. Later, aptamers
were integrated onto solid supports, which provided an opportunity for real-time
analyte detection. Most of these studies have been at the proof-of-principle level, and
the majority of studies have been performed with the thrombin aptamer (TA), which
has the advantage of a stable target and aptamer. Thrombin aptamer self-assembles
into a highly stable G-quadruplex structure, and thrombin is a structurally stable
globular protein found in blood. Future studies to optimize other aptasensors with
less stable aptamers and analytes in complex matrices are likely to be challenging.

Aptamers fold their flexible, single-stranded chains into 3D structures, which
may change upon binding to their cognate target molecules. This structure-
switching characteristic has been capitalized on in many aptamer applications.
An early example used electrochemical sensing with aptamers immobilized on an
electrode surface, and target binding is observed by measuring electrochemical
current variations. This system utilized an amperometric sandwich assay com-
bining TA on a gold electrode which was used to capture the TA-labeled glucose
dehydrogenase (GDH) [24].

Several types of aptasensors have been developed based on electrochemical,
optical, mechanical, and acoustic approaches, which are discussed in the following
sections.

2.1 Electrochemical aptasensors

Electrochemical aptasensors are constructed by attaching an aptamer that carries a
redox-active moiety to an electrode surface. Such aptasensors can make use of voltam-
metric (amperometric), potentiometric, conductometric, or impedimetric assays
for analyte detection. In some formats, the aptamer is labeled with an electroactive
group and a structural change in the aptamer upon binding to the target analyte and
changes the distance of the electroactive group from the electrode surface, resulting
in the switching “on/off” of the electrochemical signal. Measurement of changes
in electrochemical features after target binding has been used to determine target
concentration [24]. So far, electrochemical aptasensors have been reported for a wide
range of targets including PDGF, thrombin and immunoglobulin E (IgE), cocaine,
theophylline, adenosine, aminoglycosides, and adenosine triphosphate (ATP) and
inorganic ions such as potassium (K*) [10].
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In addition to their innate structural changes on binding their target molecules,
other structural constraints can be applied to aptamers that result in signals for
detection by electrochemical approaches. The most commonly used additional
constraint is an oligonucleotide (either connected with the aptamer or separate)
that is complementary to part of the aptamer and, upon hybridizing with the
aptamer, constrains its structure to an inactive form. For example, a biotin-tagged
DNA aptamer for zeatin was hybridized with a complimentary “assist DNA” to form
a Y-type DNA structure. Avidin-modified alkaline phosphatase (ALP) was attached
to this structure with two biotins at the terminals of DNA aptamer. In the presence
of zeatin, this complex was disrupted which leads to a decrease in the oxidation
signal from p-nitrophenol (PNP) produced by the catalytic effect of ALP. From
this, zeatin concentration in the range of 50 pM-50 nM was selectively measured
with a detection limit of 16.6 pM [25].

Redox-active methylene blue (MB) has been used as an aptamer label and
electrotransfer communication agent with the electrode. Methylene blue enables the
detection of changes in aptamer conformation upon target binding. For example,
an MB-labeled TA was used to construct an aptasensor by its immobilization on an
electrode. The flexible conformation of the aptamer enabled the electrotransfer
from MB to the electrode. The structural change upon analyte binding shielded
MB in a “signal-off ” mode. However, this mode is a disadvantage for diagnostics
because the amperometric response decreases as a result of the association of the
target thrombin with the aptamer.

Several approaches have been taken to develop aptasensors that operate in a
“signal-on” mode. As an example, the TA was modified with an electroactive fer-
rocene group as the redox label at one end and a thiol group at the other end. The
electrical contact of the electrode with the ferrocene label was affected by the long,
flexible aptamer chain. Thrombin binding stabilizes the aptamer’s G-quadruplex
conformation, which brings the ferrocene group closer to the electrode. This close
proximity enables electron transfer between the electro-active ferrocene units
and the electrode, thus producing a positive signal in the presence of thrombin.

A similar approach to creating signal-on electrochemical aptasensors utilized the
conformational change in the cocaine aptamer that occurs on binding its target. In
the absence of the target, the aptamer on the solid surface stays in a partially folded
form as a three-way junction. Cocaine binding decreases the distance for electron
transfer and thus increases the signal [26].

Demirkol et al. generated an electrochemical aptasensor to detect E. coli
0157:H7. The electrode surfaces were modified by cysteamine via self-assembled
monolayer formation. The carboxyl-functionalized quantum dots and aptamers
were conjugated to cysteamine-modified gold electrodes [27]. Ge et al. reported
an affinity-mediated homogeneous electrochemical aptasensor using graphene-
modified glassy carbon electrode (GCE) as the sensing platform. In this approach,
the aptamer-target recognition is converted into an ultrasensitive electrochemical
signal output with the aid of a novel T7 exonuclease (T7Exo0)-assisted target-analog
recycling amplification strategy, in which ingeniously designed methylene blue
(MB)-labeled hairpin DNA reporters are digested in the presence of target and,
then, converted to numerous MB-labeled long ssDNAs. The distinct difference in
differential pulse voltammetry response between the designed hairpin reporters
and the generated long ssDNAs on the graphene/GCE allows ultrasensitive detec-
tion of target biomolecules [28]. Lai et al. proposed a renewable electrochemical
aptasensor for super sensitive Hg** determination [29]. The novel aptasensor,
based on sulfur-nitrogen co-doped ordered mesoporous carbon (SN-OMC) and
a thymine-Hg*-thymine (T-Hg"**-T) mismatch structure, used ferrocene as signal
molecules to achieve the conversion of signal to current. In the absence of Hg"™",
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the thiol-modified T-rich probe 1 spontaneously formed a hairpin structure by
base pairing. After hybridizing with the ferrocene-labeled probe 2 in the pres-

ence of Hg**, the hairpin structure of probe 1 was opened due to the preferential
formation of the T-Hg**-T mismatch structure, and the ferrocene signal molecules
approached the modified electrode surface. Sulfur-nitrogen co-doped ordered
mesoporous carbon with high specific surface area and ample active sites acted as a
signal amplification element in electrochemical sensing. The sensitive determina-
tion of Hg** can be actualized by analyzing the relationship between the change of
oxidation current caused by ferrocene and the Hg** concentrations [29]. Finally,
Wang et al. combined the strengths of advanced aptamer technology, DNA-based
nanostructure, and portable electrochemical devices to develop a nanotetrahedron
(NTH)-assisted aptasensor for direct capture and detection of hepatocellular
exosomes. The oriented immobilization of aptamers significantly improved their
accessibility to suspended exosomes, and the NTH-assisted aptasensor could detect
exosomes with 100-fold higher sensitivity when compared to the single-stranded
aptamer-functionalized aptasensor [30].

Recently, nanoporous metal surfaces have been found as good sensor platforms for
aptamers. Nanoporous gold [31, 32]-based sensors have been used with the TA and
ATP aptamers and a redox probe to provide the electrons to the gold surface for sensi-
tive detection of analyte by electrochemical impedance spectroscopy (EIS). The ATP
aptamer was in a split format with the second half of the aptamer covalently linked
with 3,4-diaminobenzoic acid (DABA), which created the EIS signal by its oxidation at
the gold interface. For an analyte that can undergo redox reactions, such as bisphenol
A (BPA), this property can be used to provide a signal [33]. Other nanoporous surfaces
such as graphene oxide/Au composites and porous PtFe or PtTiAl ternary alloys have
also been employed to measure breast cancer cells using the MUC-1 aptamer linked
with the electroactive label thionine [34] or kanamycin with [Fe(CN)6] 3=/~ [35]. The
ability of aptamers to hybridize with other oligonucleotides was employed to create
molecular gates over the pores in nanoporous gold surfaces. The gate, created with
an aptamer highly specific for the avian influenza viruses (AIV) H5N1 hybridized to
oligos linked to the nanoporous gold surface, was closed in the absence of AIV H5N1
but open when the virus bound and released the aptamer. The open pores allowed the
entry of substrate and cofactor for lactate dehydrogenase, layered on a glassy electrode
below the nanoporous gold. Cyclic voltammetry was used to detect the gold-catalyzed
oxidation of the NADH produced as a result of LDH activity [34].

Nanoporous anodized aluminum oxide surfaces have more recently been used
for providing a nanoporous surface through which electron movement can be
controlled by aptamer-analyte binding. In these aptasensors, the aptamers are
attached to a gold surface, which is provided by 2 nm gold nanoparticles [36] or by
a surface coating created by sputtering [37]. The structural change in the aptamer
due to binding of the analyte reduces access of [Fe(CN)6] 34~ to the gold surface
[36], which can be measured by EIS. Even in the absence of a redox probe, a good
EIS signal can be obtained due to a combination of steric hindrance and change in
electrical conductance around the pores resulting from the structural changes that
occur in the highly negatively charged aptamers upon binding their targets [37].

2.2 Optical aptasensors

Another type of biosensor that utilizes aptamers as bio-recognition elements is the
optical sensor, for which fluorescent and colorimetric assays are the two widely used
formats. In general, fluorescent detection is preferred due to its suitability for real-
time detection and because there are many available labeling options as fluorophores
and quenchers, which can easily be incorporated during aptamer synthesis.
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To convert aptamers into fluorescent signaling probes, several strategies
have been developed. A frequently used format places an aptamer sequence in a
molecular beacon-like, hairpin structure in which ends are labeled either with
two fluorophores or a fluorophore and a quencher. This system utilizes Férster
resonance energy transfer (FRET), which relies on the energy transfer between
donor and acceptor. Upon target binding, the structure is disrupted by separating
the two ends, thus leading to a fluorescence signal. In this format, the use of organic
fluorescent dyes or quantum dots (QDs) improved the assay performance and could
also be used to detect drug delivery in cells. Another format places a fluorophore-
labeled aptamer in a duplex structure with a complementary DNA sequence labeled
with a quencher. The aptamer target successfully competes with the complementary
DNA resulting in departure of the complementary strand from the aptamer and an
accompanying increase in the fluorescence signal [26].

In optical analysis, simultaneous detection of several analytes is readily achieved
by multiplexing. In one of the earliest examples, fluorescently labeled aptamers
were immobilized on a glass surface. In this system, detection of thrombin and
three cancer-biomarker proteins, inosine monophosphate dehydrogenase, vascular
endothelial growth factor, and basic fibroblast growth factor, was achieved by fluo-
rescence polarization even in the presence of human serum and E. coli cell lysates
[10]. The use of aptamer-linked beads in a microarray setting brought a further
sophistication of an “electronic tongue” that consists of a fluid delivery system and
a fluorescence microscope attached to a digital camera for quantification [10].

Graphene oxide-based aptasensors can also be readily multiplexed [10]. Asan
example, a novel label-free fluorescent approach was constructed for HIN1 detec-
tion based on graphene-oxide and strand displacement reaction, using SYBR Green
I (SGI) for signal amplification [38]. Another example is an assay for detection
of the pathogenic bacterium, Pseudomonas aeruginosa. This assay was enabled by
highly specific aptamers conjugated with photoluminescent carbon dots as the
fluorescent probe and graphene oxide as the quencher, and it allowed detection
of aslowas9 CFUmL™ P aeruginosa [39]. Electrochemiluminescence is another
output option for aptasensors [40].

2.3 Microcantilever aptasensors

Incorporating aptamers into microcantilever sensors offers the possibility of
label-free target detection, low noise, high scalability, and small testing volumes [10].
Microcantilever-based sensing has been incorporated into several experimental chemi-
cal and biological sensing systems due to its small size, low cost, low sample volume,
label-free detection, and ease of integration with microfluidic devices [41]. High-
throughput analysis is achievable via microcantilever arrays for parallel processing,
although they cannot easily be extensively multiplexed. Microcantilever aptasensors can
be operated in either static or dynamic mode. In a liquid environment, the static mode
can be more sensitive compared to the dynamic mode. In the static mode, one side of
the microcantilever is functionalized with aptamers for analyte detection. Surface stress
is generated when target analyte adsorbs onto the functionalized surface. The difference
in surface stress between the top and bottom surface results in microcantilever bend-
ing, which can be upward (positive) or downward (negative) depending on the type
of molecular interactions involved. Displacement of the beam can be detected by using
readout techniques such as optical, piezoresistive, and capacitive. The optical tech-
nique is the most popular approach because it has high resolution and linear response
and produces absolute displacement measurement. Detection of proteins and small
molecule analytes, with an aptamer-decorated cantilever, can be achieved with many
sensing means including interferometry [42-44] and piezoresistivity [45, 46]. Further
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development of microcantilever devices will require solutions to their sensitivity to
vibration and the limits to which they can be multiplexed.

2.4 Acoustic aptasensors

Early work on acoustic aptasensors included the modification of gold-coated
quartz crystals with aptamers. Target binding changes the frequency or phase shift
which can be detected as a change in the input and output light. For example, the
IgE DNA aptamer on a quartz crystal microbalance (QCM) format provided a
detection limit of 3.3 ng.cm™ of IgE [47].

Label-free and real-time quantification of proteins were also measured by the
propagation of the acoustic wave in a surface acoustic wave (SAW) biosensor,
which included an array of five sensor elements to detect human a-thrombin
or HIV-1 Rev peptide. This system had a detection limit of 75 pg.cm™ for both
a-thrombin and HIV-1 Rev peptide as analytes [48]. The aptamers demonstrated
a better linear response, stability, and reusability when compared with antibodies
specific for IgE.

Surface plasmon resonance (SPR) sensors, similar to QCM and SAW aptasen-
sors, rely on a change in refractive index due to target binding. Quartz crystal
microbalance and surface plasmon resonance aptasensors for detection of HIV-1
Tat protein were found to have similar high specificities with the SPR sensor having
a wider linear range [49]. The SPR aptasensor for retinol binding protein-4 was
found more sensitive than an ELISA [50]. In developing SPR aptasensors, combined
approaches resulted in a microfluidic device with interdigitated transducer creating
high-frequency acoustic waves for target separation [51]. Biotinylated-thrombin
aptamers were captured by streptavidin-functionalized polystyrene, which was
pumped in the microchannel after incubating with sample. In the microfluidic
device, SAW exposure leads to separation of thrombin captured in the polystyrene
by its aptamer from the nontarget serum proteins.

Gold nanoparticles (AuNPs) have also been utilized in developing SPR aptasen-
sors. A U-shaped fiber-optic SPR biosensor was developed for the rapid detection
of BPA [52]. Incubation of bare AuNPs with BPA aptamer resulted in AuNPs/ssDNA
complexes which are stable in high salt. Bisphenol A binding disrupted this com-
plex, which resulted in the aggregation of AuNPs and enhanced refractive index
of the solution in the fiber-optic SPR sensor. This system had a detection limit of
3.7 pg.mL™", and linear range was 0.01-50 ng.mL ™"

Neves et al. generated two sensitive cocaine aptasensors that rely on an electro-
magnetic piezoelectric acoustic sensor (EMPAS) platform as the basis of ultra-high
frequency with tuned signal-to-noise ratio [53]. The sensing interface consists of a
S-(11-trichlorosilyl-undecanyl) benzenethiosulfonate (BTS) adlayer-coated quartz
disc onto which a structure-switching cocaine aptamer was immobilized, completing
the preparation of the MN4 cocaine aptamer with an apparent Kd of 45 + 12 pM and
limit of detection of 0.9 pM. The same group developed an MN6 cocaine aptasensor
using an EMPAS platform that had apparent Kd of 27 + 6 and a 0.3 pM detection
limit [54].

Detection of cells using SPRs has some limitations that have been creatively
overcome. The first limitation includes nonselective binding that causes the refrac-
tive index changes, which can be circumvented by reference flow cells to offset this
effect [55]. Second is the sensing range, which is typically around 200 nm com-
pared with cell dimensions that are in the micron range. Using long-range SPR, the
depth was increased over 800 nm, which increased the sensitivity for cell detection
[56]. Another drawback is its low-throughput, which has been resolved by SPR
imaging technology.
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3. Clinical perspective

As discussed throughout this chapter, aptamers can be evolved to have high affinity
and specificity for a range of target molecules that includes small organics, peptides,
protein, sugar, viruses, bacteria, parasites, live cell, and tissue (Tables 2 and 3).

This characteristic paves the way for aptamers to have applications in various disci-
plines including sensing, medicine, pharmacology, and microbiology. Aptamer-based
sensors have great promise as effective tools in the areas of diagnostics and therapeu-
tics for clinical use [164, 165].

3.1 Clinical diagnostics

In clinical practice, the quantification of single biomarkers is frequently not
sufficient to support a confident diagnosis. Thus, multiple analyses are required for
each diagnosis, many of which might rely on antibodies, the current workhorses of
the diagnostic world. Although many antibodies are highly sensitive and specific for
their antigen targets, they often suffer from batch-to-batch variation. ELISA assays,
which are the main diagnostic platform for antibodies, have been improved with
protocols that increase their efficiency and the specificity of their output. However,
ELISA assays cannot be readily multiplexed to measure simultaneously the many
biomarkers required for a confident diagnosis. A strength of aptamer biosensors is
their ability to be multiplexed. Another strength is the range of technologies that
can be applied to produce operating aptasensors [166-168]. With these strengths to
drive it, aptasensor technology is one of the fastest growing biotechnology areas in
diagnostics with an expectation of reaching about $250 million by 2020 [169, 170].

Aptamers can provide new opportunities for medical diagnostics beyond what
is available with antibodies [18, 171]. For example, aptamers can be selected against
non-immunogenic and toxic targets, to which antibodies cannot be elicited. These
short, single-stranded oligonucleotides can be synthesized via simple chemical
synthesis, making them easier and less costly to produce than antibodies [172].
When synthesized in cells containing DNAs encoding RNA aptamers, they can fold
appropriately and recognize intracellular targets [173-175].

A limited number of aptasensors are in the pipeline to be used in the areas such
as biomarker and microorganism detection and cancer clinical testing. The avail-
able aptasensors include (1) OTA-Sense for detection of Ochratoxin A (OTA), a
toxin produced by fungi [165, 176]; (2) AflaSense for detection of aflatoxins [95,
177-179]; (3) AptoCyto for flow cytometry applications [165]; (4) AptoPrep as a kit
including conjugated aptamers specific to CD-31, EGFR, HGFR, and ICAM-2 [165];
(5) SOMAscan as a platform with the ability to detect >1300 proteins from small
volumes [180-184]; (6) an aptamer-based proteomics technology developed by
Jung et al. for detecting non-small cell lung cancer [165]; and (7) OLIGOBIND for
measuring the thrombin level in blood [185].

Highly sensitive tests are required to specifically detect cancer cells in body fluids
over all others. Success in this effort requires the identification of biomarkers that are
found only on tumor cells. Some aptamers have been identified that might be applied
to detecting tumor cells in the blood. For example, cancer cells and normal cells
have been distinguished by using electrochemical sensors, a SERS active bimetallic
core-satellite nanostructure, porphyrin-based covalent organic framework based
aptasensor [186], and a deterministic lateral displacement (DLD) pattern-based
aptamer-tailed octopus chip [187]. Recently, some aptasensors have been tested in
cancer studies. Prostate-specific antigen (PSA), mucin 1 (MUC1), PDGF-BB, and
vascular endothelial growth factor (VEGF) are detected as cancer biomarkers in
cancer cell lines [165, 188].
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Organism Target Aptamer Backbone  Binding affinity (Kd) Reference
M. th Beijing ManLAM T9 DNA 668 + 59 nM [57]
strain
M. th H37Rv CE protein CE24 DNA 0.375uM [58]
CE protein CE15 DNA 0.16 yM
M. th CE protein CSIR2.11 DNA [59]
MPT64 MPT64-A1 DNA [60, 61]
EsxG protein G43 RNA 8.04 £+ 1.90 nM [62]
EsxG protein G78 RNA 78.85 £ 940 nM
Whole bacterium MA1 DNA 12.02 nM [63]
Whole bacterium Aptamer 1 DNA 37+ 4nM [64]
S. typhimurium Outer membrane  Aptamers 33 DNA [65, 66]
proteins and 45
OmpC protein I-2 RNA 20 nM [67]
Whole bacterium C4 DNA [68]
Whole bacterium ST2P DNA 6.33 £ 0.58 nM [69]
Whole bacterium SAL 26 DNA 123 +23nM [70]
Salmonella Whole bacterium Apt22 DNA 47 + 3nM [71]
Paratyphi A
S. enteritidis Mixtures of S25 RNA [72]
10 strains of S.
enteritidis
Whole bacterium crnl DNA 0.971 pM [73]
Whole bacterium crn2 DNA 0.309 pM
S. aureus S. Endotoxin B APTSEB] DNA [74]
S. Endotoxin C1 C10 DNA 65.14 + 11.64 nM.L™! [75]
Alpha toxin R12.06 DNA 93.7+7.0 nM [76]
Peptidoglycan Antibacl DNA 0.415 + 0.047 pM [77]
Peptidoglycan Antibac2 DNA 1.261 £ 0.280 pM
Protein A PA#2/8 DNA 172 + 14 nM for the [78]

recombinant Protein A
and 84 + 5nM for the
native Protein A

Whole bacterium SA20 DNA 70.68 + 39.22 nM [79, 80]
Whole bacterium SA23 DNA 61.50 + 22.43 nM
Whole bacterium SA31 DNA 82.86 + 33.20 nM
Whole bacterium SA34 DNA 72.42 £ 35.23nM
Whole bacterium SA43 DNA 210.70 + 13591 nM
Whole bacterium SA17 DNA 35nM [81]
Whole bacterium SA61 DNA 129 nM
L. Internalin A A8 DNA [82]
monocytogeres Listeriolysin O LLO-3 DNA [83]
Whole bacterium Lbi-17 DNA [84]
Whole bacterium LMCA2 DNA 2.01x10"” M (85]
Whole bacterium LMCA26 DNA 1.56x107° M
E. coli 0157 LPS E-5, E-11, DNA [86]
E-12, E-16
to E-19
E. coli 0158 Whole bacterium AM-6 DNA 1076 + 67.8 pmol [87]
E. coli K88 Whole bacterium Apt B12 DNA 15+ 4nM [88]
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Organism Target Aptamer Backbone  Binding affinity (Kd) Reference
E. coli KCTC Whole bacterium E1l DNA 124 nM [35, 89]
2571 Whole bacterium E2 DNA 252nM
Whole bacterium E10 DNA 14.2 nM
Whole bacterium E12 DNA 16.8 nM
E. coli DH5« Whole cell Ec3(31) RNA 225 nM [90]
Whole cell 8.28A DNA 274 +18.7 nM [91]
M. th H37Rv Whole bacterium NK2 DNA [92]
ManLAM ZXL1 DNA 436.3 + 37.84 nM [93]
BCG ManLAM BM2 DNA 859 +1.23nM [94]
M.th Acetohydroxyacid Mtb-Aptl DNA 1.06 + 0.10 uM [95]
synthase
Acetohydroxyacid Mtb-Apt6 DNA 0.210 + 0.05 uM
synthase
S. typhi Type IVB pili S-PS8.4 RNA 8.56 nM [96, 97]
S. aureus SEA S3 DNA 36.93 + 729 nM [98]
a-toxin AT-33 DNA [99]
a-toxin AT-36 DNA
Table 2.

Aptamers selected against bacteria.

Organism Target Aptamer Backbone Binding affinity (Kd) Reference
HIV-1 Tat RNAT RNA 120 + 13 pM [49, 100, 101]
HCV E2 protein ZE2 DNA 1.05+1nM [102]
Core protein 9-14 RNA 142 nM [103]
Core protein 9-15 RNA 224 nM
Core protein C4 DNA [104, 105]
Influenza A HA(91-261) A22 DNA [106]
virus (H3N2) HA Clone B RNA 200 pM [107]
Whole virus P30-10-16 RNA 188 pM [108]
Influenza A HA A10 DNA [109]
virus (H5N1)
Influenza A HA(101-257) Cc7 DNA [110]
virus (H9N2)
Influenza A HA HAS15-5 RNA [111]
virus (H5N1)
Influenza A HA D-26 RNA 67 fM [112]
virus (HIN1)
Influenza A HA HA68 DNA 71nM [113]
virus (H3N2)
Influenza A HAs from H5N1 8-3 RNA 170 fM [114]
virus (H5N1) and H7N7
and (H7N7)
Influenza A HA1 subunit Apl DNA 64.76 + 18.24 nM [115]
virus
Influenza A HA1 subunit Apll DNA 69.06 + 12.34 nM
virus
Influenza A HA1 subunit Aplll DNA 50.32 + 14.07 nM

virus
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Organism Target Aptamer Backbone Binding affinity (Kd) Reference
Influenza A HA A9 DNA 46.23 + 546 nM [116]
virus (H9N2)
Influenza A HA B4 DNA 7.38 £ 1.09 nM [117]
virus (H9N2)
Influenza A Whole virus 1F22 and DNA [118]
virus (H5N1) 1F23
and (H5NS)
HBV Surface antigen HBs-A22 RNA [119]
HPV 16 E7 protein G5a3N.4 RNA 1.9 uyM [120]
HIV-1 Gp120 B40 RNA 21+2nM [121]
Gp120 B40t77 RNA 31+2nM
Gpl120 A1 RNA 52nM [122]
Gp120 BclON- DNA 143 + 79 nM [123]
mut
Gp120 F-thio- DNA 86 + 17 nM
BclON
RT 11RNA RNA 50M [124]
RT RT1t49 DNA 1nM [125]
RT 4.20 DNA 180 + 70 pM [126]
RT R12-2 DNA 70 nM [127]
RT 37NT DNA 660 pM [128]
RT FA1 FANA Low pM range [129]
aptamer
5-UTR of RNApt16 RNA 280 + 60 nM [130]
HIV-1 genome
TAR RNA Vo4 DNA 20 nM [131]
element
Integrase T30695 DNA 0.5+ 0.2uM [132,133]
Integrase 93del DNA [56, 134, 135]
Nucleocapsid 8-6 RNA 14x107° M [136]
protein
Gag protein DP6-22 RNA 100 + 34 nM [137]
Rev protein RBE(apt) RNA [138]
Integrase S3R3 RNA 47 + 3nM [139]
HCV NS3 protein G6-16 RNA 238 nM [140]
Truncated G9-1 RNA 10 nM [141]
protease
domain of NS3
protein
Helicase G5 RNA 25nM [142]
domain of NS3
IRES domains 3-07 RNA 9nM [143]
II-1v
IRES AP50 RNA 5nM [144, 145]
IRES domain HH-11 RNA [146]
1IIf and IV
NS5B 27v DNA 1323 +20 nM [147, 148]
NS5B r10/43 RNA 1.3+ 0.3nM [149]
NS5B r10/47 RNA 23.5 + 6.7 nM
NS5B R-Ft2 RNA 2.62 + 0.90 nM [85, 150]
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Organism Target Aptamer Backbone Binding affinity (Kd) Reference
Influenza A Glycosylated HA12-16 RNA [151]
virus (H5N2) HA
Influenza A Residues in the PAN-2 DNA 247 + 11 nM [152]
virus (HIN1, N-terminal
H5N1, H7N7 of the PAy of
and H7N9) the influenza
Avirus
polymerase
HBV Truncated P S9 RNA [153]
protein
Core protein Apt.No.28 DNA [154]
Capsid AO-01 DNA 180 + 82 nM [155]
HPV 16 E7 protein A2 RNA 107 nM [156, 157]
E6 protein F2 RNA [158]
SARS-CoV Helicase NGS8 DNA 5nM [159]
DENV-2 Envelope S15 DNA 200 nM [160]

protein domain
I

RABV Glycoprotein GE54 DNA 307 nM [161]
EBOV EBOV sGP 39SGP1A RNA 27 nM [162]
Zika NS1 protein Clone 2 DNA 24 pM [163]
NS1 protein Clone 10 DNA 134 nM
Table 3.

Aptamers selected against viruses.

Many conventional diagnostic technologies for detecting virus and bacteria,
including serologic-, nucleic acid-, and culture-based tests, are either time-
consuming or expensive on account of the need for sophisticated equipment [188].
For example, the gold standard for laboratory diagnosis of acute viral infections is
isolation and characterization of the virus or bacterium. Isolation and long replica-
tion times for some viruses and bacterial strains can delay confirmation of the
initial diagnosis for more than a week. The most commonly used alternative method
is the ELISA. However, cross-reactive antibodies against viruses, particularly when
they are part of the same virus family, may confound the results of serologic tests
and may lead to misinterpretation during the epidemiologic assessment in regions
of the world where they are co-endemic [189]. For instance, among the flaviviruses,
serological cross-reactivity between Zika virus and dengue virus confounds diag-
nosis of Zika virus infections in pregnant woman in regions where Dengue virus is
also endemic [190]. Additionally, ELISA-detecting antibodies (IgG and IgM) that
were produced against the virus do not identify the active infection or the virus
particles. Because they can interact with different regions of the protein compared
with antibodies, aptamers might be capable of distinguishing viruses that cannot be
distinguished serologically [162]. Aptamers that have been reported to specifically
bind flaviviruses and their protein products including Ebola [162], Zika [163], and
dengue virus [160] should be tested for their abilities to distinguish these viruses.

The abilities to detect, identify, and quantify microbes and viruses and to
identify virally infected cells are essential for their early diagnosis. An increas-
ing number of aptamers have been isolated that bind specific microbes such as
Escherichia coli, Bacillus thuringiensis, Campylobacter jejuni, and Campylobacter coli
[191], various salmonella species, including S. enteritidis [72] and S. enterica [65],
and staphylococcus species including S. aureus [79], S. typhimurium [67], and S.
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enteritidis [192] (Table 2). In addition to the aptamers recognizing flaviviruses
discussed in the previous paragraph, there are also aptamers that bind HIV-1 and
hepatitis C virus (HCV) [188], among others (Table 3).

Aptasensors that have been developed using a number of the aptamers just
mentioned hold the promise of prompt management of infections with a decreasing
incidence of morbidity. Another possible application of aptasensors is in vaccine
development. The costs and extended time associated with the assessment of vaccine
concentrations by ELISA might be overcome by the application of aptasensors [193].

3.2 Future directions in clinics

Application of aptamer technology in the clinic has the potential of solving some
stubborn diagnostic problems. Here we discuss some examples.

Tuberculosis (TB) is caused by Mycobacterium tuberculosis and is one of the top
ten causes of death worldwide [194]. The incidence of childhood TB is reported as a
half a million cases with 74,000 deaths annually by the World Health Organization
[195]. The most commonly used diagnostic tool for tuberculosis is the TB skin test.
However, a false-positive test result in people vaccinated with the bacillus Calmette-
Guerin (BCG) vaccine can be a confounding factor for diagnosis. Thus, the distinc-
tion of infection from disease, particularly in children, is still unclear. Additionally,
microbiologic confirmation of bacteria in body fluids in childhood is difficult
because of the poor bacillary count [195-197].

Cytomegalovirus (CMV) causes life-threatening infections in patients
with solid organ transplantation, hematopoietic stem cell transplantation, and
AIDS. Cytomegalovirus causes acute and latent infections and reactivates in
immunosuppressed patients. Isolation and infection control procedures as well as
proper management of VHFs commonly depend on an accurate diagnosis [198].
Current diagnostic tests targeting CMV DNA and CMV antigens are insufficient for
discriminating acute and latent infections and detecting organ involvement. As a
result, the results of these tests are frequently misinterpreted [199-201]. Viral hem-
orrhagic fevers (VHFs) are caused by a couple of viruses including Arenaviridae,
Bunyaviridae, Filoviridae, and Flaviviridae. Fulminant and fatal disease processes
are the common features of the VHFs and diagnosing and distinguishing of VHF
from other tropical diseases may be problematic because of the indiscriminatory
symptoms [202].

An accurate and reliable diagnosis of these and other infections will provide for
appropriate management and will decrease morbidity and mortality. Thus, devel-
opment of fast microorganism-focused tests will provide rapid accurate diagnosis
of infection and organ involvements. It seems inevitable that, in the near future,
many aptamer-based methods/tools will provide for early diagnosis that will enable
rapid initiation of optimal treatment regimens for viral and bacterial diseases.

4. Future perspective

First identified in 1890 [203], antibodies and their means of interaction with
their antigens were already being extensively studied in the early twentieth cen-
tury, and their structures were reported in the 1960s by Gerald Edelman [204].
Continuing studies of antibodies and the means of eliciting them have resulted in
a detailed understanding of how they interact with their antigens. This knowledge
combined with an expansive array of available antibodies motivates scientists to
incorporate them into new diagnostic tools. Thus, antibody use dominates the
45 billion dollars global diagnostics market.
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The more recently discovered aptamers are generally compared with anti-
bodies due to their functional similarity. Since the discovery of aptamers in the
1990s, over a thousand studies have been conducted on applications of aptamers
for diagnostics. Aptamers that specifically target biomarkers and bacterial or
viral virulence factors such as surface glycoproteins or secreted proteins have
been generated. These studies have demonstrated the range of targets that can be
recognized by aptamers and the number of sensor platforms into which aptam-
ers can be incorporated, many of which have been discussed in this chapter.
However, the more structurally flexible aptamers are not as readily plugged into
standard diagnostic assays as antibodies. In this burgeoning and yet immature
field of aptasensors, there is still much to be learned about how to control
aptamer behavior.

More systematic studies are needed to optimize selection methods, and more
aptamers need to be characterized structurally. The biological matrix in which the
analyte will be measured in the final application platform should be considered at
the beginning of the selection so as to use buffer and ionic compositions during
SELEX that resemble the target matrix. Maturation of aptamers to increase specific-
ity for their target analyte in the appropriate matrix and for effective performance
in the chosen reporter platform is also extremely important.

Aptamers offer the allure of easier production, ease of chemical modifica-
tion, smaller size, reusability, stability even at high temperatures, low cost, and
a long shelf life. A variety of chemical modifications further enhance aptamer
stability. A significant advantage over antibody-based assays is that aptamers
can be reused for many cycles without losing potency with the analyte being
removed between each cycle by heating or other means. These features hold
promise for the continued incorporation of aptamers into various sensor plat-
forms and for the further development and eventual commercial application of
aptasensors for diagnostics.
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