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General Introduction







Introduction

1.1 Preface

"The art and science of determining what matter is and how much of it exists"
(7) is one definition of analytical chemistry. Fine arts and analytical chemistry alike
employ techniques and means that undergo trends. Just like "Pablo Picasso," "Salva-
dor Dali, " and "Vincent van Gogh" are known for the use of classic artistic tools, mass
spectrometry, spectroscopy, and biosensors or bioassays are classic tools that domi-
nate analytical chemistry. But what about the artistic trends of the 215t century? We
meet "Melissa McCracken," "Kara Walker," or even "Benjamin Shine," who combine
diverse classic artistic traits and techniques to create contemporary art. Then why not
apply the same approach to the “art” of analytical chemistry by combining the “clas-
sics” to form a new era?

This thesis in analytical chemistry illustrates combinations of classic analytical
techniques, i.e., mass spectrometry and biorecognition elements conventionally used
in bioassays or biosensors. Led by "artistic" and scientific impulse and curiosity, the
inspiration for this innovative scientific approach is to form contemporary analytical
methods with many potential applications in future monitoring systems.

1.2 Future of monitoring systems

Bioassays and biosensors are employed as screening tests in monitoring sys-
tems. They are ideal for frequent, fast, and on-demand testing of substances above a
specified cut-off level. Suitable screening assays are characterized by a false-compli-
ant rate of lower than or equal to 5%. Nonetheless, screening assays do not identify
a specific substance in the sample (2, 3), and because of this uncertainty, confirmatory
testing should follow, identifying (and quantifying) the specific substance causing the
positive screening result (3). Confirmation is typically done with chromatography cou-
pled to mass spectrometry (MS), providing an absolute and unequivocal identifica-
tion. Despite this, confirmation is expensive, requires energy-laboring machinery, and
is time-consuming, because of the extensive sample preparation and chromato-
graphic separation needed (4-6).

In an ever-changing world, it is doubtful that the monitoring systems will re-
main stable. Production, processing, distribution, and consumption of goods (and
services) are changing due to an unparallel confluence of exogenous pressure and
trends (7). Socioeconomic shifts, including the rising population, the broad awareness
of environmental and equity issues, and new technological approaches, including cit-
izen science, are prevalent changes affecting peoples' lives. By 2050, it is estimated
that two-thirds of the population will be residing in cities, and megacities with ten
million people will not be rare (8). Current monitoring systems and approaches will
prove inefficient to the increased demand if adjustment is not achieved in due time.
The necessity for alternative methods is also underlined by the United Nations 2030
agenda for sustainable development goals (SDGs); a call for people, countries, and
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Chapter 1

stakeholders to act on improving natural resources and ensure enduring socioeco-
nomic growth and planet protection (9).

Another trend that might shape the future structure of monitoring systems is
citizen science, i.e., collaboration and participation of citizens in scientific practices
and research, for instance with the development of consumer-operable testing de-
vices (10). Decentralized consumer-based testing provides individuals with the possi-
bility of personalized point-of-care (POC) testing and screening diagnostics in many
fields (77), including, but not limited to, food safety (72) and clinical applications (73,
14). On top of that, use of a ubiquitous readout system, such as smartphones, poten-
tially in combination with wearable sensors, induces semi-quantitative possibilities
and increases confidence in interpreting the result (75). Apart from the described cit-
izen science approach during product deployment, crowdsourcing in science during
the research and development (R&D) stage can improve practices and results, influ-
encing directly the targeted population (70).

An additional challenge for the future monitoring systems is climate change-
induced changes. Results of climate change vary from extreme drought to rise of sea
levels, which amend the quality of life of individuals worldwide (76). Especially in terms
of monitoring systems, the food safety sector, involving farming, crop production,
and the nutritional content of crops, has already been impacted by long-term varia-
tions in temperature, humidity, and the frequency of extreme weather phenomena
(77). Climate change may alter crops' susceptibility to germs, toxin-producing bacteria
and mycotoxin-producing fungi, risking consumers' health. Even marine species are
in danger because of the proliferation of toxin-producing algae because of increased
temperatures (78). The results of climate change on crop production are already evi-
dent in literature where a 25% of global agricultural crop contamination with myco-
toxin is estimated to be above the legal limits (79), underlining the need for fast, un-
ambiguous identification and quantification of food contaminants.

It is safe to assume that current monitoring protocols will be insufficient in the
future because of the increased demand for official control from monitoring labora-
tories that will be caused due to the aforementioned changes. Already, despite its
elaborate monitoring procedures, the food-safety system has been stressed, with in-
cidences of food safety-related scandals and contaminated commaodities reaching the
market (20, 27). Combining screening and confirmation methods, two seemingly in-
compatible orthogonal techniques, provides improved and accurate methods with
high throughput, sensitivity, robustness, and ease of use, which are necessary for fu-
ture monitoring systems. To offer an elaborate background and understanding, the
following parts of the introduction describe the classic analytical chemistry tech-
niques that are coupled in order to develop the novel approaches discussed in the
research chapters.

1.3 Biorecognition

Since the description of the first-ever biosensor by Clark and Lyon in 1962, an
amperometric glucose meter (22), the field has expanded a lot, with the modern
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Introduction

glucose-meter biosensor being the most common commercial sensor (23). Biosen-
sors and bioassays allow for highly sophisticated applications and POC diagnostics
with an increased impact on the lives of individuals and multiple citizen science appli-
cations (24). Especially during the COVID-19 pandemic, the increased use of bioassays
in self-tests for fast, sensitive, and specific POC applications has proven necessary (25,
26).

Biosensors' and bioassays' "heart" is the biorecognition element, which is used
for the detection of a specific target analyte. The principal function of biorecognition
elements in biosensors is analyte specificity for the application by having a selective
and robust affinity towards the analyte. Due to the binding affinity towards an ana-
lyte, biorecognition is also named bio-affinity.

Various biorecognition elements exist, each with unique features, enabling dif-
ferent performances. Antibodies and enzymes are naturally/biologically derived bio-
recognition elements. Contrary, molecularly imprinted polymers (MIP) are artificially
manufactured cavities that mimic specific biomolecular interactions. An intermediate
that shares features of both categories are pseudo-natural modalities, i.e., tailor-
made supramolecular structures from natural subunits, such as aptamers, synthetic
enzymes and synthetic antibodies (27).

1.3.1 Immunorecognition

Immunorecognition is the biorecognition originating from antibodies. Anti-
bodies (Immunoglobulins - Ig) are naturally occurring proteins of five primary classes
(IgG, IgM, IgA, IgD, and IgE) and having a characteristic "Y"-shaped three-dimensional
(3D) structure, consisting of two light and two heavy chains (28). Owing to that exact
3D shape, antibodies demonstrate a uniquely specific and accurate recognition pat-
tern based on affinity between the antigen/analyte that binds at the fragment anti-
gen-binding (Fab) region, forming an immunocomplex, and the fragment crystalline
(Fc) region of the antibody which interacts with the respective cell receptors activating
the immune response (29, 30) (Figure 1.1)

Among the many different types of antibodies, monoclonal antibodies (mAb)
are identical clones produced using a hybridoma technology. Briefly, mice are immun-
ized with the targeted analyte (that acts as antigen), and then the antibody-producing
cells (B lymphocytes) are isolated. Consecutively, the isolated cells are fused with im-
mortal myeloma cell lines forming hybrid cells, which are then cultured to produce
mADb. Due to the use of an individual hybrid cell line, monoclonal antibodies are selec-
tive towards a specific antigen and less cross-reacting with other co-occurring ana-
lytes (37). Owing to this high selectivity, mAb dominate the biosensors field with vari-
ous applications, even though their production is costly, laborious due to the exten-
sive purification needed, and controversial because of the usage of laboratory ani-
mals (32).

Many methods have been developed for antibody immobilization in immuno-
assays, ranging from simple physical adsorption involving hydrophobic interactions,
to a comparatively more intricate chemistry involving active groups (e.g., amine cova-
lent coupling using 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide /  N-
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Chapter 1

Hydroxysuccinimide (EDC/NHS)) (35, 36). Using different immobilization procedures,
antibodies have been employed in various immunoassay formats, including lateral
flow immunoassays (LFIAs), surface plasmon resonance (SPR) based immunoassays
and microsphere-based immunoassays, which are used in the experimental section
of the thesis and are described in general terms in the following sections.

B ( Antigen-binding site \

Light Chains

Heu\:b'éhuins
Figure 1.1.(A) Crystal structure of antibody (IgG type) showing its characteristic Y shape (33, 34) (B)

Annotated figure showing the regions of the antibody. The heavy chains are in pink and purple,
and the light chains in green and orange.

Additionally, different immunoassay formats can be chosen, depending on the
targeted application. The format of an immunoassay is defined by interactions be-
tween the targeted analyte, which acts as an antigen, and the components of the im-
munoassay, i.e., antibodies and/or (analyte-protein) conjugates that can act as cap-
ture agents and/or detection agents (37). The most straightforward format to use for
big-sized molecules with many antigenic sites is a "direct immunoassay". In direct im-
munoassays, a measurable signal is produced when the analyte binds directly with a
capture antibody immobilized on the assay surface, forming an immunocomplex. If
the immunocomplex does not produce a measurable signal alone, a detection anti-
body can be employed that binds to a separate antigenic site of the targeted analyte,
leading to the configuration of a "direct sandwich immunoassay". In the described
formats, the signal attained is proportional to the concentration of the analyte in the
sample (Figure 1.2) (38, 39).

For small-sized molecules with a single antigenic site, the case is reversed to
that of big-sized molecules, since the attained signal is inversely proportional to the
concentration of the analyte in the samples. The main format used for small-sized
molecules is a competitive assay, where the analyte competes with an (analyte-)con-
jugate for binding with the antibody. In the absence of the analyte from the sample,
the conjugate binds with the antibody, leading to a measurable signal production,
while, in the presence of the analyte, the conjugate and the analyte compete for
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Introduction

binding with the antibody. Two main formats can be generated with the given inter-
actions; (i) "competitive immunoassay," where the antibodies are immobilized on the
assay surface, and the conjugate acts as a detection agent, and (ii) "inhibition immu-
noassay" where the conjugate is immobilized on the surface, and the antibody act as
the detection agent (Figure 1.2).

A oy ‘Q:
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°3§§;‘{" i( ...... %
I_I‘\u Antibodies o Conjugate 4 Big-sized analyte © Small-sized analyte

Figure 1.2. Schematic demonstrating the different types of immunoassay formats from left to right:
direct immunoassay, direct sandwich immunoassay, competitive immunoassay and inhibition im-
munoassay. (A) in the absence of analyte, and (B) in the presence of analyte

Lateral flow immunoassays (LFIAs)

LFIAs are generally fast, easy-to-use, affordable paper-based immunoassays
for qualitative and occasionally semi-quantitative detection of specific analytes. The
principle of the LFIA detection is relatively simple; a liquid sample or a sample extract,
diluted with the assay buffer, passively wicks through the porous substrate, most
commonly a nitrocellulose paper, due to capillary action, while reacting with mole-
cules immobilized on the substrate, forming a test and a control line. For an optical
signal attainment, the detection agent is labeled with labels such as dyed polystyrene
beads, carbon nanoparticles, or gold nanoparticles. After LFIA development, the ap-
pearance of a control line indicates that the assay has been performed correctly. How-
ever, the presence or absence of a test line depends on the chosen immunoassay
format. A positive result is indicated by the appearance of the test line, for a sandwich
immunoassay format, while, for a competitive assay format, a positive result is indi-
cated by the absence of the test line (40, 47) (as also described in 1.3.1) (Figure 1.3).

LFIAs' distinct user-friendliness has led the LFIA market to grow exponentially
with a plethora of applications, ranging from medical diagnostics (42-46), food safety
(47-50), forensics (57-53), and many more (54). Also, the on-site usability of LFIAs,
without the need for a sophisticated operational and readout system or refrigeration
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for their storage, makes them attractive for use in low-resource settings, thereby
yielding a potential positive social impact (24,53-56). Despite all those advantages, it
should not be overlooked that LFIAs development still faces scientific challenges, such
as the correct choice of label and format, or false negatives/positives occurrence, that
analysts should overcome during the R&D process (59).

Absorbent pad—
— Control line— —
— Test ling —— Wi —

Nitrocellulose
membrane

Conjugate pad

Sample pad

Backing support
Figure 1.3. (A) The structure of a typical singleplex (i.e., detecting one analyte) LFIA strip before
assay development. The different constituents of the LFIAs are indicated. (i) backing support on top
of which the different elements are deposited, (ii) sample pad where the sample is deposited,
(iii) conjugate pad enriched with the labeled/signaling antibody, (iv) nitrocellulose membrane with
immunorecognition areas, and (v) absorbent pad by the end of the LFIA that the non-reacting mol-
ecules are collected after traveling through the different zones of the LFIA. (B) Direct sandwich LFIA
after assay development, demonstrating a positive result (presence of test and control line) and a
negative result (presence of control line).

An extension of the classic LFIAs are LFIAs with smartphone readout, which
take advantage of the optical components of a smartphone, i.e., camera and flash-
light, for the interpretation of the optical result. Smartphones provide homogeneity
of the readout by eliminating ambient light differences, either by the in-build ambient
light sensor (ALS) of the smartphone and performing color calibration (60) or by an
instrumental interface (e.g. 3D-printed attachment/enclosure) (67), adding confi-
dence to the user for correctly interpreting the LFIA result (62, 63). Moreover, they
offer more accurate quantification prospects, automated input processing, network
connectivity with sharing capabilities, online data handling, geo-positioning, and re-
sult storage (64, 65). The immense market size of smartphones proves a well-adopted
system (66, 67), and smartphone-based LFIAs offer laypersons the possibility of a de-
mocratizing and decentralized approach to healthcare and food safety by personal,
accurate analysis, and confident interpretation of the screening result (68). Nonethe-
less, operating system differences between smartphone models and constant need
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for smartphone software upgrades, hinder broader adaptation with the need for in-
dividualized design of smartphone application. Also, in many scientific reports on
smartphone-based LFIAs, it is indicated that the images are processed after the ac-
quisition and on a separate device (e.g. a personal computer), losing the aim of fast,
on-site testing (69). Ideally, consumer-friendliness could be enhanced with the devel-
opment of smartphone applications with a simplified interface for offline data han-
dling (70). Despite those limitations, various food safety (77-73) and medical-related
(74, 75) applications have been developed thus far and made commercially available.

SPR-based immunorecognition

Surface Plasmon Resonance (SPR) occurs when a monochromatic and plane-
polarized light (incident light) strikes a thin metal layer at a certain angle. Part of the
light is absorbed, and the rest is reflected, giving rise to an evanescent field and wave
perpendicular to the metal. From the evanescent wave, excitation of free electrons of
the metal gives rise to the wave of surface plasmons. The angle that triggers the gen-
eration of plasmons depends on the material's refractive index. Minor changes in the
surface properties lead to analyte detection by measuring the intensity of the re-
flected light or the shift in the resonance angle.

In most SPR biosensor applications, the phenomenon occurs on an SPR chip,
consisting of a glass surface coated with metal. The metal typically employed is gold
because of its chemical inertia to the measurement conditions and because it pro-
vides reflectance angle and wavelength signal within measurable rates (76). On top
of the metal layer, a self-assembled monolayer is deposited and is further activated
to act as a linker for a functional antifouling layer, e.g., dextran. After chemical activa-
tion, the desirable molecule can be immobilized on the layer, thus creating an immu-
norecognition-capable surface (Figure 1.4).

Flow
e 4 A
¥ *
PR ' y N ¢ °
- 3 . P
* L J
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Cold surface r 4
Glass slide
Prism
Polarized light Reflected light

Figure 1.4. Schematic illustration of a direct SPR-based immunoassay, highlighting the different
components of an SPR chip. The analyte is indicated with light blue inside the liquid flow on top of
the SPR chip, and the surface is enriched with antibodies.
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After introducing the analyte on the surface through liquid flow, an immuno-
complex with sufficient mass difference is formed, and the refractive index of the po-
larized light shifts, generating the SPR signal. The SPR signal is recorded over time in
a sensogram (Figure 1.5). The intensity of the signal is measured in response units
(RUs), and it is proportional to the number of immunocomplexes formed at the sur-
face, which permits quantitative analysis. Same as with the LFIAs different formats of
SPR methods can be employed depending on the type of the targeted analyte (77, 78)

Sensogram

Binding

Dissociation

Response Unit (RU)

Regeneration

.
Ll
Time (s)
Figure 1.5. SPR signal recorded on a sensogram based on differences in the surface properties due
to the immunocomplex formation.

SPR studies allow for label-free exploration of biomolecular interactions (79-
81), elucidation of the binding kinetics, and qualitative assessment of the immunore-
cognition specificity, sensitivity, and speed (82-84). SPR has many bio-analytical appli-
cations (73, 85-88); however, the bulky instrumentation does not enable on-site de-
tection or consumer-operable simplified analysis (89). An alternative to those limita-
tions is the use of smartphone-based SPR. Similar to the smartphone-based LFIA,
smartphone-based SPR uses the light source, the photodetector, the processor, and
the device interface to produce miniaturized-portable SPR systems with similar po-
tentials as the benchtop SPR instrumentation (90-92).

Microsphere-based immunorecognition

Microspheres, typically used in suspension or planar array systems, come in
different types suitable for different applications. All microspheres are internally dyed
with different proportions of red and infrared fluorophores, which can be excited us-
ing a red classification laser at 635 nm and correspond to a distinct spectral signature.
Further, a fluorescently-labeled detection antibody is excited by the presence of a
green reporter laser at 525-532 nm. This double fluorescent detection provides op-
tions for simultaneously detecting at different wavelengths, thus facilitating multi-
plexing. The microspheres typically used in immunoassays are 5.6 um size polysty-
rene beads whose surfaces have approximately 10® carboxyl groups that can
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covalently bind molecules, modifying the surface with the desired bio-recognition el-
ement according to the targeted application. An alternative version of standard mi-
crospheres is paramagnetic microspheres, which are slightly larger because of an ex-
tra paramagnetic layer of magnetite (Figure 1.6). The paramagnetic properties of
those microspheres enable attachment on a surface using a strong magnet, which
eases washing that eliminates unwanted sample constituents.

Microsphere-based immunorecognition is well adopted in the xMAP technol-
ogy, where x stands for analyte and MAP for Multi-Analyte Profiling. With xMAP, anal-
ysis of a 96-well plate takes less than 60 minutes, corresponding to an analysis time
of less than 1 minute per sample (93-95). The bottleneck of microsphere-based im-
munorecognition assays is that the procedure for surface enhancement/modification
of the microspheres is elaborate because of the covalent binding (96, 97). Further,
limited alternatives bypass the benchtop instrumentation to move towards applied
on-site experimentation (98) and citizen science using smartphones (99, 700).

A
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Figure 1.6. Illustration of (A) a microsphere and a paramagnetic microsphere with their distinct
layers, and (B) the biorecognition-based principle for analyte detection using sandwich-based im-
munoassay demonstrating the different detection parameters.
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1.4 Mass spectrometry

Mass spectrometry (MS) is a fundamental analytical technology proven by its
applications ranging from clinical (700-102), food (703-105), environmental (706,107),
and even forensics, airport security, and space missions (708-17170). As early as the be-
ginning of the 20t century, J.J. Thomson developed the parabola spectrograph, the
first-ever mass spectrometer, which operated under the same main principles as the
modern mass spectrometers (7717,772). MS principles are based on the generation of
ions of molecules, separation based on their mass-to-charge ratio (m/z), i.e., the mo-
lecular mass of molecules or their fragments divided by their charge, detect the sep-
arated ions and qualitative or quantitative record them based on the different m/z
and their (relative) abundance. A mass spectrum results from this process, with the
m/z values on the x-axis and the relative or absolute abundance on the y-axis. The MS
identification principle dictates the three main components of an MS instrument: the
ionization source, the mass analyzer, and the detector (773,774). Below, the ionization
sources and analyzers used in this thesis are discussed (Figure 1.7).

o

p — Q-Orbitrap
— ==
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Electrospray lonization
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Direct Analysis in Real Time Mass spectrum

g‘ Coated blade spray
m/z

Figure 1.7. Schematic illustration of the main components of a mass spectrometer focusing on the
ionization sources and the mass analyzers that are used in the experimental section of the thesis.

Abundance

1.4.1 Ionization sources

So far, various ionization sources have been developed differentiating in many
aspects including the transfer of the internal energy or the analyte compatibility. For
instance, ionization sources using hard ionization methods are very energetic and in-
duce fragmentation, whereas soft ionization techniques only produce ions of the mo-
lecular species. In general terms, ions are formed by electron ejection or capture,
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protonation, deprotonation, adduct formation, or transfer of charged species to neu-
tral molecules in the gas phase (776-1718).

Conventional ionization sources - Electrospray Ionization (ESI)

The story behind developing the first electrospray ionization (ESI) source starts
with the study of the electrospray process as early as 1882 by Lord Rayleigh (779).
However, it was not until a century later, in 1989, that John B. Fenn and his group
studied biomolecules by combining ESI with MS detection (720,7217). For this contribu-
tion to science, John B. Fenn was awarded the Nobel Prize in Chemistry in 2002, un-
derlying the impact ESI has on science (722). All initial applications of ESI focused on
the analysis of large biomolecules. However, the use of ESI has expanded to other
fields, including analyzing smaller molecules in clinical (723-126), food safety (127-
129), anti-doping control (730), environmental applications (737-734), and structural
elucidation (735-137).

Ion generation in ESI begins when liquid containing the target analyte is intro-
duced in the ionization source which is at atmospheric pressure, through a narrow
metal capillary that is on high voltage. Due to the difference in potential between the
capillary and the inlet of the mass spectrometer the liquid is dispersed into charged
droplets. At first the so-called Taylor cone (738) is formed from the end of the liquid
due to an increase in the electrostatic force as a result of the accumulation of ionic
charge. Subsequently, smaller charged droplets are ejected from the cone. Further
gas-aided solvent evaporation leads to an increase in the charge per volume unit
where Coulomb repulsive surface forces are too strong (Rayleigh limit) (779), leading
to droplet fission. After a few generations of subsequent fission events, the charged
droplets reach nanometer scale, generating gas-phased ions and ejecting the
charged analyte (738, 139) (Figure 1.8).

Solvent
g evaporation
Capillary
3, Charged
o +t analyte
+ @, .+.+ + te %+ ++. "'.1- +.++.+'+ prih
+* .+.:.+ .1_"‘. + :..;* ..+.+$+.++ » .+.
+0® . + 5
- . 1 T
Taylor Rayleigh limit
cone exceedance

Tve Power supply ==

Figure 1.8. Illustration of ESI process for an analyte (teal spheres) - positive ionization mode.
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ESIis a soft ionization technique, producing ions of the molecular species, with
minimum fragmentation during ionization. For the ejection of charged analytes, mul-
tiple theoretical mechanisms have been described, namely, the ion evaporation
model (IEM) for small molecule ionization, the charged residue model (CRM) for large
globular species, and the chain ejection model (CEM) for disordered polymer ioniza-
tion. A detailed description of each model can be studied in the feature article of 2013
from Konermann et al. (740, 141).

Following the ionization mechanism, it is clear that the constituents of the lig-
uid sample solution are essential for ionization efficiency. Namely, solvents with lower
surface tension and vaporization enthalpy promote ionization. However, non-volatile
constituents, such as residues of non-volatile salts, or large co-eluting compounds,
will hinder ionization causing ion suppression, i.e., reduction in the ionization effi-
ciency and the produced signal (742, 143). Many mechanisms have been proposed to
explain the ion suppression, most of which interpret the influence of constituents of
an analytical workflow on the ionization. Main explanation for the ion suppression
phenomenon is the reduction of analyte access to the gas phase emission stage,
which can be done by: (i) increasing the viscosity and the surface tension of the drop-
lets, so the droplets are unable to surpass the Rayleigh limit, (ii) competition between
the targeted analyte and interfering compound for charge availability, (iii) co-precipi-
tation of analyte after binding with the interfering matrix compounds, or (iv) neutral-
ization of the targeted analyte ions due to the presence of a higher proton affinity co-
existing compound (for positive ionization mechanism) (744-146). So, apart from care-
fully choosing the solvents used for ES], it is crucial to minimize interferences with
sample pre-treatment using extraction techniques (742, 743). Separation systems,
such as liquid chromatography (LC), effectively allow co-eluting substances to sepa-
rate in time. With LC-MS, data are acquired in a chromatogram, a graph of the time
on the x-axis and the (relative) abundance on the y-axis, while a characteristic peak
corresponding to a retention time appears when a substance elutes from the chro-
matographic column. The retention time is characteristic for an analyte under the
specific separation conditions (747). Alternatively, to avoid chromatographic separa-
tion, a direct infusion can be used, jeopardizing, though, the ionization efficiency in
case of an insufficiently cleaned sample (748-150).

Ambient Ionization Sources

Ambient ionization mass spectrometry (AIMS) sources were developed in re-
sponse to the demand for increased throughput analysis and the need for direct anal-
ysis without excessive sample pre-treatment and analyte chromatographic separa-
tion (757) (Figure 1.9). The first-ever AIMS source published was desorption elec-
trospray ionization (DESI) in 2004 by the Cooks' research group (752), followed by di-
rect analysis in real time (DART) in 2005 by Cody et al. (753) Ever since, more than 90
AIMS sources have been reported, each with its unique ionization mechanism, analyte
compatibility, and applications which complicate their classification with a single cat-
egorization scheme (757, 154-156). The most comprehensive categorization of AIMS
is based on the basic ionization principle into: (i) spray desorption/ionization-based
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(ii) laser ablation/desorption-based (iii) thermal desorption-based, (iv) plasma-based,
(v) substrate-based, and (vi) hybrid or other methods (757).

20min-3h 20min-3h 1sec

Sample ||Chromatographic|| lonization
preparation separation MS detection

Liquid
chromatography

0-1h 1sec
Sample lonization
preparation MS detection

v

ionization
Figure 1.9. Indication of a time frame for a complete analysis using conventional (liquid) chroma-
tography-MS compared to the time for a complete analysis using AIMS.

For an ionization source to be categorized as ambient, it must adhere to three
basic rules. First, the ions are generated and maintained under atmospheric pressure
before introducing them to the mass spectrometer. Second, no or minimal sample
pre-treatment is required. Last, the analytes are directly desorbed or ionized from a
sample surface or a sample extract. AIMS does not require chromatographic separa-
tion; thus, the data is retrieved not in a chromatogram but in a chronogram, which is,
a graph of the time on the x-axis and the (relative) abundance on the y-axis, for which,
however, unlike chromatograph the concept of retention time does not apply (758,
159). Lastly, AIMS sources are suitable for on-site applications because of the mini-
mum sample preparation and solvent use, making them an excellent option for cou-
pling with miniaturized, portable or transportable MS instrumentation for fast on-the-
spot analysis (760-162).

Direct Analysis in Real Time (DART)

For DART ionization, a gas, usually helium (He) or nitrogen (N>), is subjected to
corona discharge producing electrons, ions, and excited-state (metastable) atoms. In
this way, an excited cold (50-60 °C) plasma is generated, which then undergoes re-
moval of charged species by passing through a series of electrodes, generating
plasma consisting of metastable electronically excited neutral species. Finally, the
metastable plasma is (optionally) heated (up to 500 °C) (Figure 1.10). After the plasma
is generated, it exits the DART chamber where it induces penning ionization of
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ambient air constituents (reagents). For Helium (He) gas, the main reagents gener-
ated are: hydronium ion (HsO"), superoxide (Oz7), hydroxyl radical (HO"), ozone (Os),
and slow electrons. Those active reagents subsequently lead to desorption and ioni-
zation of the analytes (753).

DART ionization is a soft ionization method, ionizing the analytes mainly via
protonation and deprotonation. Additionally, DART is more efficient when increased
plasma temperatures are used for the analysis of thermally stable, both polar and
non-polar, volatile analytes with a molecular weight of no more than 1000 Da (756).
DART has many applications, including food (763), forensics (767,762), environmental
(766), and drug (767, 168) analysis.

Charged
etastable analyte
Hel' l(Nz d‘.+

He/N,
gas flow

Sample
on metal mesh

Figure 1.10. Illustration of DART and its functional parts that enable sample ionization.

Coated Blade Spray (CBS)

CBS is an integrated sampling, sample preparation, sample introduction, and
ionization method developed in 2014 by Gomez-Rios and Pawliszyn (769). CBS consists
of a conductive stainless steel sheet in the form of a blade with a pointy edge covered
by a coating. The sharp point of the blade is optimally angled at 45°. The geometry
and coating of the blade allows for pre-concentration of the analyte through a solid-
phase microextraction (SPME)-like mechanism on the coated substrate, followed by
online desorption with less than 20 uL of desorption solvent (770). Finally, by voltage
application, an electric field is created between the blade and the MS inlet, which in-
duces charge accumulation at the vertex of the blade, leading to an ESI-like ionization
of the analytes (769). Details of ESI ionization process can be retrieved earlier in sec-
tion 1.4.1. CBS is a time-saving method because the sample extraction and ionization
happen from the same surface, and it requires minimum solvent usage (777), (Figure
1.17) while reaching detection and quantification limits similar to ESI (772).

Due to its simplicity of operation, without an external gas or liquid flow require-
ment, CBS has been used in various applications despite being at its early stages. Ap-
plications include: drugs (773), biofluids (774), wastewater (775), pesticide (176), and
potential portable MS analysis (762), and Restek Corp (PA, USA) has already commer-
cialized coated blades (777), which could pave the path for further applications.
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Figure 1.11. Schematic representation of a CBS-MS complete analytical protocol with all stages
from sample to MS detection.

1.4.2 Mass analyzers

After analyte ionization in the ion source, the gas-phase ions move towards the
mass analyzer in vacuum and are separated based on their mass-to-charge ratio
(m/z). Many available mass analyzers operate under different principles; magnetic or
electric fields are applied, alone or in combination. The main attributes that charac-
terize mass analyzers are the mass range, the speed of analysis (or scan speed), the
ion transmission, the mass accuracy, and the mass resolution (778). The greater the
resolution, the greater the ability of the mass analyzer to distinguish ions with a slight
mass difference, so depending on the application, we can choose between low and
high-resolution MS instrumentation. For instance, high resolution MS (hrMS) instru-
mentation is preferred for structural elucidation in full scan mode (778). In contrast,
structural elucidation with a low resolution MS instrumentation requires fragmenta-
tion (MS/MS mode) of a precursor ion and monitoring of the characteristic product
ion (775). Below, the instruments used in the experimental section of this thesis are
described.

Low resolution - Triple Quadrupole mass analyzer

Linear quadrupole mass analyzers consist of four hyperbolic or circular, paral-
lel rod electrodes. Each opposing rod is paired and homogeneously charged using a
radio frequency (RF) and a direct current (DC) offset voltage. When ions move inside
the quadrupole analyzers, they develop an oscillating trajectory. Depending on the
DC and RF settings, only ions with a specific m/z will develop a stable trajectory and
reach the detector, while the rest will develop unstable trajectories, collide with the
rods, and de-charge. Upon changing the settings (scanning), different ions can
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consecutively pass the quadrupole filter. A series of three consecutive linear quadru-
poles is called a triple quadrupole. Combining three quadrupoles provides a variety
of detection capabilities; refined mass spectra of a specific mass range defined by the
15t and the 3™ quadrupole settings and fragmentation in the 2"¥ quadrupole (7715, 178)
(Figure 1.12).

o~
collission cell
o1 a2 Q3

i S————

/ o VNAYY N
— 8 S ' — >
lon / / I / / lon
entrance —_————— detection

Precursor ion lon Product ion

selection fragmentation  selection

Figure 1.12. Triple quadrupole analyzer and trajectory of ions. The inserted ions to the first quad-
rupole will develop an oscillating trajectory, and the selected m/z (demonstrated in green) will move
to the second quadrupole (collision cell), while the rest will collide with the rod and de-charge. In
the collision cell the selected ion will fragment and its product ions (yellow and blue), will be further
refined in the third quadrupole, and will reach the detector.

Even though initial instrumentations had poor resolution and a limited mass
range (1-200 m/z), a modern linear quadrupole MS can reach up to 4000 m/z range
and a resolution of 0.2 Da FWHM (full width half maximum). Additionally, linear quad-
rupoles were the first to be commercialized; they are relatively affordable compared
to other instrumentation, easily connected with various ion sources, and offer high
transmission in single ion monitoring (SIM) mode and scan speeds. For those reasons,
triple quadrupole mass analyzers are the gold standards for routine MS analytical la-
boratories and monitoring specific analytes with defined m/z values and fragmenta-
tion patterns (179-184).

High resolution - (Q) Orbitrap mass analyzer

The initial design of orbitrap was introduced in 1923 by Kingdon (785), but the
commercialized design of the final orbitrap instrumentation came by Makarov (786).
The orbitrap has a spindle-shaped central electrode inside a barrel-shaped outer elec-
trode. After ionization, the ions enter the space between the two electrodes and de-
velop a tangentially oscillating spiral trajectory around the inner electrode. Their os-
cillating movement is defined by a centrifugal and an electrostatic force generated by
voltage application. The frequency of the axial oscillating movement is detected by
the barrel-like electrodes, and after Fourier transform application, specific m/z values
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are obtained (Figure 1.13) (186, 187). Due to this movement, high resolving power can
be achieved with orbitrap instrumentation (785-787) . The full functionality of the or-
bitrap was explored in hybrid instrumentations, one of which combines a linear quad-
rupole (Q) preceding the orbitrap analyzer (Q-Orbitrap, also named QExactive). Due
to the high resolving power and accuracy of measurement in (Q)Orbitrap analyzers,
many successful research applications include untargeted analysis and omics studies
(115, 187).

lon
entrance

Amplifier Detected
signal

Figure 1.13. Schematic representation of Orbitrap and the movement of

ions in the analyzer. The movement of an ion is indicated with a continuous

color change (from black to white)

1.5 Integration of Biorecognition to Ambient MS

Biorecognition components in biosensors and bioassays might identify a set of
analytes with similar backbone structure and physicochemical features, so cross-re-
action and false-positive results are possible (29). For this reason, bioassays and bio-
sensors are solely used for screening, and further confirmation is required for posi-
tive and suspect results (747). This strategy for confirming the original result is not
restricted only to food safety but is rather a standard procedure. For instance, when
a COVID-19 self-test is positive, a PCR is used to confirm or reject the positive result.

Depending on the application, several confirmatory tools might be utilized. MS
is the preferred confirmatory approach in food safety (747). According to the EU reg-
ulation, confirmatory methods must provide information on the structural chemical
composition of the analyte (3), and MS can be adequate for elemental identification
and determining a molecular formula of an analyte (778). Nonetheless, MS is used in
conjunction with a separation method, such as gas or liquid chromatography (GC- or
LC-MS and MS/MS), for definitive identification of material under regulatory frame-
works. Chromatography adds an identification criterion; the substance's retention
time versus a standard, despite often being generic (providing general retention time
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that are not specifically assigned to one analyte) and not sufficiently specific on its
own (788).

Combining screening and confirmation by incorporating ambient MS analysis
and biorecognition elements in a single technique improves the quality and specificity
of the acquired data (789). Biorecognition elements enable the rapid separation of a
set of analytes with excellent selectivity, which is more specific than a generic chro-
matographic separation. Subsequent sensitive MS detection and identification based
on the characteristic m/z is possible, removing the need for time-consuming chroma-
tography and the extensive pre-treatment necessary for sample introduction on a
chromatography column. Additionally, liquid chromatography demands an excessive
volume of organic solvents that can be detrimental to the environment and the ana-
lyst (790), and, gas chromatography requires carrier gas, which raises the cost of in-
dividual measurements (797). The development of integrated biorecognition - mass
spectrometry approaches has been enabled by advances in ambient ionization
sources. As discussed above, the development of smartphone-based bioassays has
facilitated their use by laypersons, which could increase the need for confirmatory
analysis, especially in the food safety sector. Such integrated biorecognition - mass
spectrometry approaches can improve throughput in future regulatory settings and
alleviate stress for increased analysis in routine analysis laboratories.

1.6 Method Validation and Maximum Limits

Validation is a frequent practice performed prior to broad implementation of
a newly developed method. Validation is carried out to confirm that the method fits
its intended purpose and performs as expected. Many validation methodologies exist,
depending on the intended application, the type of technique, and the authority that
certifies the validation rules (792).

In the European Union for food safety-related methods, the European Com-
mission is the authority that establishes the rules for method validation. The docu-
ment 2021/808 (amending 2002/657/EC) is the one used for assessing the perfor-
mance of analytical procedures (3). There, detailed method performance require-
ments, acceptance limits, and criteria are listed. The criteria include; selectivity/spec-
ificity, trueness, recovery, stability, decision limit (CCa), and detection capability (CCP).
Additionally, the European Commission establishes maximum limits (ML) for which
food contaminants are still considered acceptable in food commodities (793). The ML
vary depending on the type of food commodity, the physicochemical properties and
known toxicological effect of the contaminant. For instance, the marine biotoxin do-
moic acid (DA) that causes amnesic shellfish poisoning (ASP) has an ML of 20.0 mg/kg
(794, 195). Stricter ML applies for the mycotoxin deoxynivalenol (DON), which causes
gastrointestinal problems including vomiting and diarrhea (190,191). The highest ML
for DON is 1.75 mg/kg in unprocessed durum wheat, and the lowest is 0.20 mg/kg in
baby foods (793). Regardless of the ML for those compounds, their structural analogs,
kainic acid (KA) for DA and AcetyIDON and DON-glucoside for DON, are not regulated,
underlining the significance of specific confirmation of contaminants; those
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contaminants could cross-react with the biorecognition element on the screening as-
say, but they would be identified only using MS.

1.7 Thesis Outline

Numerous scientific challenges need to be addressed to integrate biorecogni-
tion elements with ambient MS analysis that provide different isolation and ionization
capabilities. Several approaches were tested to answer these challenges and provide
alternatives for effective immunocapture and ionization (Table 1.7). Chapter 2 ad-
dresses the incompatibility of LFIAs and ESI-MS; for MS analysis, an insufficient
amount of analyte is trapped on the LFIA, and necessary buffers for the proper devel-
opment of LFIAs are involatile, causing MS ion suppression. In response to these lim-
itations, the identification LFIA (ID-LFIA) was developed. The ID-LFIA consists of sev-
eral lines of mAb to increase the absolute amount of trapped analyte. Moreover, ID-
LFIA washing during analyte isolation minimizes buffer residues, thus decreasing ion
suppression. Chapter 3 explores the utilization of the ID-LFIA in combination with a
different MS ionization source, i.e., DART, for the ionization of analytes that were not
MS-amenable with the ESI approach in Chapter 2. Additionally, validation of the
method proves its fit-for-purpose, its superiority over the screening assay in sub-
stance identification, and its performance similarity to the official confirmatory
method. Next, Chapter 4 examines the isolation and online ionization of the analyte
from microspheres. Antibody-enriched paramagnetic microspheres, conventionally
used in suspension planar assays, were magnetically immobilized on a stainless steel
blade for direct blade spray MS analysis enabling antibody-based surface enhance-
ment in CBS for the first time. The last research chapter, Chapter 5, introduces the
novel concept of conductive polystyrene as an alternative substrate for blade spray
MS. Conductive polystyrene allows for simple physical immobilization of antibodies,
which eases blades' production, allows for fast online ionization, and promotes high
throughput analysis. Finally, Chapter 6 contains an overarching summary of the
methods developed within the framework of this thesis, provides a critical reflection
on Chapters 2-5 while discussing persisting challenges, and reflects on future per-
spectives and potential applications for the development of integrated biorecognition
MS approaches.
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Table 1.1. Challenges of integrating biorecognition elements with direct MS analysis and

solutions provided by this thesis.

Aim
Combination of:

e Biorecognition elements for selective analyte isolation, with;
e Ambient ionization MS for rapid confirmation, avoiding time-consuming chro-

matographic separation.

Challenges Developed Solution
method

Chapter 2

1. Insufficient amount of Development of identification
analyte trap on the biore- LFIA (ID-LFIA) consisting of 15
cognition element in con- ID-LFIA lines of mAD to trap a suffi-
ventional LFIAs. ESI-Q-Orbitrap- cient amount of MS amenable

MS analyte.

2. Inconventional LFIAs, Elimination of labeled anti-
the analyte is lost in the & body - the mAb of the ID-LFIA
absorbent pad. act as a bioaffinity trapping

3. Incompatibility of bioas- ID-LFIA zone.
says and MS ionization - ESI-QQQ- Washing of the ID-LFIA prior
ion suppression from bi- MS/MS to the MS analysis to mini-
oassay buffer residues mize involatile buffer resi-
(involatile salts). dues.

Chapter 3

1. Inability to detect all ana- DART ionization employs a
lytes trapped on the mAb different ionization mecha-
with ESI-MS and ESI- nism that ionizes different MS
MS/MS. ID-LFIA amenable analytes than ESIL

DART-QQQ-
2. Prove the integrated ap- MS/MS Presented validation to

proach is fit for the in-
tended purpose in the
food safety framework.

demonstrate performance
for the intended use.
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Table 1.1. Continued

Challenges Developed Solution
method
Chapter 4
Isolating the trapped analyte Paramagnetic microspheres are
before MS analysis - need for enriched with mAb, and the im-
online isolation and MS ioni- . muno-enriched microspheres are
) iMBS-QqQ- . I :
zation of the analyte from the immobilized on a stainless steel
MS/MS . ;
same surface. blade with the aid of a magnet,
followed by blade spray-MS ioni-
zation and analysis.
Chapter 5
Time-consuming surface an- Immunoaffinity conductive poly-
tibody immobilization involv- styrene blades enable physical
ing intricate surface activa- iBS-QqQ- adsorption for immobilization of
tion chemistry increasing the MS/MS mADb. The total analysis time from

preparation time of the

method.

sample to result is less than 5
minutes.
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Abstract

Lateral flow immunoassays (LFIAs) are widely used for rapid food safety
screening analysis. Owing to the simplified protocols and smartphone readouts, LFIAs
are expected to be increasingly used on-site, even by non-experts. As a typical follow-
up in EU regulatory settings, samples that were marked as "suspect" by such on-site
screening are sent to laboratories for confirmatory analysis by liquid chromatog-
raphy-tandem mass spectrometry (LC-MS/MS). However, re-analysis by LC-MS/MS is
laborious and time-consuming. In this work, an identification LFIA (ID-LFIA) approach
followed by streamlined quadrupole-orbitrap MS or triple quadrupole (QqQ) MS/MS
analysis was developed to expedite that cumbersome process. As a first step, a dedi-
cated ID-LFIA was developed for the mycotoxin deoxynivalenol (DON) following its
initial screening by a commercial smartphone LFIA. The ID-LFIA can be simply im-
mersed in the same sample extract used for the smartphone LFIA screening. Upon
positive screening, as the second step, DON is retrieved from the monoclonal anti-
body with a dissociation solution consisting of methanol/ammonia and the solution
thus obtained is analyzed directly with MS to rapidly confirm the presence of DON
and any cross-reacting species. The protocol was designed to cope with severe ion
suppression otherwise caused by LFIA buffers and nitrocellulose substrate residues.
Initial analysis of blank, spiked, and incurred samples showed that the newly devel-
oped ID-LFIA MS method was able to confirm the presence or absence of mycotoxins
in the samples previously analyzed by LFIA and also differentiate between DON and
DON 3-glucoside after obtaining a positive screening result. The concept and tech-
nique developed are envisaged to complement on-site screening and confirmation of
any low molecular weight contaminant in future food control frameworks.



ID-LFIA ESI-MS

2.1 Introduction

The EU General Food Law stipulates that in order to reassure safety within the
food and feed chain, producers are responsible for conducting all necessary tests so
that their products comply with the legislation. Also, regulatory authorities perform
inspections to ensure compliance with the current regulations (7). The effective strat-
egy for food contaminants monitoring consists of a two-step approach. First, a rapid
initial screening is performed, and second, confirmatory analysis of the suspect sam-
ples is carried out by instrumental analysis that provides unequivocal identification
and quantification, if needed (2).

Many (bio)analytical techniques can be used as screening tools, such as biore-
cognition-based assays using antibodies, receptors, enzymes, or aptamers (3-5). An
example of a bioassay that employs antibodies is a lateral flow immunoassay (LFIA).
LFIAs are widely used for on-site screening, with many applications reported, such as
detecting antibiotic residues, mycotoxins, or allergens (6-8). Screening LFIAs are rel-
atively cheap, can be performed on-site, are fast, and an LFIA can be read out visually
or with a smartphone camera for a more reliable and semi-quantitative result (9).
Smartphones offer a variety of opportunities for user-friendly diagnostics, providing
easy-to-read results, wireless data transfer to the cloud, and, most notably, for on-site
testing, time, and location data of the sampling (70). The potential of smartphone-
based diagnostics is highlighted by Rateni et al. that recorded 27 studies using
smartphone-based diagnostics solely on food safety and only within five years (2012-
2017) (71). Despite their extensive usage, a significant drawback of LFIAs is that the
antibodies used can only recognize a specific part of the targeted molecule, which
could be shared among structural analogs, making antibodies unable to differentiate
between molecules of similar physicochemical characteristics and structure (72-74).
This uncertainty is the main reason why LFIAs are used solely for rapid screening, and
if the result of the screening is ambiguous or suggests an exceeding of regulatory
limits, then confirmation is necessary. The methods primarily used for confirmation
are liquid or gas chromatography followed by tandem mass spectrometry (LC- or GC-
MS/MS) (2, 15). However, the confirmatory analysis is time-consuming because tedi-
ous sample preparation, extraction, clean-up step, and chromatographic separation
are necessary (16-18)

Nonetheless, an LFIA itself can be considered an immunochromatographic de-
vice capable of selectively extracting analytes of interest, thus providing the necessary
analyte selection and isolation step prior to instrumental analysis. In this study, the
concept of an identification LFIA (ID-LFIA) has been developed in combination with
direct MS analysis. With the ID-LFIA, the analytes are immuno-extracted, dissociated,
and subsequently directly analyzed by MS without prior time-consuming chromato-
graphic separation. Such a concept was far from trivial due to the general incompati-
bility of the LFIA with MS; the presence of involatile buffer salts and detergents in the
LFIA buffer, and the nitrocellulose substrate hamper the MS ionization (79). The con-
cept has been developed targeting the mycotoxin deoxynivalenol (DON);
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consequently, the ID-LFIA contains monoclonal antibodies (mAbs) against DON. The
model analyte, DON, is a mycotoxin produced by the Fusarium sp. fungi. Because of
the toxicity of DON, maximum residue limits (MRLs) for DON in food and feed have
been established to protect consumers (20). Apart from DON, conjugated forms, such
as DON 3-glucoside (DON-3G), may occur in contaminated cereal crops, such as
wheat, barley, and maize, as well as products thereof (27, 22).

Although a few approaches, using antibodies as a biorecognition element, and
ambient ionization mass spectrometry identification, have been reported previously
(23-26), to the best of our knowledge, this is the first successful attempt to simply
analyze an LFIA with direct ESI-MS.

2.2 Material and Methods

2.2.1 Chemicals and reagents

Acetonitrile (ACN), methanol (MeOH), and water (H20), all of UHPLC-MS purity
grade, as well as hydrochloric acid (HCI), sodium hydroxide (NaOH), ammonia solution
(25% v/v) (NHs) and formic acid (98% v/v) (HCOOH) were purchased from Merck (Darm-
stadt, Germany). Milli-Q water of 18.3 MQ/cm conductivity was obtained using a water
purification system from Merck (Amsterdam, The Netherlands). Bovine serum albu-
min (BSA) and bromothymol blue sodium salt solution in water were purchased from
Sigma-Aldrich (Zwijndrecht, The Netherlands). A stock solution of 10x Phosphate Buff-
ered Saline (PBS) containing 137 mM sodium chloride (NaCl), 2.7 mM potassium chlo-
ride (KCl), 10 mM sodium hydrogen phosphate (NazHPO4), and 1.8 mM potassium di-
hydrogen phosphate (KH2PO.) (Merck, Darmstadt, Germany) and having a pH of 7.4
was prepared in Milli-Q water. Tenfold dilution of the stock solution to 1x PBS in Milli-
Q water and addition of different percentages of Tween-20 (Sigma-Aldrich,
Zwijndrecht, The Netherlands) provided different running buffer compositions for
surface plasmon resonance (SPR) and LFIA experiments.

For SPR experiments, an amine coupling kit was obtained from GE Healthcare
(Uppsala, Sweden), containing 1 M Ethanolamine, 1-ethyl-3-(3-(dimethylamino)pro-
pyl)-carbodiimide hydrochloride (EDC), and N-hydroxysuccinimide (NHS). Also, a car-
boxymethylated dextran-coated gold chip (CM5) (GE Healthcare, Uppsala, Sweden)
having four flow channels was used.

A commercially available DON smartphone-based LFIA kit, RIDA QUICK DON,
including DON extraction buffer, was obtained from r-Biopharm (Darmstadt, Ger-
many). RosaFast DON screening tests for DON and its running buffer were purchased
from Charm Sciences Inc. (Lawrence, UK).

Standard stock solutions of 100 pg/mL DON, 25 pg/mL '*C-DON, and 50 pg/mL
DON-3G, all in ACN, and wheat flour "DON blank certified reference material" (Joint
Research Centre) were all purchased from LGC standards (Wesel, Germany). A con-
taminated beer sample was kindly provided by the Institute of Chemical Technology
(Prague, CZ), and a naturally incurred wheat sample was purchased from Trilogy An-
alytical Laboratories (Arnhem, The Netherlands). Blank grounded, and slurry
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grounded wheat and grounded barley samples, previously analyzed by confirmatory
LC-MS/MS analysis, were provided in-house. Spiked samples were produced by spik-
ing parts of the blank sample extracts at 200 ng/mL with DON or DON-3G. Two mouse
mAbs for DON, clone 2, clone 4, and DON conjugate with BSA (DON-BSA) were pur-
chased from Aokin AG (Berlin, Germany).

2.2.2 ID-LFIA development

SPR measurements - Biosensor Chip Preparation

To develop the ID-LFIA approach, appropriate biorecognition conditions were
determined using surface plasmon resonance (SPR). SPR measurements were con-
ducted to evaluate the mAb binding affinity, sensitivity, and analyte dissociation. All
measurements were performed on a Biacore 3000 (GE Healthcare, Uppsala, Sweden)
with a CM5 chip. DON-BSA and BSA were immobilized on flow channels 1 and 2, using
a slightly modified method from the previously described by Joshi et al. (27). First,
immobilization of DON-BSA and BSA was done, instead of DON-OVA and OVA. Also,
PBS with Tween-20 (0.02% v/v) was used as a running buffer at a flow rate of 5 uL/min,
in order to simulate better the conditions of the LFIA development. The immobiliza-
tion starts by first activating the carboxymethylated surface of the CM5 chip, with a
1:1 mixture of EDC/NHS for 7 min, followed by a 7 min injection of DON-BSA 50 ug/mL
or BSA 50 ug/mL, diluted in 10 mM acetate buffer pH 4.5. Following the immobiliza-
tion, the remaining free carboxymethylated groups of flow channels 1 and 2 were
blocked with ethanolamine 1 M injection for 7 min. Finally, the chips were stored at 4-
8 °C until further use. All SPR results were processed with Biaevaluate (GE Healthcare,
Uppsala, Sweden).

ID-LFIA Construction

The ID-LFIA was constructed using an XYZ3060 BioJet & AirJet instrument (Bio-
dot Inc., Irvine, CA, USA) with a spraying speed of 1 uL/cm. The selected mAb diluted
in 1x PBS was sprayed at the center of a nitrocellulose (NC) membrane (HiFlow Plus
HF13502, Millipore, Carrigtwohill, Ireland). To capture a high quantity of DON, fifteen
identical lines of the same antibody type and dilution were sprayed, thus forming a
rectangle zone of mAb on the NC membrane. The NC membrane was then secured
on plastic backing (G & L, San Jose, CA, USA). After drying the ID-LFIAs at room tem-
perature, an absorbent pad (Schleicher & Schuell, Dassel, Germany) of 3 cm length
was incorporated, slightly overlapping at the end with the NC membrane. In contrast
to regular LFIAs, the ID-LFIA lacks visible test and control lines. So, to assure that the
running buffer moved correctly through the NC membrane, the indicator bromothy-
mol blue was incorporated into the absorbent pad as follows: the absorbent pad was
soaked in the indicator solution and air-dried overnight at room temperature. The
indicator changes color from yellow (pH<6) when dry, to light green (pH > 7.4) when
in contact with the running buffer, and keeps the light green color when the ID-LFIA
is dry again after sampling. Finally, the ID-LFIAs were cut at a 5 mm width using a
CM4000 BioDot Guillotine (Biodot Inc., Irvine, CA, USA). The final ID-LFIA were packed
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in aluminum pouches with silica desiccation packs, heat-sealed, and stored in the
fridge at 4 °C until further use.

2.2.3 Mass spectrometry

Quadrupole-orbitrap MS

Initial experiments for optimizing ionization conditions were performed on a
model Exactive orbitrap high resolution (HR) MS (Thermo Fisher Scientific, San Jose,
CA, USA). The heated electrospray ionization (HESI) source parameters for the ioniza-
tion of DON in negative ESI were optimized with direct infusion of a standard solution
of DON 1 ug/mL in MeOH/NHs (2% v/v) at a constant flow rate of 20 uL/min. Then, the
same optimized HESI source conditions were used for ionizing DON in the model Q-
Exactive Focus quadrupole orbitrap hr-MS (Thermo Fisher Scientific). The following
settings were used: sheath gas/aux gas 35/10 arbitrary units, spray voltage 2.5 kV,
capillary temperature 270 °C, and capillary voltage -50 V. Single ion monitoring (SIM)
and MS-MS fragmentation (ddMS?) with a normalized collision energy of 10 for DON
and 15 for the conjugated form DON-3G were used as data acquisition methods. Spec-
tra were recorded at a resolution of 70000 FWHM at a 3 Hz scan rate with a maximum
ion injection time of 1500 ms. The theoretical exact masses of the model analytes and
the experimentally obtained m/z values for [M-H]- precursor ions and fragment ions
thereof are given in Table 2.1. Xcalibur software (Thermo Scientific) was used to obtain
reconstructed ion chronograms (RIC) of the selected ions with 5 ppm mass accuracy,
as well as the full scan mass spectra in the m/z range of 100-600 Da.

Table 2.1. Ions monitored for DON and its conjugated forms in Quadrupole-Orbitrap MS and the ion transi-
tions in Triple Quadrupole MS.

Analyte  Theoretical Ion (negative Elemental Q-Orbitrap- QqQ-MS/MS

exact mass ion mode) composition MS (m/z) (m/2)

[M-H] [CisH2006-H] 295.1187
DON 296.1260 Fragment 1 [C14H180s5-H]- 265.1081 295.1 > 265.1
Fragment 2 [C14aH1604-H] 295.1 > 2471

[M-H] [CisH2006-H] 310.1690

3C-DON 311.1763

Fragment 1 [C14H1805-H] 279.1551 310.2>279.2

[M-HT [Ca1H30011-H] 457.1715
DON-3G 458.1788 Fragment 1 [C20H28010-H] 427.1610 457.0 > 427.0
Fragment 2 [C14aH1604-H] 457.0 > 2471
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Triple Quadrupole (QqQ) MS/MS

The conditions of the ESI source were optimized on a Xevo TQ-XS QqQ-MS sys-
tem (Waters Corporation, Milford, MA, USA) in full scan mode (m/z 100-600) using di-
rect infusion of 1 ug/mL DON in MeOH/NHs (2% v/v) with a constant flow rate of
20 uL/min. Fragmentation conditions were optimized in product ion scan mode using
100 ng/mL solutions in MeOH/NHs (2% v/v) of DON and DON-3G. Optimized condi-
tions were as follows: capillary voltage 2.5 kV, cone voltage 5V, source temperature
120 °C, desolvation temperature 200 °C, cone gas N2 flow 150 L/h, desolvation gas N2
flow 300 L/h, collision gas Ar flow 0.16 mL/min. Data were acquired in multiple reac-
tion monitoring (MRM) mode with a collision energy of 11 eV for DON and 15 eV for
DON-3G. The final sample analysis was performed using flow injection analysis (FIA)
with a 10 uL loop and MeOH/NH3s (2% v/v) as mobile phase at a flow rate of 80 uL/min;
total runtime was only 0.6 min. For data acquisition and processing of the MS data,
MassLynx software (Waters) was used.

2.2.4 Sample preparation

The extraction protocol from the r-Biopharm smartphone-based LFIA was used
for wheat and barley samples: 1 g of grounded wheat sample was extracted using
15 mL of extraction buffer from the assay kit. Slight agitation is needed, followed by
centrifugation to facilitate sedimentation of the sample. For the extraction of the con-
taminated beer sample, a method previously developed by Pagkali et al. was used
(28), because the r-Biopharm protocol was not developed for the analysis of liquid
samples. The degassed beer sample was simply diluted 8 times with the r-Biopharm
extraction buffer.

In the r-Biopharm LFIA, the extraction buffer doubles as a running buffer so
directly after extraction, 100 uL is pipetted onto the sample port of the LFIA. After
5 min, the result can be read visually or by using the smartphone app for a semi-
quantitative result. For the development of the ID-LFIA, 200 uL of the same sample
extract is used for immersing the ID-LFIA, without any additional sample preparation
and extraction needed. Next, the rectangle zone of mAb on the ID-LFIA is isolated and
placed in an Eppendorf tube to wash with 500 uL of Milli-Q and slight agitation. The
washing step aids non-specifically bound analytes removal and minimizes the ion sup-
pression effects of assay buffer and NC membrane residues. Afterward the rectangle
zone of mAb on the ID-LFIA is placed in an Eppendorf tube filled with 200 uL dissoci-
ation solution of MeOH/NHs (2% v/v). After vortexing for 5 min and adding 40 ng/mL
13C-DON internal standard (IS), to compensate for the ion suppression, the final solu-
tion is ready for analysis by direct ESI-MS.

To demonstrate the efficiency of this protocol in coping with ion suppression,
the extraction protocol from a second LFIA provider, Charm Sc., was used in which
10 g of ground wheat sample was extracted with 50 mL of Milli-Q water, shaken for
1 min and centrifuged. 100 uL of the extract was mixed with 1 mL of assay buffer,
yielding the final solution used to develop the ID-LFIA according to the above proto-
col.
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2.3 Results

2.3.1 General concept

Direct coupling of a (smartphone-based) screening LFIA and MS is not straight-
forward. For low molecular weight analytes, such as the model analyte, DON, the
most common LFIA format is a competitive assay. This assay format does not allow
direct ionization of the analyte of interest because it is found by the end of the LFIA
(in the absorbent pad) (29). Therefore, a complementary ID-LFIA was developed, with
anti-DON mAb, immobilized directly on the NC membrane for the subsequent detec-
tion and identification of DON by direct MS analysis. In this concept, the end-user may
perform on-site a (smartphone-based) LFIA and, in the case of a suspect result, im-
mediately immerse the newly designed ID-LFIA into the same sample extract. The ID-
LFIA can be sent for confirmation in the lab with direct MS analysis (Figure 2.17).

flour * buffer

wheat | extructgn
1:§

Wash
&

Dissociation

Figure 2.1. General concept of the ID-LFIA direct MS approach. (A) Sampling of the selected food
commodity (wheat) on-site. (B) Homogenization and simplified extraction, (C) performance of a
smartphone-based screening LFIA. If the result is suspect (‘positive’), then (D) the same extract is
used to develop the ID-LFIA. After development of the ID-LFIA, the mAb trapping zone is isolated,
followed by washing, and dissociation. (E) Finally, the retrieved solution is directly analyzed by Q-
Orbitrap MS, or QqQ MS/MS.
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The main benefit of this concept is the very rapid confirmation of the analytes
causing the suspect LFIA screening result. No laborious conventional LC-MS/MS is
needed to check for false positive LFIA screening results. Only if more specification
and/or a more accurate quantification is needed then conventional time-consuming
LC-MS/MS analysis follows, for example for the purpose of specific regulatory require-
ments. When, in the future, LFIAs are increasingly used on-site by non-experts, it is
essential to overcome increased confirmatory analysis time and costs spent in the lab
on increasing false positive screening samples.

2.3.2 ID-LFIA development

To develop the ID-LFIA approach, appropriate the mAb were evaluated using
SPR. DON-BSA and BSA diluted to 50 ug/mL in 10 mM acetate buffer of pH 4.5, were
immobilized on a CM5 chip to serve as assay and reference channels, respectively.
The mAbs (clone 2 and 4 diluted in running buffer at a concentration of 20 ug/mL)
were screened for their affinity towards immobilized DON-BSA. According to the RU
values in the SPR sensograms obtained (Figure 2.2), we can conclude that mAb clone
2 is binding with a higher affinity to DON-BSA immobilized on the surface than clone
4. We observed that clone 2, was not dissociating; in contrast, clone 4 dissociated rap-
idly from the DON-BSA chip, demonstrating a stronger binding of the former.
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Figure 2.2. SPR sensograms comparing the binding of mAb clones 2 (red) and 4 (green) to immo-
bilized DON-BSA on the flow channel of the SPR chip. Conditions: running buffer of PBS with Tween-
20 (0.02% v/v) at a flow rate of 5 uL/min. Injection of 35 uL of each mAb. Regeneration of the SPR
chip surface by injecting 25 mM NaOH at a flow rate of 100 uL/min.

To assess the sensitivity of the selected antibody, an inhibition method was
implemented as described in literature (30). A 35 uL mixture of mAb 2 ug/mL together
with increasing concentrations of DON standard solutions diluted in running buffer
(1:1 v/v) were injected in the flow channels 1 and 2. The concentration of DON ranged
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from 0.0001 pg/mL to 10 ug/mL, with steps of a tenfold concentration increase. The
experiment was performed in duplicate, with four blank solvent injections, two at the
beginning and two at the end of the method (Figure 2.3).
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Figure 2.3. Overlay SPR sensograms obtained from the inhibition assay for DON.

2.3.3 Direct electrospray MS of dissociated DON

For the MS experiments, we first optimized the ionization conditions for DON
using different standard solutions. Secondly, the compatibility of the dissociating so-
lution of the ID-LFIA with ESI-MS and the matrix effects from both the LFIA assay buff-
ers and the ID-LFIA material residues were investigated in detail.

Dissociation of antibody binding can be achieved, among others, under acidic
or alkaline conditions. Therefore, for evaluating the MS sensitivity of DON, we tested
both 1 ug/mL DON in solutions of HCOOH (0.1% v/v), NHs (0.1% v/v) and ammonium
acetate/acetic acid buffer and in different solvents such as MeOH and ACN, as well as
mixtures of the organic solvents with H20 in 50/50 (v/v). The solution that yielded the
highest MS intensity at optimized ionization conditions is MeOH/NHs for the deproto-
nated ion of DON in negative ESI mode (Figure 2.4). Compared with the most intense
ion in positive ESI mode, there was a 50-fold or higher increase in signal. Moreover,
the final negative ESI conditions of 2.5 kV spray and -50 V capillary voltages showed
to be very robust, as only minor differences were observed for the intensity of the
deprotonated ion of DON at the various capillary and spray voltages tested. Next, we
tested different percentages of NHs, and 2% v/v of NHs3 in MeOH was sufficient for
optimal ionization, without altering the appearance of the spectra.
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Figure 2.4. Relative intensity of DON 1 ug/mL [M-H] and [M+H]* in Methanol/ ammonia 0.1% v/v
and methanol/ water/ formic acid 50/50/0.1 v/v/v, shown in grey and black bars, respectively. From
all the different solutions of DON tested, those are the optimum for the ionization in negative and
positive mode, recorded at 2.5 kV spray voltage, resolution of 50000 FWHM and 4.5 kV spray volt-
age, resolution of 100000 FWHM, respectively.

To assess the effective dissociation of mAb-DON binding in the optimized so-
lution of NHs 2%v/v in MeOH, an SPR measurement was conducted. In a CM5 SPR chip,
with immobilized DON-BSA, using PBS with Tween-20 (0.02% v/v), as a running buffer
with a flow rate of 5 uL/min, 35 uL of clone 2 antibON mAb was injected, followed by
a 20 uL regeneration injection of MeOH/NHs (2% v/v). According to the RU values in
the SPR sensogram obtained before and after the regeneration (Figure 2.5), we can
conclude that the selected MeOH/NH3 (2% v/v) dissociation solution, is effective for
rapid and complete dissociation. The regeneration of the SPR chip requires approxi-
mately 3 min, so a total vortex time of 5 min and a 200 uL volume was chosen in the
final ID-LFIA protocol to reassure complete dissociation of the analyte from the mAb.

2.3.4 Ion suppression study

Different types and percentages of LFIA buffers, commonly used in screening
assays, such as 1x PBS, were tested to assess the effect of residual buffer salts and
detergents on the MS signal. Buffers used in immunoassays typically contain various
non-volatile salts, such as sodium chloride or potassium phosphate (37), known to
cause severe ion suppression in ESI-MS (79). As expected, a higher percentage of buff-
ers showed increased ion suppression, as well as, increased background, regardless
of the type of the buffer used (Figure 2.6).
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Figure 2.5. SPR sensograms of the binding of mAb clones 2 to immobilized DON-BSA on the flow
channel of the SPR chip, followed by regeneration with the dissociation solution MeOH/NH3 2%. The
RU value reaches the baseline after the regeneration.
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to dissociation with MeOH/NHs (2% v/v).
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However, ion suppression may be caused not only by the LFIA buffer but also
by residues from the NC membrane. During the production of NC membranes for
LFIA use, proprietary additives are being used by manufacturers. And since nitrocel-
lulose dissolves partly in MeOH/NHs (2% v/v) during the dissociation step, membrane-
embedded additives that cannot be entirely removed in the aqueous washing step
may end up in the final solution for MS analysis. To evaluate the overall ion suppres-
sion caused by assay buffer and the nitrocellulose residues, we conducted a matrix-
matched ion suppression study by comparing the intensity of the [M-H] ion of
40 ng/mL DON spiked in MeOH/NHs (2% v/v) (reference solution) to DON in a solution
of a MeOH/NHs3 (2% v/v) extract from a blank ID-LFIA developed with the assay buffer
according to the ID-LFIA protocol. The results of the comparison showed an 80% drop
in the intensity of DON in the extract from blank ID-LFIA (Figure 2.7). In order to
achieve still adequate sensitivity for the identification of DON in the less sensitive Q-
Orbitrap MS, the ratio of captured DON molecules versus buffer/NC substrate back-
ground was successfully managed by increasing the number of mAb lines on the ID-
LFIA to 15, thereby creating a rectangular affinity trapping zone. By cutting that mAb
zone from the ID-LFIA prior to the dissociation with MeOH/NH3 (2% v/v), we minimized
the interference caused by dissolved nitrocellulose residues. As a result, in the final
ID-LFIA MS protocol and despite the lack of additional clean-up steps and chromatog-
raphy, the sensitivity of DON to '*C-DON ratio, dropped only by a factor of 2.5 and the
linear regression only from 0.999 to 0.994 in the concentration range of 8-40 ng/mL.
Remember that the '3C-DON is added just prior to the MS analysis and will compen-
sate, at least partly, for ionization interferences but not for incomplete recovery from
the immunocapturing and dissociation steps. The final sensitivity for DON thus ob-
tained in ID-LFIA MS is adequate for identification at regulatory limits.

Assuming 100% recovery from the mAb, an absolute quantity of 0.28 ng of
DON is captured on a single line of mAbs. The number of lines increased the absolute
quantity of analytes trapped by the mAb and the concentration of analytes in the sam-
ple solution for MS analysis. Calculations were made based on (i) the sensitivity of the
orbitrap MS taking into account the ion suppression conditions, (ii) the maximum
mAb loading and trapping capacity per line, and (iii) the required regulatory limits.
Based on these calculations, an immunocapturing area composed of a number of 15
lines was found to be fit-for-purpose. In the final protocol, a 200 uL MeOH solution
containing 2 % v/v NHs solution was used for the dissociation and recovery of DON
from the mAb on the ID-LFIA. The calculated theoretical concentration of DON, as-
suming an extracted sample containing 1750 ug/kg DON and 100% recovery of DON
from the 15 lines of mAb following dissociation from the mAb and aqueous washing,
will be approximately 100 ng/mL in the absence ion suppression. In combination with
the expected ion suppression from the substrate, we expect a signal beyond the LOD
and LOQ (13 and 38 ng/mL, respectively) of the orbitrap MS. This will allow MS identi-
fication of DON and/or its conjugates in samples previously screened suspect by
smartphone-based LFIA but not a precise and accurate quantification.
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3D graph of different percentages of LFIA buffers
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Figure 2.7. The relative intensity of [M-H] of DON 1 pug/mL in standard solutions of MeOH/NH3 (2%
v/v) containing different percentages of running buffer. The higher the percentage of the running
buffer, the higher the ion suppression, regardless of the type and the purity of the buffer used.

2.3.5 Analysis of spiked and incurred samples

In the final Q-Orbitrap experiments, we chose to acquire deprotonated ions
[M-HT in single ion monitoring (SIM) mode, followed by MS/MS measurement of the
characteristic fragment ion of each analyte (Table 2.1.). Apart from a hybrid Q-Orbitrap
MS we also used a QqQ-MS/MS, being the most frequently used MS technique in con-
firmatory food analysis (32-35). For negative ESI-MS/MS detection the MRM data ac-
quisition mode was used, at the optimized conditions given in section2.2.3.

Following the developed approach, both naturally contaminated and spiked
samples were analyzed. In Q-Orbitrap MS, a blank certified reference wheat material
extract was spiked at 200 ng/mL for DON-3G and 100 ng/mL for DON. The sample
was analyzed 6 times to demonstrate the repeatability of the ID-LFIA Q-Orbitrap pro-
cedure. For the QqQ measurements, 6 different blank wheat samples were analyzed,
as well as spiked versions thereof, at 200 ng/mL DON. Moreover, to demonstrate that
the developed ID-LFIA MS protocol is independent of the running buffer composition
and applicable to different sample matrices, we also analyzed ID-LFIAs developed
with 1x PBST (0.05% v/v Tween-20), HEPES, the running buffer from the commercial
Charm DON assay, and ID-LFIAs developed with barley extracts. Finally, naturally con-
taminated wheat and beer samples were analyzed in both instruments.
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Using the extraction protocol described in section 2.2.4, DON was isolated from
the blank and spiked samples, and the extract was analyzed in duplicate by both the
DON LFIA with smartphone readout and the newly developed ID-LFIA direct MS anal-
ysis approach. Thanks to the smartphone camera and app, a semi-quantitative result
is obtained, next to the visual readout, which can be compared with the MS analysis.
The results are shown in Table 2.2 and Table 2.3. In all cases, negative and suspect
smartphone LFIA screening results were successfully confirmed by ID-LFIA MS analy-
sis: blank samples did not show any DON or DON conjugate in the MS analyses, while
ID-LFIA MS analysis of spiked and incurred samples showed characteristic deproto-
nated and fragment ions, allowing rapid confirmation of identity (Figure 2.8 and Figure
2.9), based on accurate mass and area ion ratio data. From Table 2.2 it can be seen
that the repeatability of the DON signal for the six (identical) spiked wheat samples in
ID-LFIA Q-Orbitrap MS was 7.2% RSD without correction for the IS '3C-DON. In ID-LFIA
QqQ-MS/MS the robustness of the area ion ratio (the mean ratio of the absolute area
of the DON MRM product ion at m/z 247.1 to the area of the ion at m/z 265.1) turned
out to be excellent for confirmation of identity according to regulatory requirements
(Table 2.3). Moreover, neither the stability of the ion ratio nor the stability of the re-
sponse factor versus the '*C-DON quality control standard was affected by the sample
matrix or the assay buffer composition.

Regarding the incurred beer, the screening LFIA smartphone app reported a
positive DON result of more than 5.5 mg/kg. However, according to the ID-LFIA MS
follow-up analysis, this beer sample was found to contain apart from DON also DON-
3G, thereby underlining the added value of rapid MS identification of suspect LFIA
screening assays. These results are in very good agreement with data from biochip
spray MS and conventional confirmatory LC-MS/MS analysis, in which the same beer
sample was found to contain 3.8 mg/mL of DON-3G and 2.8 mg/mL of DON (25).

In confirmatory techniques, four identification points (IPs) are required for sub-
stances with an established ML. The IPs are earned by measuring specific character-
istics, as described in the legislation (2). In our ID-LFIA MS approach, when measuring
in hybrid Q-Orbitrap MS, two ions, namely, the precursor ion and a product ion, are
monitored, thus yielding 4 IPs. Even without chromatographic separation, the IP sys-
tem can be applied to confirm the identity of the analyte causing the suspect LFIA
screening result. With the QqQ, two product ions are monitored in MRM mode yield-
ing 3 IPs. Apart from that, additional IPs might possibly be granted in future revision
of the legislation because of the inherent "immuno-chromatography" nature of the
ID-LFIA.

53



Chapter 2

o

Deoxynivalenol Deoxynivalenol 3-glucoside
g g
£ @ 10
§ 100 2051187 m/z g 457.1715 m/z
g £°
H S
3 0 2 100
2 10; 295.1187 > 265.1081 m/z < 457.1715 > 427.1610 m/z
@ g s
> 5 2
] &
% %.0 0.2 0.4 0.6 08 10 12 E ‘00 02 04 06 08 10 12
& Time (min) Time (min)
13C Deoxynivalenol
g
g e 0@ 310.1690 m/z
5 s
<
3 )
Rt
< 4T 310.1690 > 279.1551 m/z
2z S
]
5 0t T T T T T T
g 0.0 0.2 0.4 0.6 0.8 1.0 12
Time (min)
b Deoxynivalenol Deoxynivalenol 3-glucoside
g g
@ 100
E 100 205.1187 m/z g \/\/ 457.1715 m/z
& 5 T 50
£ °
c £
5 o R
2 10‘3 295.1187>265.1081m/z < ] T 457.1715 > 427.1610 m/z
@ g s
> 5 2
32 =]
% %.0 0.2 0.4 0.6 0.8 1.0 12 g UD.D 0.2 0.4 0.6 0.8 1.0 12
= Time (min) Time (min)
13C Deoxynivalenol
g
T 310.1690 m/z
5 s
<
3 o
It S —
< ] T e 310.1690 > 279.1551 m/z
2 s
]
5 0t T T T T T T
g 0.0 0.2 0.4 0.6 0.8 1.0 1.2
Time (min)
c Deoxynivalenol Deoxynivalenol 3-glucoside
g g
o @ 10
g 10 —_— T~ osmsTma g ——\/—‘ 4574715 m/z
g s 3 ®
£ £
3 10 2100 e
2 :a 295.1187>2651081m/z X ] ___ceememTTT TR 457.1715 > 427.1610 m/z
@ g s
> 5 2
B ot v r - r ; r =
é %0 02 04 06 08 10 12 S 00 02 04 06 08 10 12
Time (min) Time (min)
3C Deoxynivalenol
g
$ "y — 3t01690mz
g 5
<
5 o
81000 e
< ] e 310.1690 > 279.1551 m/z
2 s
s
ks [y T T T T T T
g 0.0 0.2 0.4 0.6 0.8 1.0 12
Time (min)

Figure 2.8. ID-LFIA Q-Orbitrap reconstructed ion currents for DON and DON-3G, and fragment ions
thereof, in (a) blank wheat, (b) DON 3G spiked wheat and (c) an incurred beer sample. *C-DON

added as a quality control IS prior to MS analysis. The
line and the main fragment ion in dashed line.
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Table 2.2. Results from ID-LFIA Q-Orbitrap MS analysis of wheat and beer samples

mean absolute intensity of peak height + SD LFIA
Sample screening
DON DON-3G result
(mg/kg,
m/z 295.1187 265.1081 457.1715 427.1610 mean # SD)
Blank wheat - - - - <0.50(+0.00)
Spiked DON
Wheat (1) 1045(5.0)  338(£8.5) - - 2.63(0.09)
Spiked DON
Wheat (2) 1311(x£29.0) 293(+5.5) - - 2.48(+0.01)
Spiked DON
Wheat (3) 1046(+64.0) 291(x17.5) - - 2.57(+0.13)
Spiked DON
Wheat (4) 1710(£250.0)  473(+£22.5) - - 2.35(+0.00)
Spiked DON
Wheat (5) 1665 (+130.0) 564(+3.5) - - 2.54(+0.04)
Spiked DON
Wheat (6)  200#135.0)  507(x41) - - 2.56(+0.11)
Spiked DON
Wheat -
1 week sta-
bility of de- 1200300 994(x47) - - 2.60(+0.01)
veloped ID-
LFIA
Incurred
wheat DON  1165(45) 287(+21) - - 2.57(+0.00)
Spiked
PON-36 ) - 2230(+30)  983(+77)  2.64(0.00)
wheat
Incurred
beer UCT 3360(+220) 745(+34) 2900(+140) 820(+2) >5.50(+0.00)

Conditions: duplicate infusions of the same final ID-LFIA dissociation solution in Q-Orbitrap MS. SD is
the standard deviation of the duplicate measurement. The LFIA screening result was obtained with the
r-Biopharm LFIA for DON and quantification with the associated smartphone application. SD is the
standard deviation of duplicate reading of the same LFIA.
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Figure 2.9. ID-LFIA MS/MS reconstructed MRM transition ion currents of DON and DON-3G in (a)
spiked wheat (dashed line) overlayed with blank wheat (continuous line), (b) incurred beer sample.
3C-DON added as a quality control IS prior to MS analysis.
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Table 2.3. Results from ID-LFIA ESI-QqQ-MS/MS analysis of wheat, barley, and beer samples

DON DON-3G LFIA
screening
Sample M M result
P Vean area - pesponse . con 2@ pesponse (mg/kg,
ion ratio % ion ratio %
sD factor + SD sD factor + SD mean
+ SD)
Spiked DON
Wheat (nr 798) 0.31 (¢0.03) 0.16(x0.011) - - 3.95(x0.10)
Spiked DON
Wheat (nr 802) 0.31 (x0.04) 0.16(x0.004) - - 3.88(+0.00)
Spiked DON
Wheat (nr 803) 0.30 (x0.05) 0.16(x0.003) - - 3.87(x0.03)
Spiked DON
Wheat (CRM) 0.30 (x0.02) 0.16(x0.005) - - 4.29(x0.17)
Spiked DON
Wheat (nr 607) 0.30 (+0.00)  0.16(+0.002) - - 3.88(x0.02)
Spiked DON
Wheat (nr 670) 0.31(£0.06)  0.16(+0.004) - - 3.93(x0.19)
Spiked DON Bar-
ley (nr 797) 0.31 (£0.01)  0.17(x0.021) - - 3.48(+0.10)
Spiked DON
Wheat (CRM)/ 1x
PBST (0.05% 0.30(+0.05)  0.16(0.001) - - .
tween-20)
Spiked DON
Wheat (CRM)/ 1x ~ 0.29(+0.01)  0.17(0.006) - - _
HEPES
Spiked DON
Wheat (CRM)/ 0.29(+x0.00)  0.16(+0.009) - ) .
Charm Sc. r.b.
Incurred wheat 4 3540.01)  0.17(x0.008) : : 3.56(20.18)
DON
neurredbeer  030:004) 016(:0005)  1.0(:002)  0.02(0.007) >55(:0.00

Conditions: Duplicate injections of 10 uL of the same final ID-LFIA dissociation solution were done in QqQ
MS/MS with a flow rate of 80 uL/min. SD is the standard deviation of the duplicate measurements, and response
factor is the mean area ratio of DON/™C DON of m/z 265.1 / 279.2, or DON-3G / *C DON of m/z 427.1/ 279.2.
The screening result was performed with the r-Biopharm LFIA and the quantification was done with the associ-
ated smartphone app. SD is the standard deviation of duplicate reading of the same LFIA.
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2.4 Discussion

Asimplified direct analysis of an LFIA with MS was developed allowing the rapid
identification of low molecular weight analytes previously screened as suspect by reg-
ular or smartphone-based LFIAs. Supported by SPR studies, selective capturing of the
target analyte by a mAb on a newly developed ID-LFIA was achieved, followed by iden-
tification of the immuno-captured analyte, as well as any (un)expected cross-reacting
conjugates, using either Q-Orbitrap MS or QqQ MS/MS. The developed ID-LFIA MS
protocol was found to rapidly confirm the identity of the analytes based on accurate
mass and/or robust ion ratios that were not affected by different sample matrices nor
by different LFIA buffer compositions. The ion suppression caused was successfully
managed, by introducing multiple lines of mAb and the addition of a washing step.
Nonetheless, future experimentation with different types of porous substrates to cap-
ture the mAb and provide capillary flow, different types of rapid screening assays, and
subsequent direct analysis of the analytes with MS could be tested to provide alter-
native direct analytical approaches.

In the world of increasing numbers of simplified and smartphone-based food
safety screening diagnostics, higher numbers of screening data will become available
and, as a consequence, the number of results requiring a follow-up by instrumental
analysis will increase as well, leading to more and more time-consuming confirmatory
analysis needed. Even though conventional LC-MS/MS analysis has higher multiplex-
ing and quantitative potentials (76, 22, 35), the developed ID-LFIA MS approach may
act as an intermediate between the screening assays and the conventional quantita-
tive confirmatory analysis by chromatographic separation followed by mass spec-
trometry, in order to moderate the increasing number of analyses. Following this con-
cept, an individual performs a commercially available smartphone-based screening
assay with LFIA format. In case of a suspect or ambiguous result, one would simply
immerse our newly developed ID-LFIA in the same sample extract and send the de-
veloped ID-LFIA to the lab by courier, mail, or otherwise, for further processing. Fol-
lowing the wash and dissociation steps, the LFIA can be analyzed by direct MS in the
lab, requiring less than a minute to either verify or reject the LFIA screening result as
a false positive. Only if the result of this intermediate analysis is positive and further
information or accurate quantification is needed, then conventional confirmatory
analysis with LC-MS/MS would be necessary to be performed.
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Abstract

In current food safety monitoring, lateral flow immunoassays (LFIAs) are widely used
for rapid food contaminant screening. Recent advances include smartphone
readouts, offering semi-quantitative analysis of LFIAs with time, location, and data
transfer in case of on-site testing. Following the screening, the next step in the EU
regulations is confirmation by, e.g., liquid chromatography-tandem mass spectrom-
etry (LC-MS/MS). In this work, using direct analysis in real time ambient ionization and
triple quadrupole MS/MS (DART-QqQ-MS/MS), we achieved rapid confirmation of the
identity of the substance(s) leading to a positive LFIA readout. In the proposed work-
flow, an individual performs the (on-site) smartphone LFIA screening, and when the
result is suspect, an identification LFIA (ID-LFIA) is developed with the same sample
extract, thereby removing the need for additional sample preparation. The ID-LFIA
can be dissociated and rapidly analyzed in a control laboratory with DART-QqQ-
MS/MS. The ID-LFIA consists of multiple lines of monoclonal antibodies against the
mycotoxin deoxynivalenol, acting as a bioaffinity trap. The ID-LFIA DART-QqQ-MS/MS
approach has been developed and validated, along with the screening smartphone
LFIA, and its applicability has been demonstrated by analyzing incurred and spiked
samples. The developed approach has been critically compared with our previous di-
rect electrospray ionization MS method and was found to provide complementary in-
formation on the total deoxynivalenol contamination in the sample
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3.1 Introduction

According to the European Union (EU) regulation, the food needs to be moni-
tored and tested to reassure the absence of contaminants (7). Contaminants, includ-
ing mycotoxins, adversely affect human health when consumed (2). Mycotoxins, such
as deoxynivalenol (DON), are produced in crops contaminated by Fusarium sp. fungi.
Due to plant metabolism (acetylation or glycosylation), DON can be converted into
conjugated forms, which makes analytical detection an intricate task (3). Mycotoxins
threaten human health and challenge the food industry with millions of euros in eco-
nomic losses because mycotoxin-contaminated food commodities must be with-
drawn or destroyed before reaching the market (4).

The contaminants monitoring strategy in the EU usually consists of a two-step
approach. The first step involves rapid screening assays using, for instance, lateral
flow immunoassays (LFIAs). Screening assays provide a positive or negative result re-
garding the presence of a specific contaminant at a validated target level. When the
screening result is positive or ambiguous, confirmatory analysis should be performed
with liquid or gas chromatography and (tandem) mass spectrometry (LC- or GC-
MS/MS) (5). In this structure, screening and confirmation act complimentarily; screen-
ing is fast and easily performed, but it does not give any structural information on the
contaminant, so, confirmation provides unequivocal detection of the contaminant at
the level of interest. However, confirmation involves time-consuming chromatog-
raphy and elaborate sample preparation, which could be considered a disadvantage
for routine analysis laboratories when many samples must be analyzed.

Until now, food safety procedures solely rely on official controls from authori-
ties and food producers (6). However, in recent years, significant progress has been
made in fields that could affect how food safety analysis is performed. First, user-
friendly diagnostic tests have been developed, some of which use smartphone
readouts for semi-quantitative interpretation of the result and can even be used by
non-experts as screening assays (7, 8). The screening tests with smartphone readout
provide improved sensitivity, ease of use, fast analysis, and GPS location data for spa-
tiotemporal mapping of contaminations. All those advantages allow individuals to
grasp their food safety, and primarily agri-food businesses and regulatory bodies to
improve food safety testing. Another progress is the development of ambient ioniza-
tion MS (AIMS) techniques, i.e., MS ionization methods that ionize in ambient condi-
tions without time-consuming chromatographic separation. Direct analysis in real
time (DART), one of the first AIMS developed (9), is an atmospheric pressure chemical
ionization (APCI)-like technique requiring a very low sample volume for analysis. DART
is not included into confirmatory analysis regulation despite having many applica-
tions regarding food quality and safety analysis (70-12), including residue analysis of
drugs in bovine tissue (713), aflatoxin detection in milk (74), and mycotoxins analysis in
cereals (15).

In our recently published work (Chapter 2) (76), an approach for the direct MS
analysis of screening LFIAs for DON was demonstrated. The approach uses an
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identification LFIA (ID-LFIA), which acts as a bioaffinity trapping means. DON is re-
trieved from the ID-LFIA in the laboratory with a dissociation solution that is directly
analyzed by electrospray ionization (ESI) followed by quadrupole-orbitrap (Q-Or-
bitrap) MS or triple quadrupole (QqQ) MS/MS. However, the ID-LFIA ESI-MS approach
was restricted to the negative ion (-) mode due to ion suppression caused by residues
from the LFIA buffers and nitrocellulose substrate residues. Consequently, ID-LFIA
ESI-MS cannot detect the acetylated forms of DON (AcDON) (76).

In the present study, we developed a DART alternative to ionize the retrieved
DON from the ID-LFIA. Because of its ionization mechanism, DART does not suffer
from limitations faced by the ESI approach in the positive ion mode, which made Ac-
DON detection possible. The ID-LFIA DART-MS/MS approach was validated in-house
as a semi-quantitative confirmatory method for wheat sample extracts (spiked and
incurred) with DON. The preceding screening LFIA with smartphone readout was also
validated using the same extracts. The current ID-LFIA DART-MS/MS approach is com-
plementary to the previous ID-LFIA ESI-MS/MS approach (Chapter 2) in the detection
of DON and its conjugated forms. ID-LFIA ESI-MS/MS provides a fast direct food safety
monitoring approach, thereby improving the overall efficiency and cost-effectiveness
in industrial and regulatory routine laboratories.

3.2 Material and Methods

3.2.1 Chemicals and reagents

Methanol (MeOH) of UHPLC-MS purity and ammonia solution (NHz) (25% v/v)
were purchased from Merck (Darmstadt, Germany). Milli-Q water of 18.3 MQ/cm con-
ductivity was obtained with a Merck (Amsterdam, The Netherlands) water purification
system. Standard stock solutions of 100 pg/mL DON, 25 pg/mL '3C-DON internal
standard (IS), 100 pg/mL 3-AcDON, and 100 pg/mL 15-AcDON, all in ACN, were pur-
chased from LGC standards (Wesel, Germany). Wheat flour blank certified reference
material (CRM) from the Joint Research Centre was purchased via LGC standards
(Wesel, Germany). Furthermore, mouse monoclonal antibodies (mAbs) for DON, clone
2, were purchased from Aokin AG (Berlin, Germany). For the in-house validation study,
17 blank wheat samples previously analyzed for the absence of DON by a validated
LC-MS/MS method were provided in-house, and the remaining four blank samples
were created by pooling eight of the 17 blank samples. Also, a contaminated corn
starch sample, previously analyzed with the official LC-MS/MS method for mycotoxins,
was provided in-house. For the screening assays, a smartphone-based LFIA kit, Rida
Quick DON RQS Eco, including its dedicated DON extraction buffer, was obtained
from r-Biopharm (Darmstadt, Germany).

3.2.2 ID-LFIA preparation

The mAb for DON were diluted with 1x phosphate buffer saline (PBS) to a con-
centration of 0.3 mg/mL. The diluted mAbs were used to construct the ID-LFIA as
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described in the previous publication (76). In short, 15 identical lines of the diluted
mADb, forming a bioaffinity trapping zone, are sprayed on top of the center of a nitro-
cellulose membrane (HiFlow Plus HF13502, Millipore, Carrigtwohill, Ireland) secured
on a plastic backing (G & L, San Jose, CA, USA), using an XYZ3060 BioJet and Airjet
instrument (Biodot Inc., Irvine, CA, USA). The nitrocellulose membrane is finally cut to
5 mm width, thus creating the ID-LFIAs, and stored in the fridge at 4 °C until further
use.

3.2.3 Sample preparation

The extraction protocol from the r-Biopharm smartphone-based LFIA was used
for all samples. First, 5 g of grounded wheat sample was extracted using 25 mL Milli-
Q water. After adding water, manual agitation and centrifugation at 2000x g for 1 min
were performed to enable rapid sedimentation of the solid particles. The resulting
supernatant was used to develop both the smartphone-based screening LFIA and the
ID-LFIA. For the smartphone-based screening LFIA, 100 uL of the sample extract was
diluted with 500 uL of the assay running buffer, and from that dilution, 100 uL was
used to run the smartphone-based LFIA. After 5 min, the screening result was read
visually and semi-quantified using the smartphone r-Biopharm app. For the ID-LFIA,
100 uL of the sample extract was diluted (1:1) with assay running buffer, and 200 uL
thus obtained was used to develop the ID-LFIA.

The protocol developed for direct MS analysis of the ID-LFIA (Chapter 2) (76)
was further improved to achieve a more time-efficient procedure for retrieving the
final solution from the ID-LFIA for subsequent MS analysis. First, the part of the ID-
LFIA with the rectangular mAb trapping zone was cut and washed with 500 uL of Milli-
Q water in an Eppendorf tube under slight manual agitation for 30 s. The rectangular
mAb trapping zone was then placed in an Eppendorf with 200uL of
MeOH/NHSs (2% v/v) dissociation solution, followed by vigorous manual agitation for
1 min only. Finally, the solution was spiked at 60 ng/mL with the IS, '*C-DON, to com-
pensate for any remaining ion suppression and sampling irreproducibility in the sub-
sequent DART ionization (77).

3.2.4 Mass spectrometry

DART-Triple Quadrupole MS/MS Conditions

The MS/MS analysis was performed on a model Xevo TQ-XS Tandem Triple
Quadrupole MS/MS system (Waters Corporation, Milford, MA, USA) equipped with a
DART SVP ion source (IonSense, Saugus, MA, USA). Optimized conditions included:
cone voltage 20 V, source temperature 120 °C, nanoflow nitrogen gas 0.30 bar, argon
collision gas flow 0.16 mL/min, and nitrogen nebulizer gas 7.0 bar. Data were ac-
quired in multiple reaction monitoring (MRM) mode with collision energies indicated
in Table 3.1. The DART ionization source was used with helium plasma carrier gas at
an optimized temperature of 350 °C and operated in positive ionization mode. DART
sample introduction was performed using a 12-position metal mesh device at a rail
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speed of 0.6 mm/s. The total runtime for the analysis of the 12 mesh positions was
less than 3.5 min. MassLynx software v4.2 (Waters) was used for data acquisition and
processing of the MS data. From the chronograms acquired, ratio of area of DON to
that of the IS, were used for semi-quantification, and ion ratio calculation of the two
MRM transitions for each substance was used for unequivocal confirmation of the
identity of each substance.

Table 3.1. MRM ion transitions for DON, *C-DON, and AcDON in triple quadru-
pole MS/MS and respective optimized collision energies.

MRM Ion Transition (m/z) Collision Energy

Analyte (positive ion mode) (eV)
DON 297.1 > 249.2 10
297.1>231.1 16

BC.DON 312.1>263.2 10
312.1 >245.1 16

ACDON 339.1>231.1 10
339.1 > 203.1 16

3.2.5 In-house validation

For the in-house validation study, 21 blank wheat samples were extracted and
portions of the blank sample extracts were spiked with a DON or 3-AcDON solution at
three different target levels (TL) based on the maximum limit (ML) of 1750 ug/kg for
extracted DON in unprocessed durum wheat (78) to a final level of 175 ng/mL
(0.5%x TL), 350 ng/mL (1% TL), and 525 ng/mL (1.5% TL).

Both the smartphone-based LFIA and the ID-LFIA DART-QqQ-MS/MS method
were validated in-house according to the 2021/808 guidelines (5), as a semi-quantita-
tive screening, and confirmatory method, respectively. For the specificity assessment,
the 21 spiked and blank wheat sample extracts were analyzed to demonstrate a dif-
ference in the response between blank and positive samples. Moreover, the intra- and
inter-day repeatability assessment was performed by measuring seven different sam-
ples at three different spiking target levels over three different days and assessing
the calculated %RSD. Additionally, using one-way ANOVA, the within-laboratory re-
producibility was calculated for the three validation days. The trueness of the meas-
urements of the smartphone-based LFIA, was calculated based on the theoretical con-
centration and comparing it with the smartphone readout result, expressed in mg/kg.
For the ID-LFIA DART-QQQ-MS/MS, the trueness was assessed using an estimate of
the expected concentration (mg/kg) calculated based on each day's calibration curve
and comparing it with the theoretical concentration. The decision limit for confirma-
tion (CCa) and the decision limit for screening (CCB) were calculated, using the con-
centration at the 1x TL plus 1.64 times the standard deviation of the within-laboratory
reproducibility at this level.
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For the ID-LFIA DART-QqQ-MS/MS approach, blank CRM wheat extracts were
spiked to evaluate the linearity across the TL range. The linearity range of interest
included the three spiking levels (0.5 TL, 1x TL, and 1.5x TL) and a blank level sample
(zero). Additionally, SPR results were used to assess the selectivity of the mAb used
on the ID-LFIA DART-QqQ-MS/MS. For the selectivity testing, surface plasmon reso-
nance (SPR) measurements were performed in a Biacore 3000 (GE Healthcare, Upp-
sala, Sweden) using a carboxymethylated dextran-coated gold chip (CM5) (GE
Healthcare, Uppsala, Sweden) with a conjugate of DON with BSA (DON-BSA) (Aokin
AG, Berlin, Germany) immobilized on the surface. HBS-EP was used as a running
buffer at 5 uL/min flow rate, and 20 uL was injected of a 1:1 mixture of anti-DON mAb
0.3 mg/mL: mycotoxin 0.3 mg/mL. When the mycotoxin analyte interacts with the an-
tibodies in the mixture, then no signal is observed since the mAbs are occupied and
cannot bind to the immobilized DON-BSA conjugate. Contrary, when the antibodies
do not interact with the analyte in the sample, an increase in the SPR signal is ob-
served because of the antibodies binding with the DON-BSA immobilized on the chip.
After the binding occurs, regeneration of the chip is performed with NaOH 25 mM.

3.3 Results

3.3.1 General concept

As described in our previously published work (Chapter 2) (76), we envisage a
future of smartphone-based on-site screening of food quality and safety parameters
that will unavoidably increase confirmatory analysis requirements. Several
smartphone-based screening methods have been developed, some of which demon-
strate great citizen science potential (79-27). An individual may perform a rapid and
user-friendly screening assay on-site, for example, an LFIA with a smartphone
readout. If the result is positive, the same sample extract is diluted and used to de-
velop an ID-LFIA, ready to be sent to the lab for subsequent confirmatory MS analysis.
Following such an approach, the cause of the positive screening result at the relevant
ML can be detected, and even a semi-quantitative analysis can be performed. The
present ID-LFIA DART-QqQ-MS/MS method can be used either independently or in
combination with the previously developed ID-LFIA ESI method (76) (Chapter 2), as
the former indicates the presence of both DON and AcDON (Figure 2.7), and the latter
the presence of both DON and the DON-3G. It is important to note that the EU legis-
lation does not currently regulate the conjugated forms of DON, but revised regula-
tions are under discussion.

3.3.2 DART-QqQ-MS/MS method development

The previous ESI method of Chapter 2 (76) was developed in negative ion
mode to deal with the severe ion suppression caused by residues of assay buffers and
nitrocellulose substrate in the final ID-LFIA dissociation solution. However, because
DART is an APClI-like ionization source known to be less prone to ion suppression, we
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selected the more commonly used positive ion mode to analyze mycotoxins (22). In
Figure 3.2, full scan DART-Orbitrap-MS spectra of DON in MeOH/NHs (2% v/v) solution,
containing 10% v/v LFIA buffer, can be seen in negative and positive ion mode.

Extraction
sample : water

f \I )
( Weighing

N atd:biffr

] [ , Screening Assay
Homogenization ’ =z \ y

K % extract : buffer ; 2
, 11

Durum ) |
Wheat &£ &

Sample i ]T)-LFI A DART-MS/MS

Figure 3.1. The general concept of the ID-LFIA DART-QqQ-MS/MS method. Wheat is selected and
homogenized, and DON is extracted from grounded wheat. The extract is diluted with the running
buffer on a 1:5 ratio. The extract is further diluted with the running buffer to develop the screening
LFIA with smartphone readout. If the screening result is positive or ambiguous, the same sample
extract is diluted with the running buffer to develop the ID-LFIA. The ID-LFIA can be further pro-
cessed by washing and dissociating the bound DON and DON conjugates from the mAb. The final
step is the rapid direct analysis by the newly developed and validated semi-quantitative DART-QqQ-
MS/MS. In case further information is needed, e.g., absolute quantification over a different range
or multitoxin analysis, conventional LC-MS/MS analysis may be considered a follow-up.

Both modes can detect DON using the DART ion source, contrary to the previ-
ously published ESI mode (76) that showed high interferences and ion suppression in
positive ion mode. Although under ambient conditions, positive ion mode is in gen-
eral characterized by a higher background compared to negative ion mode DART, the
protonated ion of DON at m/z 297.1344 at 5 ppm mass accuracy detection window
can be easily detected in DART (Figure 3.2). Moreover, the positive ion mode allowed
us to measure AcDON, which was impossible in the previous negative ion ID-LFIA ESI-
MS approach (76). Preliminary DART experiments performed in a standard solution of
1 ug/mL in MeOH/NHs (2% v/v) and using Orbitrap-MS in full scan negative ion mode
suggested an ability to detect DON-3G as well through its deprotonated and its chlo-
rine and formic acid adduct ions (Figure 3.3). Nevertheless, in agreement with previ-
ous DART attempts (75), the DART sensitivity was inadequate for DON-3G detection
when trying to reach more food-safety-relevant levels.
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Figure 3.2. Comparison between full scan (m/z 100-600) mass spectra of a MeOH/NHs (2% v/v)
solution of DON containing 10% v/v LFIA assay buffer in (A) negative (B) positive ion mode in DART-
Orbitrap-MS and (C) positive ion mode in ESI-Orbitrap-MS. Inserted are the regions of deprotonated
and protonated ions of DON, and marked in red are the expected m/z regions for the ions at 5 ppm
mass accuracy.
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Figure 3.3. Ionization in DART-Orbitrap MS negative ion mode, full scan m/z 100-600, of (A) DON-
3G in MeOH/NH3 (2% v/v) and (B) blank MeOH/NH3 (2% v/v) solution. Detection of the characteristic
deprotonated ion and adduct ions can be seen in the inserted zoomed-in mass spectra for m/z
457.1715 [M-HJ, m/z 493.1482/495.1453 [M+CI] and m/z 503.1765 [M+FA-HJ. Note: formic acid
(FA) and chloride are impurities in the solvents and/or the MS background.

To optimize the MS fragmentation conditions, the ion transition intensities
were tested in MRM mode, following a stepwise increase in collision energy. DART is
an open ion source, so we could not merely assess the fragment ions from a product
ion scan because of ambient interferences biasing the optimum collision energy. To
give an example, for the DON m/z 297 > 249 MRM transition: the suggested optimum
value of 30 eV was unable to differentiate between blank and spiked samples. In con-
trast, the second-best intense value in the absolute intensity signal versus the colli-
sion energy plot did successfully discriminate between spiked and blank samples
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(Figure 3.4). Note that because of the lack of chromatographic separation and the pro-
duction of common fragment ions from 3-AcDON and 15-AcDON, we cannot discrim-
inate between them in AIMS methods such as DART due to the lack of chromato-
graphic separation, and the same m/z values both have. Instead, the ID-LFIA DART-
QgQ-MS/MS method detects apart from DON the total AcDONSs. All the other MS/MS
conditions were the same as in the previously developed ESI-QqQ-MS/MS approach
(Chapter 2) (76), except for the cone voltage that was adjusted to 20V, because it
yielded more reproducible results in DART-QqQ-MS/MS.

Blank MeOH/NH; 2% v/v spiked DON MeOH/NH; 2% v/v

312.1>263.2 (3C DON)
CE10 eV

005 010 015 020 025 | 030 035 040 045 050 055 060 065 070 075 080

297.1>249.2 (DON)
CE28 eV

005 010 015 020 025 , 030 035 040 045 050 055 060 065 070 075 080

297.1>249.2 (DON)
CE10 eV

Time (min)

Figure 3.4. DART-QqQ-MS/MS chronograms of the selected ion transitions for DON and the IS, '3C-
DON. At first, a blank MeOH/NHs (2% v/v) solution is analyzed, followed by a duplicate sampling of
a spiked DON plus *C-DON of 60 ng/mL in MeOH/NHs (2% v/v), at two different collision energy
(CE) settings, demonstrating the inability of the wrong CE setting at 28 eV to differentiate between
blank and spiked sample.

Next, different compositions of ID-LFIA dissociation solutions were tested for
DON in DART-MS/MS, such as MeOH or ACN with an organic modifier of HCOOH or
NHs (2% v/v). As with the previously developed ESI approach in Chapter 2 (76),
MeOH/NHs (2% v/v) showed the highest signal intensity for both DON and acetylated
forms of DON (Figure 3.5).

Finally, optimization of the settings for the DART helium carrier gas was per-
formed. Differences in DART gas temperature may lead to significant changes in the
desorption/ionization efficiency and the method sensitivity (23-25). When the solution
used for optimization was only MeOH/NHs (2% v/v), spiked with DON or 3-AcDON at
60 ng/mL, the optimum DART temperature was 300 °C for both analytes. In contrast,
when a matrix-matched solution from ID-LFIA was developed with blank assay buffer
and washed, and the final dissociation solution MeOH/NHs (2% v/v) was spiked, the
optimum DART temperature was 350 °C. More importantly, the signal intensity dou-
bles when the temperature increases from 300 to 350 °C, which underlines the im-
portance of carrier gas settings optimization (Figure 3.6).
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Figure 3.5. Chronograms of positive ionization DART-MS/MS of different dissociation solution com-
positions of 60 ng/mL, m/z 297.1 > 249.2 for DON, and m/z 339.1 > 231.1 for AcDON. MeOH/NH3
(2% v/v) (blue), ACN/NH3 (2% v/v) (orange), MeOH/HCOOH (2% v/v) (green), ACN/HCOOH (2% v/v)
(black).
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Figure 3.6. DART helium gas temperature optimization in QqQ-MS/MS for DON (black) and 3-Ac-
DON (red) 60 ng/mL, in MeOH/NHz (2% v/v) (solid line) and MeOH/NH: (2% v/v) exposed to the ID-
LFIA substrate (dotted line). Measurements were performed in duplicate by MRM monitoring of the
ion transitions specified in Table 3.1. The standard deviation of the duplicate measurement is
shown by the error bars. The results are presented as the relative (%) area intensity.
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3.3.3 In-house method validation

Validation of Screening LFIA with Smartphone Readout

The specificity of the screening LFIA with smartphone readout was assessed by
analyzing 21 blank wheat and spiked samples thereof. Based on the results, there was
sufficient discrimination between blank and spiked samples from the 0.5x TL level on-
wards (Figure 3.7and Table 3.2)

Smartphone Screening LFIA Validation Results
3.00

Target Level 0.5
Target Level 1
Target Level 1.5

Target Level 0

Py Mean
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Figure 3.7. Data analysis of 21 blank wheat samples, and spiked versions thereof, at three target
levels, demonstrating distinct differentiation between them in the screening LFIA. Quantification
with the use of the smartphone r-Biopharm app.

Moreover, the repeatability, both intra-, and inter-day were assessed for the
three validation levels. The intra-day repeatability results expressed as the %RSD were
7.9, 10.4, and 6.9% at 0.5x TL, 8.9, 10.1, and 4.9% at 1x TL, and 7.4, 12.7, and 5.2% at
the 1.5x TL levels, respectively. The inter-day repeatability expressed by the %RSD was
9.4, 15.8, and 6.5% at 0.5%, 1%, and 1.5x TL, respectively. All RSD% values for the re-
peatability assessed were lower than 20% and within the acceptance range.

The %RSD to assess the within-laboratory reproducibility was calculated using
one-way ANOVA for each TL. For the smartphone screening LFIA, the results were
10.0, 17.6, and 6.8% at 0.5x, 1%, and 1.5x TL, respectively. According to the quantita-
tive performance criteria for the validation of substances with an established ML,
%RSD should be not greater than the corresponding reproducibility at the 0.5x TL (5),
which indicated that the calculated value for the 1x TL was not within the acceptance
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range, and consequently, the smartphone-based LFIA should be considered as a
semi-quantitative screening method.

For the trueness assessment of the smartphone screening LFIA, the theoretical
concentration at each spiking level was compared to that of the smartphone readout
result, expressed in mg/kg. The calculated trueness values were 83, 89, and 94% at
the 0.5%, 1%, and 1.5x TL, respectively, and within the acceptance range of 80 to 110%
listed in the regulation (5). Finally, the CCB was calculated at 1156 ug/kg for 21 DON-
spiked wheat samples at the ML level.

Validation of ID-LFIA DART-QqQ-MS/MS

The linear range of the recovered DON from the ID-LFIA DART-QqQ-MS/MS was
found to be 0-525 ng/mL, corresponding to a range of 0 to 1.5x the ML of 1750 ug/kg
of DON in unprocessed durum wheat with a regression coefficient of 0.987, demon-
strating semi-quantitative performance in the relevant range.

The ID-LFIA DART-QQQ-MS/MS selectivity is justified based on the use of spe-
cific antibodies that isolate the analyte of interest on the ID-LFIA. For assessment of
the selectivity of the antibodies in the ID-LFIA, SPR measurements were performed.
The results showed no interaction of the mAb with other mycotoxins produced by
Fusarium sp. and likely to be present in wheat, such as T-2 toxin, fumonisin B2, and
zearalenone (26). However, the mAb demonstrated binding with nivalenol and the
conjugated forms of DON, such as AcDON and DON-3G (Figure 3.8)
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Figure 3.8. Overlay SPR sensograms from the inhibition measurements of Fumonisin sp. tox-
ins: DON (dark blue), AcDON (grey), DON-3G (yellow), nivalenol (green), fumonisin B2 (light
blue), T-2 toxin (dark red), zearalenone (orange) and blank (black).

Apart from the intrinsic and prominent biorecognition characteristic that the
ID-LFIA adds to the overall selectivity, the MS analysis that follows can differentiate
between DON and AcDONSs. The selected MRM transitions monitored for each sub-
stance (Table 3.1), as well as the respective ion ratios (Table 3.2), demonstrated
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robustness throughout the analysis of all samples and enabled the confirmation of
the identity. More specifically, the mean ion ratio for the MRM transitions of DON was
0.29 (29%) with a %RSD of 9.2% for all the 21 spiked samples analyzed. This ratio is
identical to the 0.29 ion ratio measured for DON standard solutions in MeOH/NHs (2%
v/v) and in MeOH/NHs (2% v/v) exposed to the ID-LFIA substrate. As a result, neither
the wheat sample matrix nor the ID-LFIA substrate affect the fragmentation of DON,
and the ion ratio tolerance limit of the spiked wheat samples analyzed complies with
the regulatory requirement of +25% for earning three identification points (IPs) (5).
Also, the specificity of the method was assessed through the analysis of blank sam-
ples in MS. The 21 blank samples analyzed demonstrated no signal for the selected
ion transitions, and the method is, thus, characterized as sufficiently specific to differ-
entiate between blank and spiked real samples (Figure 3.9 and Table 3.2).

Moreover, the repeatability, both intra-, and inter-day were assessed for the
three validation levels. For the ID-LFIA DART-QqQ-MS/MS, the intra-day repeatability
results expressed as the %RSD were 14.1, 13.9,and 8.7% at 0.5x TL, 16.9, 3.7, and 4.5%
at 1x TL, and 9.6, 14.5, and 3.6% at the 1.5% TL level, for day one, two, and three, re-
spectively. The inter-day repeatability expressed by the %RSD was 16.9, 14.9, and
10.2% for the 0.5%, 1%, and 1.5x TL, respectively, again underlining the performance
of the developed ID-LFIA DART-QqQ-MS/MS approach, thus comparing nicely with the
semi-quantitative smartphone screening assay. All RSD% values for the validation pa-
rameters assessed were lower than 20% and within the acceptance range.

Furthermore, to assess the within-laboratory reproducibility, the %RSD was
calculated using one-way ANOVA, for each TL calculated at 18.4, 16.0, and 11.6% at
0.5%, 1%, and 1.5% TL, respectively. According to the regulation, the %RSD should be
not greater than the corresponding reproducibility at the 0.5x% TL for substances with
defined ML (5), which means that all measurements were within the acceptance
range. Moreover, the CCa was calculated at 2078 ug/kg for 21 DON-spiked wheat
samples at the ML level.

Finally, for the ID-LFIA DART-QqQ-MS/MS, an estimate of the expected mg/kg
concentration was calculated, based on each day's calibration curve, and compared
with the theoretical concentration at each spiking level to calculate the trueness of
the measurements. The calculated trueness was 101, 91, and 104% for the 0.5x%, 1x,
and 1.5x TL, respectively.

All measurements were within the acceptance range of the regulation (5).
Therefore, the developed ID-LFIA DART-QqQ-MS/MS has been successfully validated
as a semi-quantitative confirmatory method.
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Figure 3.9 (A). Representative chronograms for DON-spiked wheat samples used to develop the ID-
LFIA, retrieved in dissociation solution and analyzed by DART-QqQ-MS/MS, demonstrating the three
distinct spiking levels in blue 0.5% TL, orange 1x TL, and green 1.5x TL. *C-DON is added as an IS
before the MS/MS analysis. (B). Data analysis of 21 blank wheat samples, and spiked versions
thereof in ID-LFIA DART-QqQ-MS/MS, at three target level concentrations in blue 0.5% TL, orange
1x TL, and green 1.5x TL.
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Table 3.2. Results from ID-LFIA DART-QqQ-MS/MS analysis and the respective LFIA smartphone screening of 21 validation blank and spiked wheat samples at
three different target levels and performed on three different days.

ID-LFIA LFIA ID-LFIA DART- ID-LFIA DART-QqQ- ID-LFIA DART-QqQ- LFIA
QqQ-MS/MS LFIA MS/MS LFIA MS/MS Smartpho
DART- Smartphone
. Mean Smartphone Smartphone ne Screen-
QqQ-  Screening on Screening Re- Mean Ion Screenin Re_Mean Ton ing Result
2 MS/MS Result Expected 9 Area Ra- Expected 9 Area Ra- Expected 9
> o rea sult (mg/kg, . sult (mg/kg, . (mg/kg,
3 E (Re- (mg/kg, . mg/kg tioof mg/kgt tioof mg/kg *
S Ratio of Mean Response Mean Re- Mean Re-
vi sponse Mean Re- SD DON * SD DON + SD
DON = 1 SD) sponse * SD) sponse *
Factor) sponse + SD) SD SD
SD SD)
0.30 0.80 0.27 1.55 0.29 2.40
1 0 <0.25 (0.03) (£0.01) 0.74 (x0.01) (£0.03)  (£0.06) 1.74 (£0.01) (£0.05)  (£0.02) 2.65 (+0.00)
0.30 0.73 0.32 1.28 0.30 2.77
2 0 <0.25 (£0.00) (£0.01) 0.65 (+0.02) (#0.01)  (£0.03) 1.30 (£0.01) (0.03)  (£0.01) 2.41 (x0.01)
0.29 0.97 0.28 1.70 0.32 2.99
3 0 <0.25 (£0.02) (£0.06) 0.73 (x0.01) (#0.01)  (£0.03) 1.72 (£0.02) (#0.01)  (£0.03) 2.43 (x0.02)
0.28 0.98 0.34 1.84 0.28 291
1 4 0 <0.25 (0.04) (£0.01) 0.62 (+0.01) (£0.00)  (£0.04) 1.76 (£0.01) (0.00)  (£0.11) 2.14 (x0.03)
0.28 0.83 0.30 1.33 0.27 291
> 0 025 1001) 003 OCAECON 02 ooy TEOE00D o000z 240 O3
0.32 0.86 0.23 1.71 0.32 242
6 0 025 po01) 002 OPPECON 00y 004 BP0 1o02)  (z0.00) 270003
7 0 <0.25 031 0.68 0.76 (+0.00) 031 1.37 1.79 (£0.02) 0-30 2.58 2.43(+0.01)

(x0.02) (+0.02) (x0.02) (+0.00) (x0.01) (+0.06)
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Table 3.2 Continued
ID-LFIA LFIA ID-LFIA DART- ID-LFIA DART-QqQ- ID-LFIA DART-QqQ- LFIA
QqQ-MS/MS LFIA MS/MS LFIA MS/MS Smartpho
DART- Smartphone
. Mean Smartphone Smartphone ne Screen-
QqQ- Screening . Mean Ion . Mean Ion .
on Screening Re- Screening Re- ing Result
2 MS/MS Result Expected Area Ra- Expected Area Ra- Expected
> o rea sult (mg/kg, . sult (mg/kg, . (mg/kg,
T £ (Re- (mg/kg, . mg/kg tioof mg/kg tioof mg/kg+
o3 Ratio of Mean Response Mean Re- Mean Re-
v sponse Mean Re- SD DON * SD DON * SD
Factor) sponse £ SD) DON * +SD) D sponse * SD) D sponse *
B SD SD)
0.34 0.84 0.31 1.57 0.31 2.98
2 8 0 <0.25 (£0.00) (£0.02) 0.76 (+0.00) (0.02)  (£0.02) 1.28 (£0.01) (#0.02)  (£0.01) 2.38 (+0.02)
0.34 0.75 0.25 1.51 0.29 2.53
20 02> so01) @002 OOBEOONi500) ooz TTBEOON 4003 oor) 242000
0.26 0.71 0.27 1.47 0.29 2.87
10 0 <0.25 (0.01)  (£0.03) 0.75 (x0.01) (£0.02)  (£0.06) 1.36 (+0.01) (£0.02)  (£0.07) 2.15(+0.02)
0.31 1.06 0.28 1.46 0.28 2.82
11 0 <0.25 (0.02) (£0.01) 0.73 (x0.00) (0.05)  (£0.02) 1.38 (+0.00) (£0.04)  (0.00) 2.34(x0.07)
0.31 0.69 0.28 1.46 0.33 2.81
12 0 <0.25 (0.01)  (£0.00) 0.58 (+0.01) (#0.01)  (£0.00) 1.34 (£0.01) (0.02)  (£0.01) 2.49 (+0.05)
0.30 0.80 0.30 1.59 0.31 2.90
13 0 <0.25 (0.04) (£0.01) 0.79 (x0.01) #0.02)  (£0.01) 1.14 (£0.01) (£0.04)  (£0.05) 2.50 (+0.00)
0.26 0.88 0.24 1.56 0.27 2.73
14 0 <0.25 (£0.01)  (£0.00) 0.75 (x0.01) (£0.00)  (£0.00) 1.58 (£0.03) (#0.01)  (£0.00) 2.51 (+0.00)

(Continued on next page)
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Table 3.2. Continued

ID-LFIA LFIA ID-LFIA DART- ID-LFIA DART-QqQ- ID-LFIA DART-QqQ- LFIA
DART- Smartohone QqQ-MS/MS LFIA MS/MS LFIA MS/MS Smartpho
P .~ Mean Smartphone Smartphone ne Screen-
QqQ-  Screening Ion Screening Re- Mean Ion Screenin Re_Mean Ion ing Result
2 MS/MS Result Expected 9 Area Ra- Expected 9 Area Ra- Expected 9
> o rea sult (mg/kg, . sult (mg/kg, . (mg/kg,
S ¢ (Re- (mg/kg, . mg/kg tioof mg/kg + tioof mg/kg+
o s Ratio of Mean Response Mean Re- Mean Re-
v sponse Mean Re- SD DON * SD DON * SD
Factor) sponse £ SD) DON %= + SD) D sponse * SD) D sponse *
B SD SD)
0.31 0.92 0.26 1.80 0.29 2.65
2 15 0 <0.25 (0.03) (£0.02) 0.81 (+0.00) (0.03)  (£0.07) 1.95 (+0.02) (0.02)  (£0.01) 2.67 (0.02)
0.33 0.99 0.25 212 0.29 2.73
16 0 <0.25 (£0.02) (£0.03) 0.69 (+0.01) (0.02)  (£0.02) 1.76 (+0.02) (£0.05)  (£0.03) 2.47 (+0.03)
0.33 0.94 0.31 1.47 0.29 2.69
17 0 <0.25 (0.01)  (£0.01) 0.70 (x0.02) (£0.03)  (£0.03) 1.37 (£0.01) (£0.01)  (£0.04) 2.47 (x0.01)
0.30 0.97 0.25 1.57 0.26 2.84
18 0 <0.25 (£0.04) (£0.03) 0.73 (x0.05) (0.00)  (£0.01) 1.64 (+0.02) #0.01)  (£0.07) 2.70 (+0.03)
0.27 1.03 0.30 1.70 0.31 2.92
19 0 <0.25 (0.02) (£0.01) 0.84 (+0.04) (0.03)  (£0.02) 1.80 (+0.01) (#0.01)  (£0.07) 2.68 (+0.01)
0.29 0.79 0.26 1.62 0.34 2.64
20 0 <0.25 (£0.00) (£0.02) 0.83 (+0.06) #0.02)  (£0.01) 1.33(+0.01) (£0.00)  (£0.01) 2.71 (x0.03)
0.32 0.79 0.25 1.62 0.32 2.69
21 0 <0.25 (£0.00) (£0.03) 0.79 (x0.01) (£0.00)  (£0.06) 1.69 (+0.05) (0.01)  (£0.05) 2.35(+0.25)

Conditions: a duplicate sampling of the same ID-LFIA dissociation solution in DART-QqQ-MS/MS. SD is the standard deviation of the duplicate measurements.
The screening result was performed with the smartphone r-Biopharm LFIA, and the quantification with the smartphone app. SD is the standard deviation of
duplicate reading of the same LFIA. The expected mg/kg is the concentration estimate calculated from each day's calibration curve based on the response factor
(mean ratio of DON MRM product ion at m/z 249.2 to the *C-DON MRM product ion at m/z 263.2). The DON ion ratio is the mean ratio of the absolute area of
the DON MRM product ion at m/z 231.1 to the area of the ion at m/z 249.2.
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Chapter 3

3.3.4 Analysis of spiked and incurred samples

The applicability of the method is further demonstrated by the analysis of ad-
ditional spiked and incurred samples. AcDON spiked samples were analyzed at the
same spiking levels as the DON validation TL. The presence of AcDON was confirmed
by the presence of the selected MRM ion transitions and the respective ion ratio com-
pared with a standard spiked MeOH/NHs (2% v/v) solution. The mean ion ratio for Ac-
DON in the spiked wheat samples analyzed was 0.71 (71%) with an %RSD of 12%, while
the ion ratio of the standard spiked MeOH/NHs (2% v/v) solution was calculated at 0.76
(76%). As a result, the ion ratio tolerance limit of the AcDON-spiked wheat sample
analyzed was within the regulatory requirements of +20%, and three IPs were ob-
tained (5). The response factor of AcDON, i.e., the area ratio of AcDON and the IS, '3C-
DON, was used to differentiate between the three different spiking levels. The re-
sponse factor for each spiking level clearly differentiates, as no overlapping can be
observed between each mean response factor value (+ standard deviation). This adds
to the semi-quantitative attributes of the ID-LFIA DART-QqQ-MS/MS approach (Figure
3.10 and Table 3.3).

Table 3.3. Results from ID-LFIA DART-QqQ-MS/MS analysis and the respective LFIA smartphone screening of
AcDON-spiked wheat samples at three target levels and the analysis of an incurred corn starch sample.

ID-LFIA DART-QqQ-MS/MS

LFIA Smartphone
x::';:::, Response Meanlon Screening Result
TL fDON + Factor + Area Ratio of F tp +SD (mg/kg, Mean
° o SD  ACDON:SD cor# Response + SD)
ACDON 0.5 - - 0.73(x0.06) 0.09(£0.01) 0.64 (+0.01)
spiked 1 - - 0.76 (+0.03) 0.16 (£0.02) 1.87 (£0.04)
wheat 45 - - 0.65(+0.02) 0.31(+0.01) 2.62 (+0.03)

Contaminated
corn starch

Conditions: duplicate sampling of the same final ID-LFIA dissociation solution in DART-QqQ-MS/MS. SD is the
standard deviation of the duplicate measurements. The screening result was performed with the r-Biopharm
LFIA, and the quantification was done with the associated smartphone app. SD is the standard deviation of
duplicate reading of the same LFIA. The response factor for DON is the mean area ratio of the MRM product
ion at m/z 249.2 and the "*C-DON ion at m/z 263.2, and for AcDON the ratio of the MRM product ion at m/z
231.1 and the 3C-DON ion at m/z 263.2. The DON ion ratio is the ratio of the absolute area of the DON MRM
product ion at m/z 231.1 to the area of the ion at m/z 249.2 and for AcDON the ratio of the MRM product ions
at m/z 203.1 and m/z 231.1

0.32 (x0.09) 0.82 (x0.08) 0.71 (x0.08) 0.45 (x0.05) 12.76 (£0.07)

Moreover, a contaminated corn starch sample was analyzed, both with the ID-
LFIA ESI-QqQ-MS/MS (76) and the ID-LFIA DART-QQqQ-MS/MS approach. The
smartphone-based LFIA screening revealed a highly contaminated sample (Table 3.3).
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The ID-LFIA MS/MS results also indicated a high contaminated (>>1.5x TL) sample and
were highly complementary, as the ESI method detected the presence of DON and
DON-3G, and the DART method detected DON and AcDON (Figure 3.10). These results
were also confirmed by an accredited LC-MS/MS confirmatory analysis method,
demonstrating high contamination quantified as 13 mg/kg DON, 2.1 mg/kg 15-Ac-
DON, 0.13 mg/kg 3-AcDON, and 0.52 mg/kg DON-3G.
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Figure 3.10. (A). Chronogram of AcDON-spiked wheat sample used to develop the ID-LFIA and re-
trieved in dissociation solution analyzed by DART-QqQ-MS/MS, demonstrating the three distinct TL
in blue 0.5% TL, orange 1x TL, and green 1.5x TL. *C-DON is added as an IS before the MS analysis.
(B). Chronogram of the incurred corn starch sample used to develop the ID-LFIA and retrieved in
dissociation solution analyzed in (+)DART-QqQ-MS/MS (left) and (-)ESI-QqQ-MS/MS in flow injection
analysis mode (right). *C-DON is added as an IS prior to MS analysis.
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3.4 Discussion

In the modern world, people are highly dependent on their personal phones.
Smartphones have endless possibilities, from monitoring our biorhythm to navi-
gating us with accurate mapping (27). One of the emerging possibilities of
smartphone use is monitoring food quality and safety (28). Soon, smartphone-based
screening diagnostics in food safety analysis will be a reality, and the high demands
for confirmatory analysis will overrun the routine analysis laboratories. Combining
two techniques and using them to concentrate solely on the positives of each one, is
the aim of many studies (29). Such technique is the presented ID-LFIA DART-QqQ-
MS/MS. The developed and validated approach could be considered for application to
any other low molecular weight contaminant for on-site screening and confirmation
in future food control frameworks, provided antibodies are available, and the con-
taminant has a sufficient ionization efficiency.

At first, the method was optimized, and afterward, it was validated according
to the EU 2021/808 guidelines (5). During the method optimization, we observed the
significance of choosing the right temperature for the helium carrier gas and the col-
lision energy in DART operation and AIMS, in general. Contrary to our previously pub-
lished work, the ID-LFIA ESI-MS approach (Chapter 2) (76), the DART approach can
deal more efficiently with the ion suppression caused by the LFIA buffer and nitrocel-
lulose residues. Additionally, the DART-QgqQ-MS/MS approach was validated as a
semi-quantitative confirmatory method for DON in a limited but relevant concentra-
tion range around the regulatory limit. The number of lines of DON mAbs enables the
binding of a limited amount of DON, which allows for a semi-quantitative approach
around the relevant ML, but not for absolute quantification over an extensive linearity
range. The robust ion ratios monitored showed a well-performing method for detect-
ing DON and its acetyl forms. For the unambiguous confirmation of the identity of the
target analytes selected, MRM transitions were monitored, and their respective ion
ratios were calculated with robustness for all spiked and incurred samples. According
to the confirmatory analysis performance criteria for group B substances (i.e., veteri-
nary drugs and contaminants, including mycotoxins), four identification points (IPs)
are required for substances' identification (5). With QqQ measurements, two product
ions from the MRM ion monitoring yield three IPs for substances' identification. In the
future revised regulation, additional IPs might be granted to this approach because
of the immunochromatographic properties of the ID-LFIA. Moreover, the accompa-
nied smartphone LFIA screening was also validated, leading to a complete validated
approach for detecting DON: smartphone screening LFIA followed by ID-LFIA DART-
QgQ-MS/MS analysis.

We acknowledge that our validated method is not the only LFIA or DART
method published so far to detect DON. However, our method combines both LFIA
and DART analysis, and it addresses several issues not coped with before. For in-
stance, the screening (smartphone) LFIA methods published (30, 37) cannot discrimi-
nate between the DON and its conjugated forms that yield the positive result. On the
other hand, the DART-MS method published (75), even though it measures a higher
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number of mycotoxins, it does not yield enough IPs to be classified as a confirmatory
approach according to the regulation, because of the full scan high-resolution detec-
tion of only a single m/z value for each mycotoxin. Finally, the conventional GC- MS or
LC-MS/MS methods developed (32-35) require time-consuming sample prepara-
tion/pre-treatment, including derivatization in case of GC analysis and chromato-
graphic separation, which can reach over 15 min per sample; and in case of LC- anal-
ysis, it consumes large amounts of solvents.

With the validated smartphone LFIA followed by ID-LFIA DART-QqQ-MS/MS ap-
proach, we can focus on each technique's positives and escape possible limitations.
For this reason, the inability of the LFIA to discriminate the reason behind the positive
result can be addressed with the following MS analysis, and the full scan monitoring
can be addressed by the ID-LFIA, isolating only the mycotoxin group of interest. Other
characteristics that make our method suitable for future use by routine confirmatory
analysis laboratories and suitable to be incorporated in future food safety monitoring
are its increased throughput, low sample and solvent volumes used, instrument op-
erating time, and minimal sample preparation needed, as well as its robustness on
the monitoring of the relevant ion transitions.
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Abstract

Paramagnetic microspheres can be used in planar array fluorescence immunoassays for
single or multiplex screening of food contaminants. However, no confirmation of the mo-
lecular identity is obtained. Coated blade spray (CBS) is a direct ionization mass spectrom-
etry (MS) technique, and when combined with triple quadrupole MS/MS, it allows for rapid
confirmation of food contaminants. The lack of chromatography in CBS, though, compro-
mises the specificity of the measurement for unequivocal identification of contaminants,
based on the European Union (EU) regulation. Therefore, a rapid and easy-to-use immuno-
magnetic blade spray (iMBS) method was developed in which immuno-enriched paramag-
netic microspheres replace the coating of CBS. The iMBS-MS/MS method was fully opti-
mized, validated in-house following the EU 2021/808 regulation, and benchmarked
against a commercial lateral flow immunoassay (LFIA) for on-site screening of DA. The ap-
plicability of iMBS-MS/MS was further demonstrated by analyzing incurred mussel sam-
ples. The combination of immunorecognition and MS/MS detection in iMBS-MS/MS en-
hances the measurement selectivity, which is demonstrated by the rapid differentiation
between the marine toxin domoic acid (DA) and its structural analog kainic acid (KA), which
cannot be achieved with the LFIA alone. Interestingly, this first-ever reported iMBS-MS/MS
method is generic and can be adapted to include any other immuno-captured food con-
taminant, provided that monoclonal antibodies are available, thus offering a complemen-
tary confirmatory analysis approach to multiplex immunoassay screening methods. More-
over, due to its speed of analysis, iMBS-MS/MS can bridge the logistics gap between future
large-scale on-site testing using LFIAs and classical time-consuming confirmatory MS anal-
ysis performed in official control laboratories.



iMBS-MS/MS

4.1 Introduction

Liquid or gas chromatography (LC- or GC-) tandem mass spectrometry (MS/MS)
is regarded as the gold standard in terms of European regulation on confirmatory
analysis of food contaminants (7-3). However, chromatography is time-consuming,
which is a drawback for routine laboratories when large numbers of samples often
need to be analyzed (4). Ambient ionization mass spectrometry (AIMS)-based tech-
niques can be used to shorten analysis time markedly. AIMS enables direct ionization
of samples, with minimum or no sample pre-treatment, and induces ionization under
ambient conditions without chromatographic separation (5) and many times directly
from a surface (6). A few examples of such AIMS techniques are direct analysis in real
time (DART) (7), desorption electrospray ionization (DESI) (8), and coated blade spray
(CBS) (9). DESI and DART were the first AIMS techniques developed (7, 8) and support
ionization using a constant flow of carrier liquid and gas, respectively. Contrary, CBS
employs a coated (on the tip) conductive stainless steel strip, only requiring a small
droplet of solvent for desorption and ionization, as in paper spray (70) and modified
wooden-tip spray (77). The coating on CBS acts as a solid-phase microextraction
(SPME) means to achieve selective enrichment of analytes from liquid samples or ex-
tracts. Following desorption of the compounds using a drop of organic solvent and
high voltage application to the blade, spray ionization occurs without the requirement
of additional gas or liquid flows (9). The simplicity of CBS enhances the possibilities
for future portable CBS-MS applications in food testing (72, 13). The most recent evo-
lutionary aspect of CBS is magnetic blade spray (MBS), where paramagnetic surface-
functionalized microparticles have replaced the coating for easy extraction and sam-
ple handling (74).

In the EU food safety protocols, prior to the confirmatory analysis by LC- or GC-
MS/MS, a rapid screening analysis is often performed (75). Screening methodologies
include biorecognition-based assays with monoclonal antibodies (mAbs), which can
provide a quick qualitative or semi-quantitative result for the presence of a targeted
contaminant or a family of contaminants based on the cross-reactivity profile of the
mAbs employed. However, screening assays do not provide any structural infor-
mation on the contaminant detected; thus, confirmatory analysis with LC- or GC-
MS/MS is needed in the case of a non-compliant screening result (75, 76). Apart from
the well-known lateral flow immunoassay (LFIA) (77, 18), many other assay formats
have been developed. Paramagnetic microspheres have been employed in fluores-
cent planar array screening bioassays. Carboxyl groups on the surface of paramag-
netic microspheres allow for direct covalent coupling of biomolecules by EDC/NHS
chemistry (79-27). Combining the features of biorecognition-based screening and
AIMS may offer a novel and attractive rapid alternative workflow for confirmatory
analysis. Only a few efforts have been made toward this direction of improved testing
for contaminants (22-26), underlining both its novelty and potential applicability.
However, no demonstrations of directimmuno-enrichment and magnetic blade spray
MS (iMBS) for rapid analysis have been published so far.
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The present study showcases the iMBS approach, where mAbs have been co-
valently coupled to surface-functionalized paramagnetic microspheres for selective
biorecognition and capturing of targeted analytes. Subsequent blade spray and triple
quadrupole (QqQ) MS/MS detection enable the ionization and unequivocal identifica-
tion of the analytes without additional sample pre-treatment. As a proof of concept,
the method was developed to detect the marine shellfish toxin domoic acid (DA) and
its structural analog, kainic acid (KA) in mussels. DA is an analog of the amino acids
glutamate and proline. Specific phytoplankton species produce DA, which bioaccu-
mulates in filter feeders such as shellfish, including scallops, oysters, and mussels.
Consumption of DA-contaminated commodities may lead to amnesic shellfish poison-
ing (ASP); thus, it can cause severe central nervous system symptoms, such as disori-
entation, seizures, memory loss, and even death (27, 28). The developed protocol of
LFIA screening with smartphone-readout and subsequent iMBS confirmation for DA
was validated according to the 2021 EU legislation (75) at three different target levels
(TL) based on the maximum limit (ML) of 20 mg/kg (29) over the course of three days
and benchmarked against a commercial LFIA for on-site testing of DA.

4.2 Material and Methods

4.2.1 Chemicals and reagents

Acetonitrile and methanol of UHPLC-MS purity grade and ammonia solution
(25% v/v), formic acid (98% v/v), acetic acid (98% v/v), and DA and KA, were purchased
from Merck (Darmstadt, Germany). Milli-Q water of 18.3 MQ/cm conductivity was ob-
tained using a water purification system from Merck (Amsterdam, The Netherlands).
Solutions of 5 MM ammonium acetate and 5 mM ammonium formate (Merck) were
prepared in Milli-Q water. Standard stock solutions of 1000 pg/mL DA, and
5000 pg/mL KA, were prepared in acetonitrile/water (10/90 v/v).

4.2.2 iMBS preparation

For iMBS, polystyrene/divinylbenzene coated blades provided by Restek Corp.
(Bellefonte, Pennsylvania, USA) were sonicated at 40 °C in methanol/formic acid
(50/50 v/v) for 40 min, to yield non-coated stainless steel blades. The non-coated
blades were used for the entire optimization of DA ionization with standard solutions.
For adherence of paramagnetic microspheres, a type N48 neodymium magnetic disc
(3 mmx2 mm) from Supermagnete (Gottmadingen, Germany) was positioned under
the tip of the non-coated blade. For the immuno-capturing part, MagPlex-C, paramag-
netic carboxylated microspheres (MC10038, particle size 6.5 um) were purchased
from Luminex Corp. (Austin, Texas, USA), and mouse mAbs against DA were provided
by Queen's University Belfast. These antibodies previously demonstrated a 24% cross-
reactivity with KA but no cross-reactivity towards any naturally co-occurring toxins
(30).
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A carbodiimide covalent coupling procedure was followed for antibody immo-
bilization on the paramagnetic microspheres, as described in the Luminex protocol
(37). Briefly, 200 uL of stock uncoupled paramagnetic microspheres were washed with
Milli-Q water and activated using monobasic sodium phosphate (NaH2PO4) (Merck),
sulfo-NHS (N-hydroxysulfosuccinimide), and EDC (N-(3-dimethylaminopropyl)-N-
ethylcarbodiimide hydrochloride) (Sigma-Aldrich, Zwijndrecht, The Netherlands).
Next, mAbs for DA, 0.15 mg/mL in MES (2-(N-morpholino)ethanesulfonic acid) (Sigma
Aldrich), were added to the activated paramagnetic microspheres for immobilization.
After a 2 h incubation, the immuno-enriched paramagnetic microspheres were recon-
stituted in 200 uL of PBS-TBN (phosphate-buffered saline with Tween-20, bovine se-
rum albumin (BSA), and sodium azide), and stored in the refrigerator at 4°C in a
sealed dark Eppendorf tube. For the preparation of the PBS-TBN stock solution, a PBS
solution containing 137 mM sodium chloride (NaCl), 2.7 mM potassium chloride (KCl),
10 mM sodium hydrogen phosphate (Na:HPO4), and 1.8 mM potassium dihydrogen
phosphate (KH2PO.) (Merck, Darmstadt, Germany), having a pH of 7.4, was prepared
in Milli-Q water. The final storage buffer, PBS-TBN, was prepared by tenfold dilution
of the PBS stock solution in Milli-Q water containing (0.1% w/v) BSA, (0.02% v/v) Tween-
20, and (0.05% w/v) sodium azide (Sigma-Aldrich).

For benchmarking, a commercially available LFIA screening test kit for DA, "Re-
veal® 2.0 for ASP", including LFIAs for DA and micro-perforated filter bags, was pur-
chased from Neogen (Lansing, Michigan, USA).

For the in-house validation, 21 blank mussel samples (Mytilus edulis), and for
the applicability study, three naturally contaminated (incurred) samples, homoge-
nized and stored at -80 °C, previously analyzed for the presence of DA by validated
and accredited routine LC-MS/MS and LC-UV methods, were provided in-house.

4.2.3 Mass spectrometry

Triple Quadrupole MS/MS

The iMBS-MS/MS analysis was performed on a Micromass Quattro Ultima Pt
QqQ-MS (Waters Corporation, Milford, MA, USA) equipped with a blade spray setup
consisting of an x-y-z stage and high-voltage plug from a Waters nanoESI ion source.
A plastic clamp was used to secure the blade in place (Figure 4.7). Optimized operating
conditions included positive ionization mode with 3.7 kV spray voltage, 50 V cone volt-
age, 100 °C cone temperature, and 0.16 mL/min argon collision gas flow. Data were
acquired in multiple reaction monitoring (MRM) mode, and two transitions were mon-
itored for DA and KA. For DA, m/z312.1 > 266.1 and m/z312.1 > 248.1 at 12 eV collision
energy, and for KA m/z 214.1 > 168.1 and m/z 214.1 > 122.1, at 10 and 18 eV collision
energies, respectively. The data were acquired and processed using MassLynx soft-
ware (Waters). From the chronograms acquired, area ion ratios of the two fragment
ions for DA and KA were calculated and used for unequivocal confirmation of the
identity of each substance according to the criteria (75).

For the semi-quantitative evaluation of the screening assays, a Samsung Gal-
axy A50 smartphone (Samsung electronics, Suwon, South Korea) was used to retrieve
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photographs using the OpenCamera app (v1.47.3) under controlled light, exposure,
and focus conditions. The photographs were processed using Image) software, to
split the photographs into their RGB (red, green, and blue) color channels.

Figure 4.1. Photographs of the experimental setup of iMBS-MS/MS. (A) 1. x-y-z stage and high
voltage plug from a Waters nanoESI ion source 2. blade secured with a plastic clamp and 3. inlet
of the Micromass Quattro Ultima Pt QqQ-MS. Insert with zoomed-in parts of the setup where; (B)
non-coated blades top and side view with the super magnet showing under the blade, and (C) top
view of the non-coated blade with the sampling of 10 uL of immuno-enriched paramagnetic mi-
crospheres.

4.2.4 Extraction and method development

For method development and in-house validation, mussel samples were ex-
tracted using the previously developed and commercialized Neogen screening assay
extraction protocol for efficient extraction of DA from samples (32). In short, 1 g of
the homogenized mussel sample was extracted using 30 mL of water. Vigorous man-
ual agitation followed for 30 s, and afterward, a microperforated filter bag was used
to extract further and remove the mussel residues. The final extract was stored in the
refrigerator at 4 °C for further use.
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For the LFIA screening assay, 100 uL of the extracts was further diluted with
the buffer provided in a vial in the assay kit. Finally, 100 uL of the mixture thus ob-
tained was used to develop the LFIA. The same spiked undiluted mussel extracts were
also used for iIMBS-MS/MS analysis. 10 uL of the immuno-enriched paramagnetic mi-
crospheres suspension was mixed in a 96-well plate with 100 uL of the undiluted mus-
sel extract and 100 uL of Milli-Q water. The mixture thus obtained was incubated at
room temperature for 10 min. Then, a magnetic plate was positioned underneath the
96-well plate to induce fast sedimentation and adherence of the immuno-enriched
paramagnetic microspheres at the bottom of the 96-well plate. The supernatant was
discarded, and the magnetically trapped microspheres were washed three times with
100 uL of Milli-Q water.

For the MS/MS analysis, the non-coated blade was placed at a £6 mm distance
from the entrance cone of the ion source. While the spray voltage was at 0 kV, the
incubated and washed paramagnetic microspheres were resuspended in 50 uL of
Milli-Q water and retrieved from the 96-well plate to be pipetted onto the non-coated
metal blade at the tip of the blade with the magnet underneath. Next, after 30 s of
adherence time of the paramagnetic microspheres, the excess supernatant liquid was
removed by a clean tissue. Then, 4 uL of methanol/formic acid (2.5% v/v) was pipetted
on top of the immuno-enriched paramagnetic microspheres to dissociate the antigen
from the immobilized antibodies. After 1 min, the binding of the DA from the mAb on
the immuno-enriched paramagnetic microspheres was disrupted, and a second 4 uL
aliquot was pipetted because of evaporation of the first 4 uL. Finally, the optimized
spray voltage of 3.7 kV was applied to the non-coated blade to obtain an ESI-like
spray, and the ions formed were analyzed by MS/MS (Figure 4.2).

4.2.5 Method validation

For the validation of the screening LFIA, a semi-quantitative assessment was
performed using a custom-made 3D-printed holder (33), and a smartphone to retrieve
photographs. The retrieved photographs were processed and splitted into their RGB
(red, green, and blue) color channels. The blue color channel was used to measure
the intensity of the background (B), the control (C) and the test (T) line. After subtract-
ing the B from the T and C intensities, the corrected blue channel intensities (cBCI)
were used to calculate the ratio between the T's cBCI and the C's ¢BCL. Finally, the T/C
ratio was used for semi-quantitative assessment of the LFIAs performance.

To validate both the screening LFIA and the iMBS-MS/MS method, portions of
the blank mussel extracts were spiked at three different TLs, namely 335 ng/mL
(0.5x TL), 670 ng/mL (1% TL), and 1005 ng/mL (1.5x TL). The TL were calculated based
on the theoretically DA concentration in sample extracts from mussels contaminated
at the ML of 20 mg/kg.

Both the screening LFIA and the iMBS-MS/MS methods, were validated accord-
ing to the EU legislation 2021/808 (75), assessing the specificity, intra-day repeatabil-
ity, inter-day repeatability, within-laboratory reproducibility, trueness, CCa and CCp.
To assess the specificity, differences in the signal between the lower 0.5x TL spiking
level onwards, and blank samples were assessed. Moreover, the intra-day and inter-
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day repeatability results expressed as the %RSD was calculated and assessed for the
21 spiked samples. The within-laboratory reproducibility was calculated using one-
way ANOVA. For the trueness assessment, the theoretical concentration at each spik-
ing level was compared to that of the determined concentration, calculated based on
each day's matrix-matched calibration curve expressed in mg/kg. Finally, the meth-
ods' compliance versus the performance criteria were assessed using the CCa and
CCpB values. The CCa was calculated for the iIMBS-MS/MS, using the concentration at
the 1xTL plus 1.64 times the standard deviation of the within-laboratory reproducibil-
ity at this level, whereas the CCPB value was calculated having the 0.5xTL as screening
target concentration (STC) and using the concentration at the STC plus 1.64 times the
standard deviation of the within-laboratory reproducibility at the STC (75).
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Figure 4.2 Workflow application of iMBS-MS/MS for analysis of contaminated shellfish samples. (A)
Samples are collected on-site. (B) The selected shellfish commodity, i.e., mussels, is homogenized,
weighed, and 1 g is extracted with 30 mL of distilled water. (C) The sample extract is diluted with
assay buffer for rapid on-site testing using a commercial screening LFIA, leading to a negative
result (two lines) for any quantitative result lower than the ML of 20 mg/kg. In contrast, it provides
a positive result (one line) for any readout of equal or more than 20 mg/kg. (D) For a positive or
ambiguous result, the same sample extract from step (B) can be used for confirmation using the
developed iMBS; the extract is diluted 1:1 with Milli-Q water, and 200 ulL of the diluted extract is
incubated with 10 uL of immuno-enriched paramagnetic microspheres. (E) After incubation, the
final step is the deposition and fixation of the immuno-enriched paramagnetic microspheres on

the blade tip using a super magnet, followed by dissociation with methanol/formic acid (2.5% v/v)
and MS/MS confirmatory analysis.

]
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4.3 Results

4.3.1 Method development

Optimization of Blade Spray and MS Conditions

Initial optimization was performed using DA solutions and non-coated blades
aiming at optimum ionization and MS operating conditions. Ionization was performed
at a distance of +6 mm between the tip of the blade and the cone inlet of the MS
system, to prevent any loss of paramagnetic microspheres by vacuum suction at the
final stage of the experimental design.

The optimum spray/desorption solution for DA ionization was tested by apply-
ing 10 pL of 100 ng/mL DA in different desorption solutions and monitoring the in-
tensity of the protonated ion in full scan positive ion mode (m/z 200-400). The desorp-
tion solutions tested were mixtures of methanol or acetonitrile, with formic or acetic
acid at a concentration of (0.5% v/v), and (80/20 v/v) mixtures of methanol/buffer and
acetonitrile/buffer, with the buffer being 5mM ammonium formate/ formic acid
(0.5% v/v) or 5 mM ammonium acetate/ acetic acid (0.5% v/v). The rationale for testing
these desorption solutions was based on the typical solvents applied for DA extraction
and LC-MS/MS analysis (35-38). Apart from that, it is known that acidic or alkaline con-
ditions and/or organic solvents are necessary to disrupt the binding of the analytes
with mAbs. Acetonitrile showed a lower ionization efficiency than methanol, and the
addition of buffers did not enhance the ionization efficiency. Among the spray solu-
tions tested, sodium and potassium adducts were observed, next to the abundant
protonated ion of DA. The solution that yielded the highest ionization efficiency for
the protonated ion of DA was methanol/formic acid (0.5% v/v). Next, the formic acid
concentration was further optimized, starting from (0.5% v/v) up to (5.5% v/v), with
steps of (0.5% v/v) and monitoring in full scan mode (m/z 200-400) the protonated ion
of DA. At formic acid (2.5% v/v), the highest intensity of protonated ion of DA was
observed. Clearly, a plateau was reached as increased formic acid concentrations did
not further improve the intensity of the protonated DA (Figure 4.3).

Furthermore, the matrix interferences were briefly investigated using a meth-
anol/formic acid solution fortified with 0, 0.1, and 1% v/v blank mussel extracts, to
mimic an estimate of the matrix residue after three washing cycles of the paramag-
netic microspheres at the final experimental iMBS setup. The presence of mussel ma-
trix residues did not alter the resulting chronograms for any of the solutions tested.

Finally, the spray voltage, cone voltage, and collision energy were optimized
using 10 uL of 100 ng/mL DA in methanol/formic acid (2.5% v/v). Optimum conditions
included 3.7 kV spray voltage, 50 V cone voltage and 12 eV collision energy for the
MRM transitions m/z 312.1 > 266.1 and m/z 312.1 > 248.1 of DA, and 10 and 18 eV for
the MRM transitions m/z 214.1 > 168.1 and m/z 214.1 > 122.1 of KA, respectively.
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Figure 4.3. Spray solution optimization. Relative area intensity of the protonated ion of DA from
non-coated blade spray measurements of DA 100 ng/mL in the following solutions (1) methanol/
acetic acid (0.5% v/v), (2) methanol/ formic acid (0.5% v/v), (3) acetonitrile/ acetic acid (0.5% v/v),
(4) acetonitrile/ formic acid (0.5% v/v), (5) methanol/ 5 mM ammonium acetate/ acetic acid -
(80/ 19.5/ 0.5 - v/v/v), (6) methanol/ 5 mM ammonium formate/ formic acid - (80/ 19.5/ 0.5 - v/v/v),
(7) acetonitrile/ 5 mM ammonium acetate/ acetic acid - (80/ 19.5/ 0.5 - v/v/v), (8) acetonitrile/ 5 mM
ammonium formate/ formic acid - (80/ 19.5/ 0.5 - v/v/v). Acetonitrile (light grey bars) showing
lower ionization than methanol (dark grey bars). Conditions: full scan mode (200-400 m/z), 4 kV
spray voltage for methanolic solutions, 4.5 kV for acetonitrile solutions. For methanol/formic acid
(0.5% v/v), the mass spectrum with the adducts formed is inserted.

iMBS-MS/MS of marine toxins in shellfish

When using the mussel extraction protocol (Figure 4.2), the calculated concen-
tration of DA in the extract of a contaminated sample at the TL is approximately
670 ng/mL. Following a 1:1 dilution, 33 ng of DA will be theoretically available for in-
cubation with the immuno-enriched paramagnetic microspheres. However, only a
tiny fraction of DA is expected to bind due to the limited antibody capacity available.
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Therefore, the limit of quantification (LOQ) and limit of detection (LOD) in direct
MS/MS were assessed over a small dynamic range of 0-12 ng/mL only, using non-
coated blades and DA spiked in methanol/formic acid (2.5% v/v) with a blank mussel
matrix (0.1% v/v). The LOQ was determined at 2 ng/mL, and the LOD at 0.6 ng/mL.

Since no chromatography is applied with the iMBS-MS/MS approach, it could
be argued that the selectivity of the method is compromised. According to the latest
version of the EU legislation 2021/808 (715) for substances with an established ML, four
identification points (IPs) are required for the unequivocal identification of contami-
nants, one of which is obtained from the chromatographic separation and three from
the MS/MS detection when two ion transitions are being monitored. It is stated in the
EU 2021/808 document that all MS analyses shall be combined with a separation tech-
nique "that shows sufficient separation power and selectivity for the specific applica-
tion." It may be argued that the high selectivity of immuno-capturing is by far superior
to a generic LC gradient separation using a C18 column, and therefore one IP point
could be claimed for iMBS. In combination with the three IPs of MS/MS analysis, une-
quivocal identification of DA could be obtained using iMBS-MS/MS. To a further ex-
tent, according to Berendsen et al. (39), the selectivity of a direct MS/MS method is
assessed by the probability of interference, i.e., P(I) value, which demonstrates the
probability of the occurrence of another than the selected compound showing the
same MS/MS characteristics. Having chosen the most selective MRM transitions for
DA, P(I) is assessed at 4.8x10°, which is still higher than the cut-off P(I) value of 2x10”
for achieving a selective MS/MS method without chromatography. Therefore, it is cru-
cial that a direct MS/MS method features additional selectivity as provided by iMBS
discussed in this paper. The immuno-capturing in iMBS adds selectivity to the overall
MS/MS method, considering the use of mAbs that target only DA and structural ana-
logs, which can be further differentiated in MS/MS based on their specific m/z.

iMBS-MS/MS optimization

As a starting point to capture the immuno-enriched paramagnetic micro-
spheres, prototype magnetic blades consisting of magnetic material with a copper
strip for HV application were studied. These magnetic blades were provided by the
Pawliszyn group and were previously used in the experimental setup described by
Rickert et al. (74). It was noticed that for the same DA solutions tested in the range of
0-12 ng/mL, the signal was lower as compared to the non-coated metal blades used
in our blade spray optimization experiments, and due to the lower signal, the ion ra-
tios were less robust using these prototype magnetic blades compared to non-coated
metal blades (Figure 4.4). The apparent differences between the prototype magnetic
blades and the non-coated metal blades were the conductivity of the material and the
tip angle. With the non-coated blade, the entire surface is conductive until the tip end.
However, the magnetic prototype material is non-conductive, and to compensate for
this lack of conductivity, a copper strip is connected to the blade material. However,
the copper strip does not cover the entire surface and, instead, ends a few millimetres
away from the tip, resulting in reduced conductivity. In addition, the prototype
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magnetic blades' material is not as resistant to deformation as the non-coated blades,
causing the tip to be less well-defined and sharp.
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Figure 4.4. Comparison between non-coated blades and prototype magnetic blades. Total ion cur-
rent (from four MRM transitions) chronograms of consecutive sampling of 10 uL of increasing DA
standard concentrations of 0 ng/mL (blank), 2 ng/mL, 4 ng/mL, 6 ng/mL, and 12 ng/mL spiked into
methanol/formic acid (2.5% v/v) - mussel extract solution (0.1% v/v). Metal non-coated blades (top)
and prototype magnetic blades (bottom) from a previous publication8. Graphs have been normal-
ized on the intensity (vertical) axis based on the highest intensity in the chronograms.

The tip is where the voltage is concentrated at the vertex of the blade, accord-
ing to the first description of CBS by Gomez-Rios and Pawliszyn (9). Changes in the
shape of the tip could result in alterations of the spray angle and the accumulation of
the voltage; thus, applying the same voltage setting in both blades will yield differ-
ences in the effective voltage and electric field at the tip. Consequently, we only used
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non-coated metal blades obtained by removing the coating from commercial CBS.
Immuno-enriched paramagnetic microspheres were trapped onto these metal blades
using a magnetic disc positioned under the tip. The trapping of the microspheres on
the blade was characterized by SEM, where differences in the blade surface can be
clearly seen between blank and paramagnetic microsphere-enriched surface (Figure
4.5).

100pm

Figure 4.5. SEM images of (A) non-coated magnetic blades, and (B) non-coated magnetic blades
with captured paramagnetic microspheres.

In order to develop the final iIMBS-MS/MS method, the biorecognition part was
optimized with respect to the incubation time needed for binding between the im-
muno-enriched paramagnetic microspheres and the DA in spiked sample extract.
More specifically, 10 uL of immuno-enriched paramagnetic microspheres were incu-
bated with 200 uL of a 1:1 water dilution of the mussel extract spiked with DA at a
level of 670 ng/mL. The tested incubation times were 3, 5, 10, and 20 min. No signal
was observed for the MRM transitions of DA when incubating for 3 min, indicating no
binding between the mAb and DA. The 5 min incubation produced half the area in-
tensities in the reconstructed MRM chronograms as compared to the 10 min incuba-
tion. The latter turned out to be sufficient for quantitative analysis of lower concen-
trations. No significant changes were observed in the area intensities of the DA MRM
transitions for the 10 and 20 min incubation, possibly due to saturation of the immo-
bilized mAbs; therefore, a 10 min incubation was invariably used in the optimized pro-
tocol (Figure 4.6).
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Figure 4.6. Overlay chronograms of the m/z 312.1 > 266.1 transition obtained following iMBS-
MS/MS, varying in incubation time. For the exact conditions, see text.

Additionally, the amount of immuno-enriched paramagnetic microspheres to
be used in each incubation was varied. Incubation for 10 min with 200 uL of 1:1 di-
luted spiked (670 ng/mL) mussel extract and 5, 10, or 15 uL of paramagnetic micro-
spheres was tested. 5 uL of paramagnetic microspheres produced lower area inten-
sities of the DA MRM transitions than the other volumes tested. Between 10 and
15 L, similar results were obtained on the area intensities of the DA MRM transitions.
However, using 10 uL of immuno-enriched paramagnetic microspheres, one 4 uL
drop of dissociation/spray solution onto the blade was sufficient for quantitative dis-
sociation of DA from the immuno-enriched paramagnetic microspheres, and repeti-
tive desorptions did not yield additional signals showing the correct ion ratios. In con-
trast, with 15 uL of immuno-enriched paramagnetic microspheres, multiple desorp-
tion steps are needed for quantitative dissociation. Therefore, 10 uL was found to be
the most cost-effective and appropriate volume to be used (Figure 4.7).

To illustrate the feasibility of the iMBS-MS/MS approach, a blank mussel extract
was incubated with immuno-enriched paramagnetic microspheres. The same extract
was spiked with DA at 670 ng/mL and next 200 uL of both the blank and fortified 1:1
diluted sample extract were incubated with 10 uL of unfunctionalized paramagnetic
microspheres and 10 uL of immuno-enriched paramagnetic microspheres. The re-
sults, as expected, showed no signal for the blank sample matrix, nor for the unfunc-
tionalized paramagnetic microspheres. In contrast, DA MRM transition signals with
the correct ion ratio of 0.29 (i.e., within the +40% relative deviation from the 0.34 ion
ratio for DA (75)) were achieved for the immuno-enriched paramagnetic microspheres
incubated with the spiked matrix sample (Figure 4.8).
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Figure 4.7. Bar graphs of the relative area for the MRM transition m/z 312.1 > 266.1 versus the
number of desorption cycles following iMBS-MS/MS, varying in the volume of immuno-enriched
paramagnetic microspheres. For the exact conditions, see text.
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Figure 4.8. Overlay chronograms of the m/z 312.1 > 266.1 transition obtained following iMBS-
MS/MS using immuno-enriched and unfunctionalized paramagnetic microspheres. For the exact
conditions, see text.
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4.3.2 In-house method validation

The optimized iMBS-MS/MS approach and a rapid screening LFIA were vali-
dated following the EU 2021/808 legislation. For the validation, 21 blank mussel sam-
ples were provided in-house, extracted with the LFIA protocol, and the extracts were
spiked at three different levels (0.5% TL, 1x TL, and 1.5x TL) and blank. Over three days,
seven samples were analyzed each day, and the results of the statistical analysis were
used to assess the performance of the methods.

Validation of the Screening LFIA Used for Benchmarking

For the LFIA validation, a qualitative assessment was performed by reading the
LFIA results with the naked eye. According to the manufacturer's guidelines, the ap-
pearance of only the control line corresponds to a positive result of the contaminated
sample containing equal or more than 20 ppm of DA, while two lines (test line and
control line) correspond to a negative test result of less than 20 ppm. However, in
contrast to the user manual and published results (32), a faded pink test line could be
observed at all spiking levels by the naked eye. As an alternative, a semi-quantitative
assessment was attempted using a custom-made 3D-printed holder (33), and a
smartphone to retrieve photographs. The T/C ratio was used for semi-quantitative
assessment of the LFIAs performance, as described in section 4.2.5, thereby overcom-
ing the faded test line problem, and differentiating between positive/non-compliant
(>20 ppm) and negative samples (Figure 4.9).

Figure 4.9. Photographs of the smartphone reading of commercial LFIA. (A) 3D printed holder with
a smartphone attached. Representative (B) photographs and (C) processed blue channel images of
the developed LFIAs for different DA levels of 0%, 0.5x, 1x, and 1.5x TL, from bottom to top, respec-
tively.
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To validate the commercial screening LFIA the assessment levels were blank,
0.5xTL, and 1xTL, because of the inability to differentiate between 1 and 1.5xTL. Re-
garding the specificity/ sensitivity of the screening LFIA, sufficient discrimination was
demonstrated between blank and spiked samples from the 0.5x TL level onwards (Fig-
ure 4.10 and Table 4.1).

Smartphone Readout Screening LFIA Validation Results
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Figure 4.10. Data analysis of results from 21 blank mussel samples and spiked ver-
sions thereof in screening LFIA. On the vertical axis is the intensity of the isolated blue
channel of the test line over the control line.

Further, based on the (semi-)quantitative smartphone reader, the intra-day re-
peatability results were 13.7, 10.3, and 13.9% at 0.5xTL, and 15.8, 9.4, and 16.8% at
the 1xTL levels. The inter-day repeatability results were 14.0, and 14.6% at 0.5%, and
1x TL, respectively. Moreover, the within-laboratory reproducibility results were 13.9,
and 15.8% at 0.5xTL, and 1xTL, respectively. The acceptable %RSD value for sub-
stances with an ML of >1000 ug/kg is <16%(75), which means that only one value on
the third day of 1xTL measurements did not comply yet for a quantitative screening
method. Consequently, for the time being our smartphone-based LFIA for DA should
be considered as a semi-quantitative screening method. Moreover, the calculated
trueness values were 91 and 112% at the 0.5%, and 1x TL, respectively, and within the
acceptance range of 80 to 120% as stated in the legislation(75). Finally, the CCB was
calculated at 12.8 mg/kg (0.69 ratio T/C).
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Validation of the newly developed iMBS-MS/MS method

From the analysis of 21 blank mussel samples, no DA signal was observed, un-
derlining the specificity of the iMBS-MS/MS approach. A clear signal was observed
from the 0.5x TL spiking level onward (Figure 4.11 and Figure 4.12).

iMBS-MS/MS Validation Results
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Figure 4.11. Data analysis of results from 21 blank mussel samples, and spiked versions thereof in
iMBS-MS/MS.
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Figure 4.12. iMBS-MS/MS chronograms of the m/z 312.1 > 266.1 transition from paramagnetic
microspheres/ DA spiked sample at different target level.
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Moreover, the selected MRM transitions monitored and the respective ion ra-
tios (Table 4.7) enable the confirmation of the identity of DA, without the need of an
internal standard (IS) (Figure 4.13). The mean ion ratio for the MRM for DA was 0.34 +
0.14 (m/z 248.1/266.1) for all the 21 spiked samples analyzed. This ratio is identical to
the ion ratio measured for DA in standard methanol/formic acid/mussel solutions. As
a result, the ion ratio tolerance limit of the spiked mussel samples analyzed complies
with the regulatory requirement of +40% relative deviation allowed by the EU
2021/808 legislation(75). Thus, the method is demonstrated to be sufficiently specific/
sensitive. The intra-day repeatability results were 5.4, 15.9, and 13.0% at 0.5xTL, 7.7,
5.0, and 3.9% at TL, and 5.3, 7.6, and 7.0% at the 1.5xTL level, for day one, two, and
three, respectively. The inter-day repeatability results were 13.7, 7.0, and 7.1% for the
0.5%, 1%, and 1.5xTL, respectively. Furthermore, the within-laboratory reproducibility
results were 13.9, 6.1, and 7.3% at 0.5x, 1%, and 1.5xTL, respectively. All RSD% values
for the validation parameters assessed were lower than 16% and within the ac-
ceptance range (75), underlining the quantitative performance of the developed
method in this range and a favorable comparison versus the LFIA screening assay.
Moreover, the trueness values were calculated at 103, 104, and 99% for the 0.5x%, 1x,
and 1.5xTL, respectively, within the acceptance range of 80% to 120% (75). Finally, the
CCa was 23.3 mg/kg, demonstrating that all samples of the 1.5xTL and above were
non-compliant. Therefore, the developed iMBS-MS/MS method has been successfully
validated as a confirmatory method over a limited range around the relevant ML level.
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Figure 4.13. iMBS-MS/MS chronograms of the m/z 312.1 > 266.1 transition from paramagnetic microspheres sampling of DA spiked mussel extracts at
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Table 4.1. Validation results from iMBS-MS/MS confirmatory analysis and LFIA screening of 21 blank and spiked mussel sample extracts at three
different target levels and performed on three different days.

0xTL 0.5xTL 1xTL 1.5xTL
iMBS-MS/MS iMBS-MS/MS iMBS-MS/MS
. LFIA Calcu- LFIA Calcu- LFIA Calcu- LFIA
o iMBS-

- - S/MS screen- lated screen- lated screen- lated screen-
a g MR ing re- Ion Con- ing re- Ion Con- ingre- Ionra- Con- ing re-

v spo?\-se sult ratio centra- sult ratio centra- sult tio centra- sult

(T/C) tion (T/C tion (T/C tion (T/C

(mg/kg) (mg/kg) (mg/kg)

1 0 1.46 0.30 11.2 0.50 0.39 19.0 0.32 0.34 31.2 0.28

2 0 1.07 0.37 10.5 0.57 0.37 18.4 0.33 0.39 30.8 0.24

3 0 1.51 0.37 9.9 0.67 0.38 17.8 0.22 0.33 29.7 0.17

1 4 0 1.18 0.37 11.7 0.49 0.33 22.0 0.23 0.29 29.3 0.16

5 0 1.04 0.36 10.4 0.45 0.34 22.0 0.28 0.39 28.0 0.22

6 0 1.07 0.34 10.6 0.45 0.38 20.1 0.25 0.34 31.2 0.10

7 0 1.04 0.31 11.5 0.57 0.39 20.5 0.33 0.38 26.8 0.25

8 0 1.22 0.38 7.7 0.52 0.39 201 0.27 0.36 33.8 0.13

9 0 1.04 0.36 9.7 0.45 0.39 21.6 0.28 0.35 34.0 0.22

10 0 1.54 0.34 10.7 0.53 0.39 18.1 0.26 0.33 31.4 0.30

2 1 0 1.33 0.29 11.8 0.50 0.33 21.2 0.32 0.35 28.2 0.33

12 0 1.03 0.30 8.8 0.65 0.29 20.2 0.32 0.39 27.7 0.30

13 0 1.31 0.30 7.2 0.57 0.36 20.3 0.34 0.39 30.0 0.23

14 0 1.25 0.30 9.5 0.52 0.33 20.5 0.29 0.39 29.3 0.19

(Continued on next page)



Table 4.1Continued.

0OxTL 0.5xTL 1xTL 1.5%TL
iMBS-MS/MS iMBS-MS/MS iMBS-MS/MS
. LFIA Calcu- LFIA Calcu- LFIA Calcu- LFIA
) iMBS-
- - MS/MS screen- lated screen- lated screen- lated screen-
a g R ing re- Ion Con- ing re- Ion Con- ingre- Ionra- Con- ing re-
v spo?\-se sult ratio centra- sult ratio centra- sult tio centra- sult
(T/C) tion (T/C tion (T/C tion (T/C
(mg/kg) (mg/kg) (mg/kg)
15 0 1.58 0.38 12.8 0.67 0.33 21.3 0.36 0.38 28.5 0.24
16 0 1.15 0.37 9.3 0.61 0.33 21.0 0.30 0.39 28.5 0.15
17 0 1.1 0.36 111 0.48 0.35 23.5 0.29 0.35 26.9 0.18
3 18 0 1.38 0.38 12.3 0.52 0.38 21.1 0.25 0.35 27.0 0.19
19 0 1.24 0.33 9.6 0.62 0.39 21.9 0.37 0.36 334 0.23
20 0 1.67 0.30 9.0 0.74 0.37 21.7 0.23 0.37 29.5 0.22
21 0 1.02 0.38 1.7 0.55 0.31 22.8 0.25 0.36 29.8 0.13
15 0 1.58 0.38 12.8 0.67 0.33 21.3 0.36 0.38 28.5 0.24

Conditions: The LFIA screening result was read using a smartphone camera equipped with a custom-made 3D-printed box to assure equal conditions
of the reading of the LFIA. The LFIA screening result is corrected versus the blank and then the intensity of the test line is divided by the control line.
iMBS-MS/MS, incubation with 10 uL of immuno-enriched paramagnetic microspheres, dissociation on the blade with 4 uL of methanol/formic acid 2.5%
v/v. The ion ratio is the ratio of the absolute area of the DA MRM product ion at m/z 248.1 to the area of the ion at m/z 266.1
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4.3.3 Applicability of the method

The applicability of the method was further demonstrated by the analysis of
KA spiked and DA incurred mussel samples. KA is a structural analog of DA but has
lower toxicity, and hence the EU does not regulate it. However, KA might interfere
with the immuno-capturing in LFIA and iMBS due to its structural similarity. Indeed,
using blank mussel extract spiked with KA at 1005 ng/mL (corresponding to the
1.5x TL DA level), the LFIA screening test for DA, yielded a false-positive result because
of the inability of the used mAb to differentiate between structural analogs. However,
when using iIMBS-MS/MS, it becomes clear that the positive LFIA test result is caused
by the presence of KA only since the characteristic ion transitions and respective area
ion ratio of 0.34 belonging to DA were absent in the MS/MS data. In contrast, the
characteristic product ions belonging to KA were detected with their corresponding
area ion ratio of 0.21 (m/z 122.1/168.1) (Figure 4.14 and Table 4.2).
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Figure 4.14 Example of iMBS-MS/MS chronograms of KA spiked mussel extract. For conditions, see
text.

Finally, following the workflow described in Figure 4.2, three DA-incurred mus-
sel samples originating from the Netherlands were analyzed by the screening LFIAs
and the newly developed iMBS-MS/MS method. The results were similar to those of
the accredited LC-MS/MS and LC-UV methods for DA. The LFIAs, showed positive
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results and high contamination levels beyond 1x TL according to semi-quantitative
smartphone analysis. Also, the iIMBS-MS/MS results were in accordance with previous
results from the independent reference method. For incurred mussel samples #1 and
#2, the estimated concentration was close to the analysis result of the reference
method. For the incurred mussel #3, probably because of saturation of the immobi-
lized mAbs on the paramagnetic microspheres, the estimated concentration accord-
ing to iIMBS-MS/MS was lower but in accordance with the limited dynamic range of an
immuno-capturing method. In all cases, however, the iMBS-MS/MS results correctly
characterized the analyzed samples as non-compliant and containing DA, confirmed
by the respective ion ratio for DA (m/z 248.1/266.1) within the 0.34 +40% tolerance
limit set by the legislation(75), and not containing the harmless KA (Table 4.2).

Table 4.2. Results from iMBS-MS/MS analysis and LFIA screening of KA spiked mussel sample and DA

incurred mussel samples.
Sample iMBS-MS/MS LFIA DA concentra-
DA KA screen- tion based on
ion calculated ion ra- calculated ingre- reference LC-
ratio concentra- tio concentra- sult MS/MS
tion tion (T/C) method
(mg/kg) (mg/kg) (mg/kg)
KA spiked mussel - - 0.21 27.5% 0.21 -
extract
Incurred mussel #1 0.37 23.5 - - 0.23 20.0
Incurred mussel #2 0.36 31.5 - - 0.17 39.0
Incurred mussel #3 0.39 35.6 - - 0.09 46.6

The screening result is corrected versus the blank and then the intensity of the test line is divided by
the control line (Supporting Information).For exact conditions, see text.

* The calculation of the KA concentration was done with the DA's calibration curve, under the estima-
tion that the area intensity of DA's transition m/z 312.1>266.1 is approximately 5x more intense than
that of the KA's m/z 214.1 > 168.1.

4.4 Conclusion

AIMS methods are rapid tools for detecting numerous substances, as many
applications demonstrate. However, their inherent lack of chromatographic separa-
tion leads to their exclusion as confirmatory methods in EU food safety protocols, as
they do not meet the standards laid down in legislation. In this work, we have demon-
strated the development of an iIMBS-MS/MS confirmatory analysis method and its val-
idation according to the recently revised EU regulation. Moreover, we showed that
iIMBS-MS/MS rapidly identifies false-positive LFIA screening results caused by harm-
less unregulated structure analogs. The iMBS exploits the use of mAbs for selective
isolation of the analyte of interest, adding substantially to the overall specificity of the
rapid direct MS/MS approach, thereby competing with time-consuming regulatory
LC-MS/MS methods. An additional IP should be granted in future revisions of the
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legislation because of the "immuno-chromatographic" nature of the iMBS-MS/MS ap-
proach.

The developed method is generic, reproducible, and quantitative without em-
ploying an IS, and could be applied to any MS-amenable analyte provided that a pair
of antigen/antibodies is available. Moreover, different sets of immuno-enriched par-
amagnetic microspheres with antibodies aiming at different analytes, could lead to
multiplex iMBS-MS/MS confirmatory analysis opportunities, complementary to multi-
plex planar array immunoassays used for parallel screening of routine samples.
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Abstract

The lack of chromatographic separation in ambient and direct mass spectrometry (MS)
ionization techniques jeopardizes the overall selectivity of the developed methods. Incor-
porating a biorecognition element at the ionization source could compensate for that in-
herent lack of selectivity. Thus, a simplified immunoaffinity - direct MS technique was de-
veloped, immunoaffinity blade spray (iBS), featuring a conductive polystyrene blade mate-
rial. In iBS, the generic coating used in conventional coated blade spray (CBS) is replaced
with a layer of highly specific monoclonal antibodies (mAbs), while the stainless steel is
replaced with conductive polystyrene to allow for simple ELISA plate-like hydrophobic im-
mobilization of mAbs. Due to its high relevance for climate change-induced food safety
issues, the mycotoxin deoxynivalenol (DON) was chosen as a model substance. Following
a rapid extraction from wheat flour, DON is immuno-captured, and the blade is positioned
in front of the MS for direct iBS-MS/MS analysis. The method's applicability was demon-
strated by analyzing spiked and incurred wheat flour samples omitting the need for time-
consuming chromatographic separation. Apart from DON, cross-reacting DON conjugates
could be successfully analyzed as well. The direct iBS-MS/MS method is generic and adapt-
able to detecting any analyte in sample extracts, provided that specific mAbs are available.
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5.1 Introduction

Coated blade spray (CBS) has emerged as a straightforward ambient ionization
mass spectrometry (AIMS) method, utilizing a sharp-tipped stainless steel sheet that
is coated with a biocompatible solid phase microextraction (SPME)-like sorbent (7).
CBS combines sample clean-up and ionization directly from the same surface; the
blade acts as a solid-substrate electrospray ionization (ESI) source and the coating as
an extraction/preconcentration agent. Ionization in CBS occurs by applying a desorp-
tion/spray solution and a high voltage (2). CBS allows high throughput analysis and
reduced matrix effects in complex sample mixtures analyses while consuming mini-
mal sample and solvent volumes, thus contributing to a greener analytical chemistry
(3). In only six years since its development in 2014, various applications of CBS in dif-
ferent fields have been reported in the literature (4-6). A typical CBS protocol consists
of preconditioning the coated surface, extracting the analytes of interest from the
sample, washing to minimize interferences, and desorption/ionization, all from the
same blade (2). This simplified protocol leads to an analysis time that can be as short
as 10 s per sample (7), which in comparison to the classic approach of liquid or gas
chromatography to separate the analytes in time (8, 9), is a great improvement for a
prompt analytical response. Nonetheless, when it comes to the unequivocal identifi-
cation of substances, apart from the selective multiple reaction monitoring (MRM)
transitions from a tandem MS method, also the retention time acts as an identification
criterion (70, 11), especially in terms of food safety regulation (72). Still, the retention
time is lacking, by definition, in all AIMS techniques (73).

To counterbalance the lack of chromatographic separation, antibodies have
been employed for specific extraction/separation of the targeted analyte, followed by
ambient or direct ionization and fast MS identification (74, 75). The latest development
combines CBS with antibody enrichment in the developed iMBS (Chapter 4), in which
the coating of the blades has been replaced by mAbs-enriched paramagnetic micro-
spheres, held on the blade by a magnet (76). This method has demonstrated the
added specificity and selectivity in the direct MS/MS analysis of analytes in complex
sample matrices. However, the paramagnetic microspheres and the magnet increase
the cost and complexity of the analysis: iMBS requires a rather extensive protocol for
microsphere and blade preparation based on a covalent immobilization protocol en-
tailing an EDC/NHS amine coupling procedure (77). Generally, in immunoassays, the
choice of the immobilization strategy is greatly affected by the physicochemical prop-
erties of the surface and the antibodies, and physical immobilization can be a simple
alternative to circumvent time-consuming covalent coupling reactions. Physical im-
mobilization includes direct adsorption on a surface, and despite the weak attach-
ment and random orientation of antibodies, it is more straightforward compared to
the other immobilization methods (78). Physical adsorption on solid polystyrene (i.e.,
plastic) substrate by hydrophobic interactions has been employed traditionally in en-
zyme-linked immunosorbent assay (ELISA) (79). In such a case, the biorecognition el-
ement is diluted in a coating buffer and then deposited on the polystyrene substrate
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while incubating to enable immobilization, without any additional reagents needed
(20).

In the current study, we develop an immunoaffinity conductive polystyrene
blade spray (iBS) approach. iBS utilizes conductive polystyrene sheets shaped at the
dimensions of the stainless steel blades used in CBS. Previous research on CBS appli-
cations that employed different substrates, i.e., magnetic blades, required an adhe-
sive copper tape for electric conductivity (27). However, the conductive polystyrene
allows for simplified mAbs immobilization by adsorption while enabling ionization.
The mAbs allow for the selective mining of a targeted analyte, adding selectivity and
specificity to the overall AIMS method. The sample extract is incubated with the im-
munoaffinity blades, followed by washing to remove non-specifically bound analytes.
The final step is the direct spray ionization by applying the optimized dissocia-
tion/spraying solution and the high voltage.

The method was developed to detect the mycotoxin deoxynivalenol (DON) as
a proof of principle. DON is found in Fusarium sp. contaminated cereals, and DON's
presence in food commodities risks human health (22). For this reason, DON is strictly
monitored in the EU, with a maximum level (ML) of 1750 ug/kg in unprocessed durum
wheat (23). Moreover, the societal relevance of DON is eminent because of the climate
change-related increase in worldwide mycotoxin production, which issues the in-
creased need for monitoring in the near future (24, 25). DON is thermally stable and
water-soluble (22), but its presence in its conjugated/masked forms due to plant me-
tabolism makes its analytical detection elaborate. The developed iBS method can pre-
cisely and reproducibly monitor DON and its conjugated form of 3-Acetyldeoxyniva-
lenol (3-AcDON). iBS is the first approach for a simplified online immuno-capture and
successive blade spray MS detection, all from the same solid surface, without intricate
chemical antibody immobilization.

5.2 Material and Methods

5.2.1 Chemicals and reagents

Solvents purchased included acetonitrile, methanol, and water, all of UHPLC-
MS purity grade, and ammonia solution (25% v/v), formic acid (98% v/v), from Merck
(Darmstadt, Germany), and Milli-Q water of 18.3 MQ/cm conductivity was produced
by a water purification system from Merck (Amsterdam, The Netherlands). A stock
solution of 10x phosphate buffered saline (PBS) with salts from Merck (Darmstadt,
Germany) was prepared in Milli-Q water. Dilution of the stock solution to 1x PBS in
Milli-Q water and 0.05% v/v Tween-20 (Sigma-Aldrich, Zwijndrecht, The Netherlands)
or 1% w/v bovine serum albumin (BSA) (Sigma-Aldrich, Zwijndrecht, The Netherlands),
yielded the assay buffers PBST and PBS-BSA, respectively.

Standard stock solutions of 100 ug/mL DON and 3-AcDON and 25 ug/mL 3C-
DON internal standard (IS), and DON blank wheat flour certified reference material
(CRM) (Joint Research Centre) were all purchased from LGC standards (Wesel, Ger-
many). Fluorescent labeled fluorescein-DON was purchased from Aokin (Berlin,
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Germany). A naturally incurred wheat flour (2900 pg/kg) sample was purchased from
Trilogy Analytical Laboratories (Arnhem, The Netherlands).

Conductive polystyrene blades were prepared by laser-cutting conductive pol-
ystyrene sheets of 1 mm thickness (Merck, Darmstadt, Germany) at the detailed di-
mensions of Figure 5.1. For the immuno-capturing, monoclonal antibodies for DON
(mouse, clone 2) (Aokin AG, Berlin, Germany) were used.

41.65 mm

]
1.0 mm

Figure 5.1 Detailed illustration and dimensions of the conductive polystyrene blade.

5.2.2 Mass spectrometry

The iBS-MS/MS analysis was performed with a Micromass Quattro Ultima Pt
QgQ-MS system (Waters Corporation, Milford, MA, USA) equipped with a blade spray
setup consisting of a modified x-y-z stage and high-voltage plug from a Waters
nanoESI ion source. Chronograms were acquired in positive ionization MRM mode,
and two transitions were monitored for each analyte; for DON, m/z 297.1 > 231.1 and
m/z 297.1 > 249.1 at 10 and 8 eV collision energies respectively, for 3-AcDON, m/z
339.10 > 203.10 and m/z 339.10 > 231.10 at 10 and 8 eV collision energy, respectively,
and 3C-DON 312.10> 263.10, at 8 eV collision energy, respectively. From the two frag-
ments ions, ion ratios were calculated and used for unequivocal identification of each
substance according to the EU criteria for confirmatory analytical methods (72). Op-
erating conditions included 4.2 kV spray voltage, 50 V cone voltage, 120 °C cone tem-
perature, and 0.16 mL/min argon collision gas flow. MassLynx software (Waters) was
used for data acquisition and processing. A Voltcraft 7910 multimeter was used for
conductivity measurement, and two microscopes, namely an Olympus BX51 fluores-
cence microscope and a Dino-lite AM4115T-GFBW digital microscope, were used for
fluorescence imaging.

5.2.3 iBS preparation and method

Using Zeba™ Spin desalting columns (Thermo Fisher Scientific, San Jose, CA,
USA), the storage buffer of the crude mAbs from Aokin is removed, and the mAbs are
reconstituted in UHPLC-MS purity grade water. The mAbs are then diluted with
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UHPLC-MS purity grade water to a 0.3 mg/mL final concentration. Finally, 7.5 uL are
simply pipetted on top of the conductive polystyrene blade the nearest possible to
the sharp tip, and the prepared immunoaffinity blades are left to air-dry and are
stored in the fridge at 4 °C until further use.

The simplified extraction method described previously for DON (Chapters 2
and 3) was applied without further optimization (26). Briefly, 1 g of grounded wheat
sample is extracted using 5 mL Milli-Q water. Followed by manual agitation and cen-
trifugation to fasten sedimentation, the supernatant is collected and used in case of
incurred wheat or, in case of blank wheat, spiked at 350 ng/mL (corresponding to the
DON concentration in the extract following extraction of contaminated commodities
at the ML of 1750 ug/kg). For iBS analysis, 200 uL of the sample extract is diluted 1:1
Milli-Q water, placed in an Eppendorf tube with a single immunoaffinity blade, and
incubated for 2 min. Next, the immunoaffinity blade is washed with 500 uL of Milli-Q
water for 30 s. Both immuno-extraction and washing are performed in an Eppendorf
ThermoMixer C apparatus (Eppendorf SE, Hamburg, Germany) at 1200 rpm. For the
iBS-MS/MS detection, the immunoaffinity blade is positioned at approx. 6 mm dis-
tance from the ion source cone. Then, the optimized dissociation/spray solution is
pipetted on top of the mAbs of the blade twice. Firstly, 4 uL methanol/ammonia solu-
tion (2% v/v) are pipetted to disrupt the binding between DON and mAbs. Secondly,
after evaporation of the first aliquot, an additional 4 yL of methanol/ammonia solu-
tion (2% v/v) spiked with the internal standard (IS) *C-DON 10 ng/mL are pipetted,
and the optimum spray voltage is applied to generate an ESI-like spray (Figure 5.2).

Extraction _V/
= T\ .
f T e e f'lncubation iBS-MS/Ms
Weighing 15 &
g \ Wash
—_ =
1 0§
Homogenization Sample
; Extract
W ~
extract : water
Durum I
Wheat
Sample

Figure 5.2. General concept of the iBS-MS/MS approach.
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5.3 Results

5.3.1 Preparation and characterization of iBS

To produce the immunoaffinity blades, a large conductive polystyrene sheet
was laser-cut in the desired size and shape (Figure 5.7). As discussed in previous CBS
and iMBS studies, the angle of the blade is crucial for the ionization of substances; the
tip of the blade is where the applied voltage is converged, leading to an ESI-like spray
formation (7). Thus, the conductive polystyrene blades' selected shape is character-
ized by a pointed tip with an adequate surface for handling, mAbs immobilization,
solvent deposition, and electrospray formation. After shaping the conductive polysty-
rene blades, mAbs for DON must be immobilized on the tip of the blade. The mAbs
are stored in a buffer solution containing surfactants and salts that hinder ionization
in MS. The Buffers residues in the immunoaffinity blade could pose a risk for the iBS-
MS/MS method. So, the mAbs, prior to the immobilization, underwent buffer ex-
change using size-exclusion chromatography resin in desalting Zeba Spin columns to
remove the excess buffer and reconstitute them in Milli-Q water. Then the mAbs were
diluted to the desired concentration, pipetted on the conductive polystyrene tip of the
blade, and immobilized on the surface after drying, simply by direct adsorption.

Unsurprisingly, the conductive polystyrene blades are characterized by an elec-
tric conductance 188000 times lower than the standard stainless steel blades. Never-
theless, the main voltage drop between the voltage application point and the inlet of
the MS still occurs in the ambient air gap between the blade tip and the cone. The
lower conductance is also apparent when comparing a standard solution of 10 ng/mL
DON, 3-AcDON, and IS in methanol/ammonia solution (2% v/v) on the different blade
materials. At 3.7 kV spray voltage, while the response factor (analyte/internal stand-
ard area ratio - A/IS area ratio) is identical between conductive polystyrene and stain-
less steel blades, the absolute area values in the MS/MS chronograms drop by 94%.
Therefore, the high voltage setting had to be optimized for conductive polystyrene
and was found to be 4.2 kV. It is worth mentioning that even with the optimum spray
voltage for DON ionization on conductive polystyrene blades, the conductive polysty-
rene blades still yielded 65% lower ionization than the stainless steel blades at 3.7 kV
(Figure 5.3). Most likely, this difference must be attributed to the different geometries
of the blades; The tip angles are similar, but the thickness of the metal and polysty-
rene sheets differ by a factor of ten, so the polystyrene blade required a further man-
ual adjustment to 0.1 mm with a scalpel.

Based on the overall sensitivity of the iBS-MS/MS method, the mAbs maximum
theoretical loading capacity, and the regulatory limits for DON monitoring, a limited
volume of 7.5 uL 0.3 mg/mL mAbs solution per blade was fit-for-purpose; similar to
the mAbs consumption in the identification lateral flow immunoassay (ID-LFIA) direct
MS alternative approach of Chapters 2 and 3 (27).
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A DON Spray Voltage Optimization
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Figure 5.3. Comparison of conductive polystyrene and stainless steel blades for (A) DON and (B) 3-
AcDON Condlitions: 10 ng/mL concentration, 5 uL sample application on the blade, MRM monitor-
ing of fragments measuring the area. The comparison is done on different spray voltage intensities
and based on the absolute mean values of the area (n=3).

Fluorescence imaging was used to verify the coating at the immuno-enriched
area on the conductive polystyrene blade. 5 uL of fluorescein-DON were firstly depos-
ited on the immunoaffinity blade and washed with Milli-Q water to remove the non-
bound analyte, followed by the excitation and fluorescent imaging. As expected, only
the immuno-enriched area of the blade was fluorescent. Moreover, the fluorescence
intensity was increased at the edge of the immuno-enriched area suggesting a higher
concentration of the mAbs; a typical characteristic of the so-called coffee-ring effect
after evaporation of liquid from the center to the edge (28) (Figure 5.4). Using 200%
magnification, the surface of the conductive blade was observed to be not homoge-
nously coated but instead consisting of mAbs aggregations, resulting from the sim-
plified but uncontrolled physical immobilization of antibodies. Finally, the immu-
noaffinity blades were cleaned by sonicating in methanol for 15 min and wiping the
surface to remove the mAbs. The cleaning resulted in bare conductive polystyrene
blades that could be re-used for immuno-enrichment in other iBS experiments. The
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cleaning performance was demonstrated using the same process of fluorescein-DON
addition, water washing, and fluorescence imaging. No fluorescence is observed on
the cleaned blade, demonstrating the complete removal of mAbs and the effective-
ness of the washing procedure for removing unbound analytes (Figure 5.4).

Figure 5.4. Fluorescence imaging with an excitation wavelength of 460-490 nm and an emission
of 510-550 nm (before and after cleaning) of the immunoaffinity blade after adding fluorescein-
DON, followed by washing with water. In the inserts, 100x and 200x magnifications are depicted.

5.3.2 iBS-MS/MS method development and application

The MS method optimization was performed at a distance of approx. 6 mm
between the tip of the blade and the inlet of the MS; larger distances caused signal
loss, while at a reduced distance, arcing occurred. The optimum spray/desorption so-
lution was selected by applying on the conductive polystyrene blades, 5 uL 200 ng/mL
DON in various solutions, and monitoring the area in the chronograms for the proto-
nated and deprotonated ions in full scan mode (m/z 250-500) under different spray
voltage settings in positive and negative ion mode. The solvents were selected to in-
clude a high percentage of organic solvent and alkaline or acidic modifier. The organic
solvent reassures high ionization efficiency in the blade spray part, and the modifier
supports the dissociation of the analyte from the antibodies in the final iBS-MS/MS
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method. The optimized spray solution was similar to previously published results (27),
i.e., methanol/ammonia solution (2% v/v) (Figure 5.5). However, regardless of the sol-
vent used, negative ionization mode was not as efficient as positive ionization, con-
trary to previously published results (27); clearly, the different MS systems account for
these differences. The optimum cone voltage and collision energy were investigated
by applying 5 uL 200 ng/mL DON in the optimum solution, methanol/ammonia solu-
tion (2% v/v). For the cone voltage, values were varied from 20 V to 110 V with a step
of 10 V. Minor differences were observed in the area of the protonated ion of DON at
different cone voltages settings; thus, the selected cone voltage was 50 V. Further-
more, the collision energy was optimized starting from 2 eV to 20 eV, with a step of
2 eV, and monitoring the area of the main fragment ions. The optimized MRM transi-
tions were m/z 297.1 > 231.1 at 10 eV and m/z 297.1 > 249.1 at 8 eV collision energy
for DON, m/z339.10>203.10 at 10 eV and m/z339.10 > 231.10 at 8 eV collision energy
for 3-AcDON, and m/z 312.10 > 263.10 at 8 eV collision energy for the IS, 3C-DON.

Spray Solvent Optimization
350000 -

300000 -
250000 -

200000 -
------ acetonitrile/formic acid 2% v/v

150000 - —e—acetonitrile/ammonia sol. 2% v/v

Absolute Area

- methanol/formic acid 2% v/v

100000 - —s—methanol/ammonia sol. 2% v/v

50000 -

0 * T T T T l
35 37 3.9 4.1 4.3 4.5 4.7
Spray Voltage (kV)

Figure 5.5. Spray solution optimization in different spray voltage values. Conditions: 200 ng/mL con-
centration, 5 uL sample application, full scan mode monitoring the protonated ion of DON and
measuring the area absolute value.

For the iBS protocol development, the approach was adapted from standard
CBS methods, comprising of (i) conditioning of the blades; (ii) extraction/immunocap-
turing of the targeted analyte from the sample or sample extract; (iii), rinsing or wash-
ing the surface to remove interfering species; and (iv), the desorption/ionization of
the analytes from the blade (2). The conditioning step was examined as part of the
extraction step by using different buffers and Milli-Q water in 1:1 ratio with the
350 ng/mL DON spiked blank wheat extract and monitoring the A/IS area ratio in the
chronograms. Although assay buffers can be used to promote interactions between
analytes and mAbs, the calculated A/IS area ratio revealed that 1xPBS-T (0.05% v/v
Tween-20) resulted in a 10% decrease in the mean area, and 1xPBS 1% w/v BSA re-
sulted in a 14% decrease in the mean area compared to Milli-Q water. The decrease
in the mean area may result from some buffer residues leading to ion suppression.
For the sample extraction, different undiluted volumes of sample extracts were
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tested, namely, 200, 400, and 600 uL of 350 ng/mL DON spiked wheat extract. There
was a relative decrease in the A/IS area ratio with the volume increase. So, 200 uL of
sample extract was optimum for the extraction process (Figure 5.6).

2.5 1
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n
L

A/IS Area Ratio
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0.0

200 400 600
Extraction Volume (pL)

Figure 5.6. iBS-MS/MS method development. Extraction by immuno-capturing - extraction volume
optimization.

Further, a comparison was made between 200 uL of DON spiked undiluted
wheat extract at 350 ng/mL and 200 uL of DON spiked wheat extract at 350 ng/mL
diluted 1:1 with Milli-Q water. In this case, the mean area was 50% decreased in the
undiluted sampling, possibly due to matrix interferences hindering the biorecogni-
tion and causing ion suppression. For this reason, a 1:1 dilution of the wheat extract
with Milli-Q water was chosen in the final protocol. Furthermore, the incubation time,
i.e., the time of the immuno-capturing, was evaluated by assessing different incuba-
tion times from DON spiked sample extract at 350 ng/mL at 1:1 dilution with Milli-Q
water and plotting them against the A/IS chronogram area ratio obtained from the
iBS-MS/MS analysis. The incubation was performed in an Eppendorf Thermomixer at
room temperature, and 1200 rpm to reassure the reproducibility of the procedure
(5.2.3). After 2 min incubation, a plateau was reached due to a limited capacity of the
antibodies for the immuno-capturing to reach an equilibrium. Therefore, 2 min are
used in the optimized extraction protocol (Figure 5.7).

Finally, various washing solution compositions and washing durations were
tested for washing optimization, namely 500 uL methanol/Milli-Q water in 0/100,
20/80, 50/50, and 80/20 % v/v and 10, 30, and 60 s with 500 L of Milli-Q water. A high
percentage of organic solvent promotes denaturation of the mAbs and untimely dis-
sociation of the analyte from the mAbs. As expected, the A/IS area ratio of 3.7 with
0/100 methanol/Milli-Q water decreased, by 37.8%, 94.3%, and 97.3%, with increasing
percentages of methanol. Concerning the washing duration, 30 s produced the opti-
mum result, which can be concluded as enough time to remove non-specifically
bound analyte and remove matrix components from the wheat extract following
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immuno-capturing. For that reason, 30 s were selected as the most efficient washing

time (Figure 5.8).
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Figure 5.7. Extraction by immuno-capturing - time optimization during iBS-MS/MS method develop-
ment
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Figure 5.8. Washing time optimization during iBS-MS/MS method development

Next, the quantitative performance of the optimized protocol in the relevant
range was evaluated by spiking blank wheat extract with DON at three different tar-
get levels (TL). The TL were based on the ML of 1750 ug/kg for DON in unprocessed
durum wheat to a final level of 175 ng/mL (0.5x TL), 350 ng/mL (1x TL), and 700 ng/mL
(2% TL). Good linear regression of 0.992 was observed (Figure 5.9).

The desorption step spray performance of iBS was examined using the opti-
mized spray solution. 4 uL was found to be the optimum applied volume when it
comes to ionization from the iBS, as it creates a stable ESI-like spray, and it does not
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elongate the ionization process beyond 50 s, as the 5 uL used for method develop-
ment did. The methanol/ammonia solution (2% v/v) has been examined in a previous
publication to disrupt the binding of DON from the mAbs in surface plasmon reso-
nance (SPR) (27). Due to differences in the surfaces between the blade and the SPR
chip, the latter being in constant liquid flow contact, methanol/ammonia solution (2%
v/v) did not quantitatively dissociate bound DON at once. Multi-desorption steps (6 in
total for a sample of 350 ng/mL) are required for a complete desorption/ionization of
the analyte bound with the mAbs. Despite that, the first single desorption already
provides sufficient chronogram area counts for quantification in a reproducible man-
ner, so multi-desorption steps were superfluous (Figure 5.10).
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Figure 5.9. Quantitative analysis calibration curve of iBS-MS/MS method.
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Figure 5.10. Multi-step desorption assessment, and respective representative overlay chronogram of
m/z 297.1 > 249.1 and m/z 312.1>263.1. For detailed conditions and procedures, see text.

To illustrate the feasibility of the iBS-MS/MS approach, 200 uL of blank wheat
extract was spiked at 350 ng/mL, diluted 1:1 with Milli-Q water, and incubated for
2 min with: a. immuno-affinity blade (mAbs-enriched), b. BSA-enriched blade and c.
bare conductive polystyrene blade. In addition, mAbs-enriched blade was incubated
with unspiked blank wheat extract, diluted 1:1 with Milli-Q water. After 30 s of wash-
ing of the blades with 500 uL of Milli-Q water and MS/MS analysis, results demon-
strated, as anticipated, a positive signal for DON with ion ratio for m/z 231.1/249.1 of
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0.42 originated only from the immuno-affinity blade incubated with spiked sample
extract, and from none of the other blades used. The ion ratio falls within the toler-
ance limit of the EU criteria for confirmatory methods (72) for ion ratio, since ion ratio
m/z 231.1/249.1 for DON in standard solutions was 0.47. This clearly demonstrates
the added value of the mAbs for selective immuno-capturing and extraction since the
positive signal resulted from the immuno-affinity blades and not from DON adsorbed
on the bare conductive polystyrene surface (Figure 5.11).
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Figure 5.11. Feasibility of the iBS-MS/MS method. Overlay chronograms of the m/z 297.1 > 249.1
transition obtained following the iBS-MS/MS extraction, immuno-capture, and ionization protocol
using mAbs-enriched, BSA-enriched, and non-enriched blades.

Further, it was noticed that after repeated use, the polystyrene blades start to
have differences in the tip sharpness, probably because of the extraction step per-
formed with the blades' tip facing downwards and pressing against the bottom of the
Eppendorf tube. For this reason, the reproducibility of the immunoaffinity blades was
assessed by analyzing ten individual blades following DON immuno-capturing from
the same wheat extract spiked at 350 ng/mL. Results of the absolute area values of
the MS/MS chronograms had a +22% RSD, which is above the permitted by the EU
regulation (72). Nonetheless, the corrected value used, i.e., the A/IS chronogram area
ratio, was within £4% RSD for all the ten blades analyzed. As in many AIMS methods,
an IS is necessary for reproducibility during ionization. However, for a quick qualita-
tive confirmation of identity, the absolute areas also yielded a positive result with a
stable ion ratio (Figure 5.12 and Table 5.1).

Finally, the applicability of the optimized method described in Figure 5.2 was
illustrated by the analysis of different additional spiked and incurred samples. The
samples included a blank CRM wheat flour, the same extract but spiked with 3-AcDON
at 175 ng/mL (1% TL for DON), and a 2900 ug/kg (= 1.6x TL for DON) incurred wheat
sample. The mean ion ratio for m/z 203.1/231.1 of 3-AcDON was 0.62 (+0.04), a ratio
identical to that of the standard solution of 3-AcDON in methanol/ammonia solution
(2% v/v), and within the regulatory EU criterion of 20% RSD. Moreover, the response
factor A/IS for the chronogram area of 3-AcDON versus '*C-DON was 3.1 (+0.1) for two
individual measurements of iBS-MS/MS, thereby clearly differentiating the spiked
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from the blank CRM wheat sample. For the contaminated wheat sample, iBS-MS/MS
results showed an A/IS area ratio for DON of 4.4 (+0.4), corresponding to a quantita-
tive result of 535.6 ng/mL (+14.2), for two individual iBS-MS/MS measurements, calcu-
lated from the calibration curve and pointing to a level of 2678 ug/kg in the contami-
nated wheat sample analyzed (Figure 5.13).
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Figure 5.12. Reproducibility of the iBS-MS/MS method. Results within the acceptable 20% RSD% are
within the dotted lines, except for blades #6 and #10 which are outliers. For detailed conditions and
procedures, see text.

Table 5.1. Reproducibility assessment of 10 individual immunoaffinity blades using iBS-MS/MS analy-
sis.

absolute area values

# of immu- DON 3C DON
noaffinity m/z297.1> m/z297.1> Ion ratio m/z312.1>  Response
blade 249.1 231.1 263.1 Factor (A/IS)
#01 1358 603 0.44 339 4.00
#02 1280 560 0.44 305 4.19
#03 1455 605 0.42 376 3.87
#04 1719 717 0.42 448 3.84
#05 1556 740 0.48 396 3.93
#06 1974 906 0.46 482 4.10
#07 1622 675 0.42 380 4.27
#08 1257 594 0.47 301 4.18
#09 1392 597 0.43 354 3.93
#10 990 386 0.39 242 4.09

RSD 4%
Conditions: single measurement of 10 individual immunoaffinity blades, following extraction with im-
muno-capture, wash, and iBS-MS/MS analysis. RSD is the relative standard deviation of the ten meas-
urements. The ion ratio is the area ratio of the two ion transitions for DON, m/z 231.1/249.1.
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Figure 5.13. Representative chronograms from the analysis of (A) blank wheat (B) incurred wheat, and
(C) 3-AcDON spiked wheat. The intensities are normalized on based on the highest intensity of each
individual chrono-gram. For the exact conditions of the iBS-MS/MS analysis, see text.

5.4 Conclusion

Combining antibodies with direct MS analysis is an undoubtful advantage in
raising the specificity of a rapid MS method. In this work, a simplified iBS-MS/MS
method was presented, exploiting; first, the ease of antibody adsorption on polysty-
rene surfaces, second, the commercial availability of conductive polystyrene, and
third, direct MS measurements. iBS-MS/MS is generic, enables semi-quantitative and
reproducible analysis, and can be used for a fast, more secure screening or confirma-
tion of substances, given the high specificity of mAbs. iBS-MS/MS results suggest that
the mAbs activity is not compromised on the polystyrene blade and mAb lead to a
selective immuno-extraction. Further, iBS-MS/MS highlights the opportunity to use
alternative conductive surfaces for direct MS approaches. The conductive polystyrene
blades can be cleaned to remove the mAbs and re-used following immobilization of
new mAbs. Moreover, it can straightforwardly confirm the identity of the analyte
bound on the mAbs of the blade, with a total time from sample to MS analysis that
does not exceed 5 min, leading to high-throughput analysis. Theoretically, apart from
DON, iBS-MS/MS can be modified to detect any other low molecular weight analyte in
a similar integrated approach, provided that mAbs are available, also paving the road
to multiplex iBS-MS/MS opportunities.
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General Discussion

6.1 General Discussion

External influences and prevalent changes outlined in Chapter 1, including so-
cioeconomic transformation, population growth, increased environmental aware-
ness, and citizen science, will affect the lives of people worldwide. It is safe to assume
that existing monitoring protocols will be unable to cope with the increased demand
due to those changes. So, the current monitoring procedures must be adjusted in
preparation for the future (Figure 6.1).

Consumers
A 4

Food Inspectors

/?creening Anqus?\

\\ Smartphone Detection j
= \4]
Official Confirmatory Analysis Integrated biorecognition-MS

1

Figure 6.1 Illustration of the future of food safety monitoring laboratories due to the changes in
socio-economic parameters, including smartphone-based screening assays performed by citizens,
leading to an overload in the confirmatory analysis that needs to be performed. A solution to this
prospect is the broader development and application of integrated biorecognition-mass spectrom-
etry approaches.
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The vision of the presented research was to adapt the current methodologies
to lay the foundation for a resilient, sustainable, and equitable monitoring system. In
that line, alternative integrated approaches were developed, which combine modified
versions of screening and confirmation technologies conventionally used in food
safety-related protocols to offer easy and versatile detection methods. Tailored bio-
assays focusing on biorecognition-based isolation were crafted to replace the screen-
ing part. Additionally, mass spectrometry (MS) with ambient ionization sources was
used for the confirmation. The presented approaches improve the selectivity of AIMS
while eliminating the more significant drawbacks of confirmatory methods; extensive
sample preparation for analyte isolation and time-consuming chromatographic sep-
aration. As proof of principle, the developed methods detected food contaminants
(toxins) with high societal relevance. In this final chapter of the thesis, the core ele-
ments comprising the developed integrated methods, i.e., biorecognition and MS, are
revisited, and the challenges, solutions, and future considerations are discussed
(summarized in Table 6.7).
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Table 6.1. Challenges for achieving an integrated biorecognition-mass spectrometry method, the ap-
proach taken to tackle the challenge and future suggestions for further improvements.

Challenge Approach Taken Future suggestion
Experimentation with alterna-
Choice of a biore- tive biorecognition elements

" Use of highly specific ani- ; : .
cognition element . (e.g. non-animal derived anti-
mal-derived monoclonal

that is fit-for-pur- . . bodies, recombinant antibod-
antibodies. . o .
pose. ies, or synthetic biorecognition
alternatives (MIPs)).

Incompatibility of Further investigation of MS-
the biorecognition I S compatible assay buffers and
. sensitivity by adjusting . . -
assays with mass : evaluation of different MS ioni-
the format of the bioas- . '
spectrometry detec- zation sources (fit-for-purpose

tion. >ay- for other approaches).

Raise the MS detection

Selection of the ap- Targeted monitoring of  Testing of multiplexing possibil-

. food safety-related con- ities by using biorecognition el-
propriate target an- ) ) - . .
alvte taminants and their ana-  ements aiming at detecting dif-
yre. logs. ferent analytes.

Further explore different high

. Primarily utilized multiple  resolution MS instrumentation
Use of the appropri-

ate mass sbectrome reaction monitoring in full scan mode to test poten-
.p (MRM) mode for targeted tials for retrospective analysis
try detection mode. . o .
analysis. and monitoring emerging con-
taminants.

Mainly use of Triple
Quadrupole, which is the
most frequently used in Portable MS instrumentation -

Limited accessibility
of the integrated bi-
orecognition-mass

regulatory settings potential on-site applications.
spectrometry ap- ;
benchtop MS instrumen-
proaches .
tation.
Use of 3D-printed attachments
. . . for reproducible sample han-
Inconsistency in Use of internal standards : P . . P
: . dling (e.g. isolation of the mAb
mass spectrometry  to correct for irreproduci-
R L part of the ID-LFIA) and mass
ionization ble ionization.

spectrometry ionization (e.g. in
blade spray MS).

Detection of an MS ame-
nable analyte after its dis-
sociation from the anti-
body (the antibodies act
as an isolation/immuno-
extraction mean).

Integration possibili-
ties of the inte-
grated biorecogni-
tion-mass spectrom-
etry approaches

hrMS measurement of the non-
disrupted antibody/analyte
complex.
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6.2 Biorecognition

6.2.1 Immunorecognition

Immunoglobins (antibodies) have been the biorecognition element of choice
for bioassays for decades. The reign of antibodies is evident; apart from the variety of
published methods and applications, the antibody market size (excluding therapeu-
tics) is greater than 1 billion dollars annually (7). Antibody usage in bioassays is justi-
fied because of their well-known sensitivity, selectivity, and variety of fit-for-purpose
options (e.g., monoclonal-polyclonal). However, choosing antibodies for bioassays is
sometimes based on personal preference; scientists who have gained substantial ex-
pertise after years of experimentation with antibodies choose them as a rationalized
choice (2). So, the biorecognition element of choice in the applications presented in
the thesis was highly specific monoclonal antibodies (mAbs).

Nevertheless, antibodies require an elaborate production, which entails scien-
tific and ethical concerns. From a scientific point of view, animal-generated antibodies
present batch-to-batch irreproducibility and require a lengthy and costly purification
procedure (3). Regarding the moral stand, animal use in science is questionable even
though almost one million animals are being used for antibody production each year
in the European Union (EU) (7). Since 2010, in the EU, it has been valued to replace,
reduce, or refine laboratory animal use to improve the quality of research. This trend
is underlined in the 2010/63/EU directive, which aims to move towards animal-free
testing, especially during the development of antibody-based assays (4). Even with
the significant effort from governmental investments in development programs and
the emergence of improved technologies, the EU Reference Laboratory for alterna-
tives to animal testing (EURL-ECVAM) reported an increase in animals used for anti-
body production between 2015-2017 (5). The increase in the use of laboratory ani-
mals, despite the 2010/63/EU directive, emphasizes the demand for biorecognition-
based reagents and stresses the mismatch between policymakers' decisions and sci-
entific, industry-related, and clinical practices (2, 6).

In general, multiple issues impede the development and implementation of
animal-free technologies, including education, political influence, and data sharing
(2). Moving towards more ethical and sustainable alternatives is challenging. For in-
stance, alternative recombinant non-animal derived technologies have not been
broadly adopted, leading to an adaptation challenge to be resolved among scientific
institutions. Recombinant methods replicate antibody genes from donor B cells by
precisely designing synthetic gene sequences in yeast or phage (7). Those technolo-
gies face criticism, especially regarding the quality and validity of the produced anti-
bodies; however, they provide the possibility for targeted sequences, enabling relia-
ble identification and reproduction (8). Additionally, regarding the industry-related
and clinical practices, practical application of the 2010/63/EU directive will lead to an
immense shift in the market, causing drastic commercial and, thus, economic shifts
(8). So, investing in alternative technologies and adapting thereof is of utmost im-
portance in preparation for future monitoring procedures.
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6.2.2 Compatibility of bioassays with mass spectrometry

At first glance, biorecognition assays are incompatible with mass spectrome-
try; the detection sensitivity of the MS part is greatly affected by the constituents of
the biorecognition part. For this reason, in all the developed integrated approaches
in this thesis, apart from optimizing the detection parameters of the MS instrumen-
tation, additional points of reflection for method optimization were (i) the presence
and type of bioassay buffers, (ii) the immobilization practice of the biorecognition el-
ement, and (iii) the dissociation efficiency of the analyte from the biorecognition ele-
ment.

Regarding the effect bioassay buffers have on MS detection, the major compli-
cation is ion suppression. Ion suppression, i.e., the reduction in the ionization effi-
ciency of the target analytes due to interference from components in the sample,
such as salts, detergents, or other non-volatile residues, is a critical challenge in most
MS analyses. In bioassays, buffers are used for various purposes, and they consist
primarily of non-volatile salts (such as sodium or potassium chloride) and detergents
(such as Triton-X or Tween-20). So, inevitably, bioassay buffer components hinder ion-
ization leading to ion suppression. With conventional MS approaches, LC separates
non-volatile and interfering compounds (9). However, chromatographic separation
does not exist by default in the integrated approaches because ambient ionization
mass spectrometry (AIMS) sources were used. So, alternative approaches were exam-
ined to cope with ion suppression. Chapter 2 extensively reports on LFIA residues
and bioassay buffers consisting of standard non-volatile bioassay buffers causing ion
suppression. In Chapters 2 through 4, a simple water washing step during sample
preparation dealt sufficiently with ion suppression-causing buffer residues. Alterna-
tively, it is suggested in the literature the use of MS-compatible buffers, i.e., ammo-
nium acetate and ammonium bicarbonate (70). In the tested configuration of Chapter
2, ammonium acetate/acetic acid buffer did not improve the ionization; chromato-
graphic separation might be enhanced using buffers, but an increased percentage of
organic solvent is favored in AIMS. Moreover, bioassay buffers are claimed to retain
antibodies in their 3D shape and improve binding efficiency (77). However, in Chapter
5, mAbs reconstituted in water led to higher ionization than when bioassay buffers
were used, suggesting that mAbs remain active even in non-ideal conditions, while
buffers induce MS signal suppression. So, the middle ground between MS compati-
bility and bioassay development should be targeted.

Additionally, the effect of the analyte dissociation from the antibodies on the
MS detection sensitivity was examined in terms of the effect of the dissociation solu-
tion. The dissociation solution acts simultaneously as a desorption/ ionization spray
solution in the integrated approaches, enabling direct analysis. Thus, an increased
percentage of organic solvent and an acidic or basic modifier are preferred (72), al-
ways considering that increasing the amount of the additives could have reversed
results, minimizing ionization (9). In Chapter 2, the binding efficiency of the mAbs for
all presented deoxynivalenol-related applications is demonstrated. Using surface
plasmon resonance (SPR) measurements, the strong binding of the selected mAbs
was established, and the efficiency of dissociation of the optimized solution was
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demonstrated. In the case of the ID-LFIA format (Chapters 2 and 3), the optimized
ionization solution of methanol/ammonia solution (2% v/v) allows for quantitative dis-
sociation as demonstrated by the SPR measurements. In Chapters 4 and 5, the dis-
sociation efficiency is demonstrated in terms of the number of dissociation cycles in
the MS measurements.

The last point of reflection was the orientation of immobilization of the anti-
bodies, which affects the available Fab active sides for binding, thus impacting anti-
body performance and biological activity (73) and influencing the analyte available for
MS detection. In the case of physical adsorption on surfaces, such as nitrocellulose or
plastic (Chapters 2, 3, and 5), the mAbs orientation cannot be controlled. Similarly,
covalent immobilization on carboxylated paramagnetic microspheres employing
EDC/sulfo-NHS leads to randomly but more strongly immobilized mAbs (Chapter 4).
Using specific linkers when a covalent binding is implemented, antibodies can be im-
mobilized on a surface from the fragment crystalline (Fc) region, leading to a side-
specific immobilization (74, 15). On the biorecognition part of the integrated ap-
proaches, an increased amount of antibodies (compared to conventional bioassays)
is necessary so that the trapped analyte produces (after dissociation) a signal suffi-
cient to reach the concentrations within the detection range of the MS instrument.
So, site-specific immobilization of mAb could potentially increase the performance of
the mAb and lead to smaller volumes of mAb required for quantitative analysis in
integrated approaches. For LFIA preparation (Chapters 2 and 3), the most common
practice is that of physical adsorption. However, covalent immobilization can be em-
ployed to improve immobilization efficiency and performance of mAbs on plastic
(Chapter 5). Nonetheless, employing more intricate chemistry for covalent immobili-
zation would drastically increase the required time to prepare the bioaffinity plastic
blades, eliminating the primary advantage of this integrated approach (76).

6.2.3 Immunorecognition alternatives

The broad spectrum of reactive chemical groups on antibodies provides op-
tions for structural modification to increase their selectivity and binding affinity. Se-
lective post-translational modifications could include; alterations at cysteine residues
and glycosylation sites, amino acid modification via free amines and carboxyl groups,
or even engineering to include non-natural-derived amino acids. Despite achieving
increased selectivity, those methods necessitate additional resources and knowledge,
leading to an additional investment that needs to be made in science (73, 17).

Apart from naturally derived biorecognition elements, synthesized alternatives
have been designed, studied, and tested in a scientific setting and even reached the
market. Molecularly imprinted polymers (MIPs) are synthetic polymers with biorecog-
nition properties, frequently referred to as "plastic antibodies." The biorecognition-
like properties of MIPs are formed by non-covalent bonding (e.g., electrostatic inter-
actions), size inclusion, or size exclusion patterns between the analyte and the cavities
embedded in the polymer matrix. The polymer-based biorecognition is built in situ
when a functional monomer is prearranged and then polymerized with a cross-linker
around the targeted analyte to create active cavities (78, 719) (Figure 6.2). Despite the
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advantages of using MIP, most MIP applications in literature concern sample prepa-
ration and clean-up usage as packing material in solid-phase extraction and liquid
chromatography columns (20, 27), but limited use has been reported in assays and
sensors (22-24).

For the developed approaches in Chapters 2 through 5 animal-derived mAbs
were used, either commercially available or prepared in-house. The antibodies were
highly specific, exemplified by SPR (Chapter 3) and cross-reactivity testing (Chapters
2 through 5). It is evident, though, that broad adaptation of the developed integrated
biorecognition-mass spectrometry approaches in future regulatory settings will re-
quire additional adjustment to using non-animal derived antibodies under the cur-
rent 2010/63/EU directive.

To investigate an alternative to mAbs in the integrated approaches, MIPs were
employed as the coating in coated blade spray (CBS) ionization MS. In our setup, a
MIP for B-agonists was used to achieve selective and specific adsorption and subse-
qguent ionization of the targeted analytes. B-agonists are a class of molecules used for
therapeutic purposes in the symptomatic treatment of asthma (25). However, B-
agonists are also abused to increase athletes' oxygen intake and muscle growth (26).
Therefore, it is crucial to have a selective, specific, fast, easy-to-use, high throughput
method for the routine monitoring of B-agonists, especially in large athletic events
with an increased demand for sample analysis.
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Figure 6.2. Molecularly Imprinted polymers preparation. The functional monomers interact with
the template molecule. The complex is then polymerized with cross-linkers. After removal of the
template molecule, the MIP with characteristic binding sites is formed.

The MIP-blade was prepared following the coating procedure described in the
literature (27, 28). Briefly, the non-coated stainless steel blades were activated by
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sonicating in concentrated hydrochloric acid for 60 minutes, followed by washing with
UHPLC water and drying in the oven at 150°C. The activated blades were cooled at
room temperature. Next, a mixture of 10% w/w polyacrylonitrile (PAN) in N, N-Dime-
thylformamide (DMF) was prepared by heating in the oven at 90 °C for 60 minutes.
The mixture was allowed to cool at and to room temperature, and MIP material re-
trieved from commercial SPE cartridges (Sigma-Aldrich) was brought into suspension.
MIP final concentration in the mixture was 10% w/w. The activated tip of the blade
was dipped into the MIP-PAN-DMF mixture and then cured in the oven at 180 °C for 2
minutes. The dipping/curing process was repeated twice to achieve homogeneous tip
coverage. For the extraction of -agonists from human urine using the MIP-blade, the
B-agonists extraction protocol from commercial MIP cartridges was adapted. The ac-
tivation, sampling, washing, and elution/ionization steps were optimized to achieve
higher ionization in MIP-blade spray MS and minimize the steps to lead to a shorter
extraction time (Figure 6.3).

_ I
MIP-blade s, F a
a Washing
. SOmM Ammenium Acetate
e Sampling — yeiapitile/Water - 60/40 11

Urine

Activation
Hethanol

Water
BmM Ammonium Acetate

Elution/lonization
Methanel / Ammonia sol. 1% v/

Figure 6.3. Optimized MIP-blade extraction process, including activation, extraction of B-agonists
from urine (sampling), washing to remove non-specifically bound analytes, and direct elution of
the analytes and blade spray ionization Q-Orbitrap MS.

MIP-blade spray performance was assessed by analyzing a blank and a spiked
human urine sample. Characteristic m/z values for [M+H]* precursor ions and frag-
ment ions thereof for formoterol, clenbuterol, or salmeterol were absent in blank
urine analysis. In contrast, detection at a level of 20 ng/mL in spiked urine was
achieved for all substances, suggesting MIP-specific recognition (Figure 6.4). Accord-
ing to WADA, a 20 ng/mL concentration corresponds to inhaled formoterol of
1600 ug/24 h, which is consistent with therapeutic use. However, for salmeterol, the
detection at 20 ng/mL is above the WADA limit of 2.0 ng/mL, and for clenbuterol,
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being a zero tolerance substance (29), the detection limit of 20 ng/mL is high com-
pared to other MS methods in literature (30-32).

CBS is a high throughput method (33), suggesting the potential to monitor for-
moterol in anti-doping control, especially in large athletic events. MIP-blade spray
could provide an alternative to the immuno-enriched microsphere magnetic blade
spray (iMBS) approach (Chapter 4), with a more straightforward enrichment method,
with high specificity.
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Figure 6.4. MIP-blade spray hrMS chronograms for clenbuterol, formoterol, and salmeterol
monitoring the protonated ion in full scan mode and a characteristic fragment in parallel reaction
monitoring (PRM) in (A) clenbuterol spiked urine, (B) formoterol spiked urine and (C) salmeterol
spiked urine.
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As described earlier, MIPs exploit a template molecule with distinct functional
groups and stereochemistry to create binding cavities when the monomer binds
around it. However, if the template molecule is insufficiently removed before use,
leakage of the template molecule leads to false positive results (34). The MIP-blade
spray setup revealed a false positive salbutamol signal when blank urine samples
were analyzed using the adapted method (Figure 6.5). The false-positive salbutamol
signal suggests its use as a template molecule, which is not surprising, given that the
B-agonists share the same backbone structure. In literature, such an issue is elimi-
nated using "dummy template molecules", i.e., structural analogs that replace the
target analyte as a template during MIP synthesis (35). So, despite the variety of bio-
recognition alternatives, each application requires good optimization to eliminate oc-
curring problems.
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Figure 6.5.Chronograms of blank urine monitoring the protonated ion in full scan mode and a
characteristic fragment in parallel reaction monitoring (PRM) for salbutamol, clenbuterol,
formoterol and salmeterol.

6.3 Mass spectrometry

6.3.1 On-site mass spectrometry

Inthe field of food safety, where the integrated biorecognition-mass spectrom-
etry approaches were developed, MS is primarily used for confirmatory analysis fol-
lowing a suspect screened sample. However, in terms of EU food safety regulation
(EU 2021/808), MS can be used for screening, too (36). MS mostly outperforms bioas-
says on sensitivity and selectivity. However, MS is the method of choice for confirma-
tion because of the high operation cost, extensive sample preparation needed, and
the preceding time-consuming chromatographic separation. The point that confirm-
atory MS analysis lacks, and at the same time, the main advantage of screening bio-
assays is the possibility of on-site testing, especially by non-specialists without exten-
sive training (37).
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In response to the inability for on-site confirmatory testing with the conven-
tional MS instrumentation, progress has been made in developing (trans)portable MS
systems allowing on-site detection. Since 1942, when the first portable mass spec-
trometer was developed by John Hipple (38), portable MS systems have evolved to the
point of a palm-sized MS system that weighs less than 2 kg, with a volume of less than
2L, and runs on a 5 W battery (39, 40). For broad on-site MS analysis applications, all
the benchtop instrumentation limitations, i.e., large size, high power consumption,
and high price, need to be addressed. The ion source, vacuum system, energy supply,
and sample preparation need to be miniaturized and adjusted to be compatible with
on-site applications while at the same time remaining capable of performing equally
to the benchtop instrumentation (47). Regarding the mass analyzers, quadrupole and
ion trap mass analyzers are mainly used in portable instruments, but also, miniaturi-
zation of the magnetic sector and the TOF mass analyzers has been achieved, despite
their resolution depending on the path the ions travel. For the ion sources, those op-
erating at atmospheric pressure (ESI, APCI, and AP-MALDI) and AIMS sources are pre-
ferred because of the ease of hyphenation (39, 42). AIMS methods do not require
time-consuming chromatography and are well compatible with on-site analysis be-
cause of the minimal sample preparation employed. Also, AIMS that do not require
liquid or gas carriers, such as CBS, are exceptionally compatible with on-site applica-
tions (43, 44).

However, the (trans)portable MS analysis field is not yet ideal. The bottleneck
of on-site testing is the risk of variable operating conditions. AIMS might be suscepti-
ble to ambient contamination because of the open interface, which could even lead
to signal suppression. Additionally, AIMS sources that operate under the desorption
principle could present instability of the spraying or even susceptibility of the spray
to ambient air conditions (e.g., evaporation) (45). Further improvement could be made
to the ease of operation; end-users value simplicity, but (trans)portable mass spec-
trometers are still high-end instruments that are expensive compared to bioassays,
and require extensive training to use, hindering further adaptations.

Regardless of the limitations, (trans)portable MS instrumentation could pave
the way for further developments with on-site confirmatory analysis. For instance,
miniaturization of the triple quadrupole mass analyzer, which is the gold standard in
routine analysis of food contaminants, highlights the potential for adaptation of
standard routine methods to on-site analysis. Also, for the integrated biorecognition-
mass spectrometry approaches presented in this thesis, all ionization sources, ESI
(46), DART (47), and CBS (48), have been combined with (trans)portable instrumenta-
tion in literature. The transition from the benchtop to a portable MS analysis could
open the path for on-site confirmatory analysis in future regulatory settings. This way,
transportation and long-term sample storage in the monitoring laboratories will be
minimized, for instance, in the food safety sector, and samples requiring analysis will
be moderated (49).
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6.3.2 General considerations in mass spectrometry

Use of Internal Standard

Internal standard (IS) use, i.e., structurally identical isotopically-labeled ana-
lyte, is required for absolute quantification in MS-based analysis methods. IS corrects
for losses that potentially occur throughout the entire analytical method, especially
during sample pre-treatment. IS is required in soft ionization methods because spe-
cific analytes ionize more efficiently than others; therefore, absolute quantification
cannot be established only by signal intensity measurement. However, use of isotop-
ically-labeled IS raises the cost per individual analysis because of their high purchase
cost, which could be challenging for large-scale and routine testing. Also, commercial
unavailability of IS, might lead to limit adaptation of analytical methods (50).

In the developed integrated biorecognition-MS approaches, the IS cannot be
added for the compensation of sample handling because of the limited capture capa-
bility of the biorecognition element. A minimal and quantified amount of mAbs is used
(as discussed in 1.2.2), for which the analyte will compete for the binding with the IS,
leading to loss of sensitivity. The competition with the IS, could be exploited in a com-
plimentary bioassay for an integrated approach, for a quick screening of big-sized
molecules, as has been done in literature, but in that case the following bioassay-MS
method, would require the avoidance of IS usage (57).

Adding IS at the desorption stage is only used to compensate for irreproduci-
bility in desorption/ionization and not irreproducibility caused by handling. Regarding
the developed integrated approaches, irreproducibility in the desorption/ionization
stage was noticed in the ID-LFIA methods (Chapters 2 and 3) due to LFIA residues
causing ion suppression. Also, the iBS-MS/MS method (Chapter 5) required IS for
quantitative analysis due to the shape of the plastic blade, which required manual
shaping leading to irregularities between different blades. As observed from the ex-
perimental results of the iBS-MS/MS method, if IS is not employed, then quantification
is compromised. When target quantification must be achieved for a regulatory pur-
pose, the requisite use of IS is obvious. It is worth mentioning, though, that the use
of IS in the developed approaches is not the exception but the rule; most AIMS suffer
from ionization irreproducibility and require IS for quantification. Future adaptations
of the developed approaches might eliminate the need for IS, leading to a more ap-
plicable and less expensive method. For instance, for the iBS-MS/MS method, plastic
blades having a robust shape would be beneficial because they might eliminate the
requirement of IS.

High Resolution Mass Analyzers (hrMS)

The gold standard in routine analysis is that of low-resolution MS, such as triple
quadrupole MS. Those instrumentation allow for targeted analysis and monitoring of
specific substances with high certainty and is relatively cheaper than the high resolu-
tion MS (hrMS) instrumentation. However, full scan non-targeted monitoring with
hrMS can assist in monitoring emerging, unexpected or non-regulated contaminants
and induce subsequent prompt mitigating measures. Using hrMS requires efficient
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data evaluation from trained personnel for correct mass spectra interpretation to fa-
cilitate compound identification. Additionally, storage, managing, and sharing of the
hrMS data retrieved, can ease open science and improve scientific communication
and dissemination of the results (52, 53).

In the developed integrated biorecognition-mass spectrometry approaches,
mADbs provide a tight window for molecule isolation compared to the generic liquid
chromatography that would be used with a conventional approach. In Chapter 2 use
of hrMS (Q-Orbitrap) is showcased, where the DON-targeting mAbs, also detect DON-
3G. The most appropriate use of hrMS is in full scan mode and retrospective analysis.
For instance, after the specific antibody-aided separation, hrMS could recognize
cross-contamination of co-occurring masked forms of the targeted mycotoxin (54, 55).
Despite being counterintuitive, antibodies not too highly specific should be used if a
retrospective detection with the help of integrated approaches and hrMS is aimed for.
The use of non-highly-specific antibodies would help isolate a broader range of
emerging contaminants compared to the approach now taken.

Mass spectrometry of intact analyte-antibody complexes

For a successful integrated approach, a pair of a biorecognition element with
an MS amenable analyte is a prerequisite; the biorecognition element binds with the
analyte, and after dissociation, the analyte is detected with MS. In the case of a pair
consisting of an antibody and a small-sized molecule that cannot be ionized easily,
such as a highly non-polar compound, measurement of the native state of the anti-
body-analyte complex, is an alternative to dissociating and measuring only the free
analyte. Additionally, native MS could ease the detection of analytes that cannot be
retained using chromatography columns, such as highly polar compounds with a con-
ventional C18 chromatographic column. To sustain the non-covalent contacts while
ionizing, only soft ionization methods that enable MS analysis of intact molecules are
compatible. ESI and Matrix-Assisted Laser Desorption Ionization (MALDI) allow com-
plete biomolecule ionization with limited fragmentation (56-60). Therefore, native MS
could be presented as a theoretically exceptional alternative. Additionally, qualitative
and quantitative assessments have been reported using native MS (67).

However, native MS usually operates with hrMS instrumentation, mainly hy-
brid (quadrupole) time-of-flight hybrid ((Q)-TOF) (62). The integrated biorecognition-
mass spectrometry approaches presented in this thesis use a triple quadrupole,
which is the gold standard for routine analysis. Employment of hrMS instrumentation
might restrict broader adaptation in routine analysis because hrMS instrumentation
is relatively more intricate in use and requires more extensive training for data inter-
pretation.

6.4 Accessibility of the developed approaches

Improvement of accessibility of both bioassays and MS can be achieved using
custom-made 3D-printed attachments. The rise in the development of 3D printers,
related computer-aided design (CAD) software, and consumabiles, including polymer
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cartridges and raisins of different properties (63), has enabled applications in a variety
of fields (64-66). The relatively low cost of 3D printing, custom designs, and user-
friendliness encourage the adoption of 3D printing-related applications (67).

With 3D printing, adaptable modules for the smartphone camera can be cre-
ated to evaluate the result of bioassays using a smartphone. Subsequently, images
can be retrieved, processed, and rendered to a quantitative result using the
smartphone camera. Such processing benefits the user by eliminating ambient light
conditions that could hinder correct optical evaluation (68-70). In Chapter 4, such a
3D-printed module was used to assess a domoic acid screening assay with a
smartphone; photos were retrieved and later processed offline using Image J. This
process added semiquantitative potential and a more secure evaluation of the screen-
ing result, especially in cases of borderline to the regulatory limit contamination.
However, this offline processing defeats the purpose of easy, on-site screening. This
issue was considered earlier, in Chapter 3, where a (semiquantitative) evaluation of
the screening result was performed without a 3D-printed attachment but with a com-
mercial smartphone application (app). In that case, images could be acquired in am-
bient light conditions, but the app was only compatible with a few selected
smartphone models (77). Considering the increased demand and production in the
smartphone market, the broad adoption of smartphone usage, the increasing num-
ber of available smartphone brands in the market (72, 73), and the variety in
smartphone operating systems, the development of apps that are compatible only
with a limited fraction of the smartphones in the market, restricts wide adoption of
the use of screening assays in a very narrow market (74-76).

In MS applications, 3D-printed modules can be generally employed through-
out the entire analytical workflow (77-80). 3D-printed modules can ease sample prep-
aration by facilitating sample collection, storage, and pre-treatment (including extrac-
tion and solvent mixing), both online and offline (87). Additionally, a valuable input of
3D printing is the improvement of reproducibility and efficiency in MS workflows by
employing 3D-printed modules during sample preparation, targeting selective en-
richment of complex samples and direct appliance in the ionization source by desorp-
tion or ionization. In all cases, chemical compatibility, ease of production, and cost
issues must be addressed (82). The increasing demand for 3D printing is based on the
customization and integration, ability to rapidly produce prototypes, uniformity of
CAD data format despite the variety of software and printers, improved precision, re-
producibility of printing, and type of functional materials (83).

Regarding the integrated biorecognition-mass spectrometry approaches, 3D-
printed modules could be used in the future adaptation of Chapters 2 and 3, setups
to more efficiently handle the ID-LFIA cut and isolation of the immuno-affinity trap-
ping zone. Also, in Chapters 4 and 5, 3D-printed attachment in the inlet of the MS
could secure similar iMBS and iBS ionization distance, eliminating the need for IS (see
also section 6.3.2) and minimizing irreproducibility caused by the use of a modified
in-house system. Nonetheless, the overall accessibility of MS systems is limited; be-
sides the specialized software to obtain, analyze, and interpret the data, MS adapta-
tion necessitates expert knowledge of apparatus handling and proper sample

148



General Discussion

preparation, so developing reliable MS procedures is more complex, expensive, and
time-consuming than screening approaches, such as LFIAs (37). In the future, special-
ized systems (84, 85) taking advantage of the developed easy-to-use biorecognition-
mass spectrometry interfaces could be developed for targeted applications for citizen
science.

6.5 General considerations and future perspectives

Numerous scientific challenges were addressed and tackled, highlighting the
path for further future experimentation with integrated biorecognition-mass spec-
trometry approaches (summarized in Table 6.1). First and foremost, the overall incom-
patibility of (lateral flow) immunoassays with ESI-like ionization MS was successfully
mitigated. Primarily, the signal suppression due to involatile buffer residues was elim-
inated with a water-aided washing step, and the insufficient amount of MS amenable
analyte in conventional assays was addressed to achieve a higher absolute number
of bound analytes. Additionally, it was demonstrated that different ionization sources
are appropriate for the targeted applications. It was shown that various substrates,
i.e., nitrocellulose, microspheres, and polystyrene, could be employed for biorecogni-
tion element immobilization and subsequent MS detection. Future applications ex-
ploring different bioassay substrates (45, 86, 87) could be explored in combination
with several biorecognition elements (24, 88).

The biorecognition part employed in the integrated approaches acts more like
a trapping zone for the targeted contaminant rather than a conventional screening
assay consisting of additional labeled and conjugated molecules for signal attain-
ment. Apart from incorporating the biorecognition part with MS and having an online
biorecognition-dissociation-ionization process (Chapter 5), the biorecognition and
dissociation of the analyte from the bioassay can be performed offline, followed by
ionization (Chapters 2 and 3) or combine offline biorecognition followed by online
analyte dissociation and ionization (Chapter 4). Provided that a bioassay is stable
when the storage conditions are appropriate (72), when the biorecognition is per-
formed offline, it allows for an indirect collaboration between experts and non-spe-
cialists; the bioassay is performed by untrained individuals, followed by the MS anal-
ysis in the lab. Of course, this is based on the fact that bioassays are by default more
user-friendly and easy to perform, so even laypeople can use them without excessive
training. The basis of such a future scenario is given in Chapter 2, where short-term
storage of ID-FLIA (1 week) is examined, followed by intra-day dissociation and MS
analysis. The results demonstrated that the ID-LFIA remained stable, and the MS anal-
ysis quantitative results were comparable with those of freshly developed and ana-
lyzed ID-LFIA samples.

Additionally, the detection of more than one analyte simultaneously, i.e., mul-
tiplexing properties, can be attributed to the integrated approaches using mAbs tar-
geting different analytes (89). Following the rationality of developing conventional
multiplex LFIAs, multiplexing ID-LFIAs could be achieved in two ways (90). First, using
individual ID-FLIAs, each dedicated to detecting a different analyte. All strips would

149



Chapter 6

be arranged in a customized holder to collect and distribute the same sample extract
between the different ID-LFIAs. Alternatively, multiplexing can be achieved from a sin-
gular ID-LFIA by spraying bioaffinity trapping zones of mAbs dedicated to a different
analyte. Nonetheless, each approach has its limitations; multiple strips require addi-
tional consumables, increasing the production cost, but multiple bioaffinity trapping
zones are limited by the physical length of the assay. Similarly, multiplexing the iMBS
and iBS, will require immobilizing mAbs on different microspheres or the polystyrene
surface, respectively. In multiplexing, full scan and multiple reaction monitoring
(MRM) mode can be employed for identification, with full scan mode helping to mon-
itor emerging contaminants. However, a significant challenge is the sample prepara-
tion; analytes of a broad chemical nature must be extracted efficiently to reach legal
or detectable limits, eliminating potential cross-reactivity (97, 92).

Another challenge that could be addressed to improve the broad future adap-
tation of the integrated biorecognition-mass spectrometry approaches is the regen-
eration of the biorecognition part. Regeneration restores the bioassay to its baseline,
creating a reusable system (93). The iMBS and iBS approaches (Chapters 4 and 5)
could accommodate modifications to achieve a reusable system. For a reusable sys-
tem, the dissociation of the analytes from the mAbs has to be quantitative, and the
immobilization of the mAbs should not be disrupted, just like an SPR immunosensor
chip is reusable for a few cycles of regenerations (94, 95). Such an approach requires
broad experimentation and fine-tuning between immobilization, dissociation, and
ionization. Nevertheless, regeneration would create a more cost-efficient method,
which will be appreciated in the industrial setting, primarily because of the increased
amount of mAbs used in the integrated biorecognition-mass spectrometry ap-
proaches, which raises the cost per analysis.

The thesis included screening assays with smartphone readout validation and
benchmarking against the developed integrated approaches (Chapters 3 and 4). In-
terpreting the screening result with a smartphone has advantages over optical eval-
uation, such as the possibility of quantification and automatic storing of the result on
cloud servers or sharing the result among public platforms (96). Such a citizen science
approach entails ethical issues; data handling, storage, and management security (97)
are not reassured for the consumer. Also, it is unclear who bears the legal liability in
case of a wrong (smartphone) interpretation of the screening result, leading to a neg-
ative outcome in the life of the individual (e.g., a false-negative result for the presence
of allergens, allowing an allergic individual to consume allergen containing food, lead-
ing to anaphylaxis). Further guidelines protecting the consumers should be laid down.

Furthermore, the validation of the method under the criteria of confirmatory
methods proves that the integrated biorecognition-mass spectrometry approaches
are better than the conventional screening assays in terms of selectivity, while they
are equal in performance to the officially recognized confirmatory methods. It is im-
portant to note that in the food safety sector, where the presented applications were
developed, the current EU 2021/808 regulation requires four identification points for
confirmatory methods, one of which is dictated by the chromatography retention
time (36). Thus, by definition (98), AIMS are excluded from the EU 2021/808 regulation.
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Despite this, the specificity of mAbs supports isolation of the targeted contaminant
with higher certainty than generic retention in chromatographic columns, so the de-
veloped integrated approaches could be considered for inclusion as confirmatory
methods in future revisions of food safety regulations.

6.6 Conclusions

This thesis presented the development (and validation) of different integrated
biorecognition-mass spectrometry approaches. Under the impact of widespread
changes that will affect peoples' lives in the future, the integrated biorecognition -
mass spectrometry approaches could be employed to regulate the increased demand
for confirmatory analysis from monitoring laboratories. Bridging the gap between
those two orthogonal techniques (biorecognition and mass spectrometry) is un-
doubtedly an advantage; they offer identification based on the characteristic m/z val-
ues as a confirmatory method, maintaining the benefits of screening, i.e., immunore-
cognition-based specific isolation. Different substrates for biorecognition immobiliza-
tion and MS instrumentation were employed, demonstrating the improvement in the
specificity of the acquired data from ambient MS. The applications of the developed
methods focused on food safety-related contaminants, but in future adaptations, the
approaches could be expanded to a plethora of targeted applications.
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Summary

Shifts in socioeconomic, environmental, and ethical issues shape the monitor-
ing methods of the future because they could increase in the need for confirmatory
analysis from official routine laboratories. To cope with this increased demand, alter-
native approaches are developed, which combine modified versions of screening and
confirmation technologies conventionally used in food safety-related protocols in EU
regulatory settings. First, modified bioassays based on monoclonal antibodies (mAbs)
were crafted to replace the conventional screening by providing a biorecognition-
based isolation. Second, ambient ionization mass spectrometry (AIMS) is used in the
place of the cumbersome processes involved with liquid or gas chromatography-tan-
dem mass spectrometry (LC- or GC- MS/MS) employed as classic confirmatory analy-
sis. Integrating biorecognition to AIMS leads to an increase in selectivity, making the
techniques of potential use in future regulatory settings. This framework of the thesis
is explained in more details in Chapter 1 after introducing the relevant information
on the techniques used in the thesis.

In Chater 2, the development of an identification lateral flow immunoassay
(ID-LFIA) is presented in combination with high resolution mass spectrometry (hrMS).
The ID-LFIA, i.e., a custom-made LFIA consisting of multi-lines of mAb that acts as a
biorecognition trapping zone, was an ingenious way of dealing with the immunoassay
buffers that are non-compatible with electrospray ionization (ESI) MS. The ID-LFIA tar-
gets the mycotoxin deoxynivalenol (DON) giving rise to high societal importance of
the approach, because of the relevance of monitoring DON in food safety-related
schemes. For the analysis, DON is retrieved from the mAb with a dissociation solution,
which is subsequently analyzed with ESI-hrMS to rapidly confirm the presence of DON
and any cross-reacting species.

In Chapter 3, the newly introduced ID-LFIA was further combined with direct
analysis in real time (DART) ionization triple quadrupole MS/MS, demonstrating that
alterations in the setup lead to ionization of different analytes, not detectable with
the previous setup. Meanwhile, the validation of the developed approach demon-
strates the fitness-for-purpose. In the proposed workflow, an individual performs the
(on-site) smartphone LFIA screening, and when the result is suspect, an ID-LFIA is de-
veloped with the same sample extract, thereby removing the need for additional sam-
ple preparation. In the setups of Chapters 2 and 3, the biorecognition and dissocia-
tion are performed offline, and then the isolated analyte is ionized and detected with
MS.

For the following approach in Chapter 4, namely immuno-enriched paramag-
netic microspheres magnetic blade spray (iMBS), the biorecognition is performed of-
fline, but the dissociation, ionization, and MS detection are performed online. Coated
blade spray (CBS) as an AIMS technique allows for easy-to-use, high throughput anal-
ysis, but it lacks specificity for unequivocal identification according to the EU regula-
tion. In iMBS the coating of CBS is replaced with highly specific mAb, by using im-
muno-enriched paramagnetic microspheres conventionally used in screening planar
array immunoassays. In the workflow, a neodymium supermagnet is used to secure
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the microspheres on the stainless steel blade, and dissociation, ionization, and MS/MS
detection, lead to a highly specific and reproducible method.

Despite the advantages of the iMBS, the requirement of an extensive covalent
mAb immobilization is a limitation, which, is addressed at the final approach of im-
munoaffinity blade spray (iBS). In iBS described in Chapter 5, the generic coating used
in CBSis replaced by a layer of highly specific mAb, while the stainless steel is replaced
with conductive polystyrene to allow for simple physical adsorption of mAb. With iBS,
biorecognition, dissociation, and ionization are performed on the same surface
(online), leading to a potential high throughput method. The presented approaches
improve the selectivity of AIMS while eliminating confirmatory methods' more signif-
icant drawback; extensive sample preparation for analyte isolation and time-consum-
ing chromatographic separation. The novel integrated biorecognition - mass spec-
trometry approaches have application in food safety contaminant detection and po-
tential application in a variety of fields.

Chapter 6 provides a general discussion on the results obtained in Chapters
2-5 in retrospect of the points introduced in Chapter 1, and also includes future per-
spectives and suggestions for further research, also supported by preliminary data.
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Advanced Organic Chemistry (AOC) ORC research 2021
group

American Society for Mass Spectrometry (ASMS) Annual ASMS 2021
Conference*

h . i : ;
13 Rapu;i Methods Europe (RME 2021) - Rapid Analysis & WUR 2021
Diagnostics
FAST - Forum for Analytical Science and Technology* Ti-COAST 2021
European Forum on Analytical Sciences and Technology COAST, KNCV, 2022
(EuroFAST) 2022 SAC, EuChemsS
World Mycotoxin Forum virtual preconference on Analy- QUB, BOKU, Ba- 2022
sis* rilla
International Mass Spectrometry Conference (IMSC) IMSF 2022
2022*
10t International symposium on Recent Advances in
Food Analysis (RAFA2022) * UCT, WUR 2022
e-NVMS meeting: 10-minute pitches by PhD students* NVMS 2022
General Courses Organizer Year
Presenting with Impact WGS 2019
VLAG PhD week VLAG 2019
Brain Training WGS 2019
Efficient Writing Strategies WGS 2019
Project and Time Management WGS 2019
Scientific Artwork - Vector Graphics and Images WUR Library 2019
Competence Assessment WGS 2020

175

(Continued on next page)



Training Activities

General Courses Organizer Year

Industrial Business Training Barilla 2020

Searching and organizing literature for PhD candidates WUR Library 2020

Scientific Writing WGS 2020

How to present online VLAG 2021

Reviewing a Scientific Manuscript WGS 2021

Writing Grant Proposals WGS 2022

Other Activities Organizer Year

Preparation of research proposal ORC 2018
2018-

i *

Weekly group meetings ORC 2022

2018-
i *
BU & EG meetings of WFSR WFSR 2022
MSCA Falling walls lab* Falling Walls 2019
Foundation
Ethical Aspects of Research CSIC (Nb4D) 2019
LabAnalyse* FHI Laborgtorlum 2022
Technologie
*oral presentation
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