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Introduction

1. Introduction

Current non-target screening (NTS) strategies for food focus mainly on illicit
adulterations [1, 2], emerging contaminants [1-3], or pesticides [4, 5]. For the screening
of new drugs, nature offers an invaluably rich source of plant-based bioactive secondary
metabolites [6-9]. Imposing pharmacological effects in humans, nature-derived bioactive
constituents could help in preventing diseases or maintaining the health status [7].
Considering thousands of unknown compounds in natural products, the need for
comprehensive technologies to determine unknown natural features is increasing [10].
To cover and record this diversity of substances, high-performance liquid
chromatography (HPLC) coupled with high-resolution mass spectrometry (HRMS) is
usually used [11, 12]. The enormous datasets resulting from HPLC—HRMS analyses need
substantial reduction and prioritisation for further evaluation [10, 12]. Data processing
can bias the results of NTS strategies by focusing on the most abundant compounds,
neglecting those of minor abundance [12]. Since the experimentally generated datasets
cannot be handled properly without processing, the amount of data to be evaluated must
be reduced otherwise, e.g., by prioritising bioactive compounds [10]. To implement the
bioactivity aspect in current NTS strategies, HPLC-HRMS methods have to be expanded
by biological and biochemical detection methods. The direct combination of analytical
methods and biological activity testing still remains challenging [13]. Enzymatic and
microbiological assays require neutral, aqueous, or buffered conditions, while
identification methods, such as HPLC-HRMS, need salt-free, pure organic solvents. In
recent years, different groups worked on natural product research and the identification
of unknown bioactive compounds by in silico combination of data from analytical and

biological screenings [6, 14-17].

1.1. Non-target screening for bioactivity in food

Screening approaches for biologically active compounds from natural products are
expensive, time-consuming, elaborate, and require a lot of equipment [8, 13]. The two
major challenges for the NTS for bioactivity are genericity and multidisciplinarity. Sample
preparation is a critical step concerning selectivity and sensitivity. To avoid any loss of
substances or discrimination of some analytes, sample preparation requires non-selective
and wide-scope methods. However, an utmost generic sample preparation goes along

with matrix interferences, especially for complex samples [18]. The second challenge is
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the interdisciplinary hyphenation of chemical analysis and biological detection [10] which
makes it difficult to assign the bioactivity to individual compounds from complex matrices
[11, 15, 19]. Effect-directed analysis (EDA) commonly comprises several analytical
methods, such as fractionation, chromatography, bioassay, and mass spectrometry [11]
embedded in off-line [17, 20, 21], at-line [9, 16], or on-line [6] workflows (Figure 1). The
most commonly employed chromatographic technique for EDA is HPLC [6, 9, 11, 15-17,
21]. The advantage of HPLC is its high separation capacity. Nevertheless, HPLC coupled
with (bio)assays could be problematic due to solvent incompatibility and limited
combination possibilities with assay variants.

Off-line screenings usually consist of iterative microfractionation into microplate format,
followed by respective (bio)assays, and subsequent HPLC-HRMS analysis of bioactive
fractions [16, 17, 21]. This technique harbours the risk of overlooking bioactivity as only
the whole fraction is determined as sum parameter and opposing effects can cancel each
other out [22]. A clear assignment of a substance to an effect is biased since there are
usually several chemically related analytes in one fraction. Off-line formats on the other
hand are compatible with almost any (bio)assay regardless of incubation time or assay
material [16]. For at-line and on-line methodologies, a flow-split is embedded after

chromatographic separation. In at-line approaches, one part is fractionated in

off-line at-line (HPLC) on-line off-line (HPTLC)
\\Vk/
five fract \ %
active fractions X)
planar assay
zone {(‘

elution

\HRMS
enzyme ﬂ

fractionation

‘ o |
e \U
substrate
HRMS HRMS SH— HRMS
p ' ﬂ coil /_\“ .
biochemical
detection

Figure 1. Common hyphenation possibilities for non-target screening by combing separation techniques,
such as high-performance liquid chromatography (HPLC) or high-performance thin-layer chromatography
(HPTLC), with high-resolution mass spectrometry (HRMS), and (bio)assays. Comparison of off-line, at-line,
and on-line hyphenation options proposed in the literature [6, 11, 16, 17, 23].
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microplates, while the other part is analysed via HRMS [16]. In on-line variants,
chromatographed effluent is divided proportionally into HRMS and to a completely
automated (bio)assay procedure realised through continuous injection of necessary
reagents into a reaction coil [6]. Computational correlation in at-line and on-line
approaches enables precise assignment of the detected effect to an individual molecule
while being limited in (bio)assay variants [16]. On-line variants are additionally restricted
to fast-reacting biological systems and influenced by the organic solvent inevitably
present after HPLC separation, interfering with biological or biochemical assays [11]
Besides HPLC, other separation methods, such as gas chromatography [20] and
high-performance thin-layer chromatography (HPTLC) [10, 11, 23-25] are also used in
EDA but are less reported. In Figure 1, the currently performed off-line NTS for bioactivity
with HPTLC is displayed for the sake of completeness but firstly introduced in section
1.2.3.

1.2. Status-quo high-performance thin-layer chromatography hyphenations

HPTLC is an optimised version of thin-layer chromatography (TLC), employing advanced
instrumentation and improved layer properties (smaller particle size, more homogenous
particle distribution), which allow reliable results through standardisation. The capability
in selectivity options, application volumes, and derivatisation possibilities, renders
HPTLC an emerging technology for various applications [26]. In particular, the matrix
robustness of HPTLC is attractive to handle complex samples without time-consuming
sample preparation [10]. Although HPTLC has less separation power compared to HPLC,
itis superior in some regards. The whole sample is stored on the plate and can be detected
by different exposures (white light illumination, ultra-violet light, or fluorescence light).
In HPLC, compounds that do not interact with the stationary phase are rushing through
the column, eluting within the dead volume, and thus are not captured by any detector.
While in HPTLC multiple samples are chromatographed side-by-side under the same
conditions, HPLC has a lower throughput and a greater variation in analysis conditions
due to sequential execution. After chromatography, HPTLC plates could be chemically,
biochemically, and biologically derivatised [10, 11, 26]. For HPLC, common detectors are
limited in versatility or even destructive, and implementations of derivatisations within

the analysis are still technically complex [19].
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1.2.1. High-performance thin-layer chromatography-effect-directed analysis

EDA as a form of post-chromatographic derivatisation is therefore easier to combine with
HPTLC. A great advantage of HPTLC-EDA is the complete evaporation of the organic
solvent from the silica gel layer [11]. Although, a disadvantage, especially for normal
phase (NP)-HPTLC, is the diffusion susceptibility of zones in aqueous bioassays during
long incubation times [11, 27]. HPTLC-EDA techniques can be divided into bioautography
and biochemical assays. Both are performed post-chromatographically. Besides the
differentiation in bioautography and biochemical detection, two application variants of
planar assays can be distinguished. First, the whole-plate assay, where the biological
material is distributed all over the plate after chromatography [28]. Second, the start zone
assay, where e.g. an enzymatic metabolisation process takes place exclusively on the
application zone, and chromatography is performed after the assay [29-31].

To ensure the viability of the organisms and the proper quaternary structure of enzymes
on the (HP)TLC plate, appropriate conditions on the silica gel layer must be given, ie.,
almost neutral pH, moist environment, and optimal working temperature for the
respective organism or enzyme [11]. In case of acidic or alkaline mobile phases, a neutra-
lisation step has to be involved before the assay procedure. To prevent the (HP)TLC plate
from drying, moist and humid conditions during incubation can be achieved by placing
the plate in a closed, humidity-controlled environment, e.g. a tight and moistened box.
Both, biochemical assays and bioautography, are commonly used for bioprofiling for new
effective substances from natural complex matrices [10, 28, 32]. The focus of the
subsequent assay description is on the EDA applied in the present work, which targets
physiological effects which play a role in the development of human diseases.

In general, biochemical assays are based on the principle of enzyme-substrate interaction.
Commonly employed biochemical assays, used in both microplate and HPTLC, include
cholinesterases, glucuronidase, tyrosinase, glucosidases, and amylase. Executing planar
biochemical assays, enzyme solutions are applied onto the plate and after an incubation
period, inhibiting effects are visualised using substrates that are usually enzymatically
converted to colourful products. Zones in which the enzymatic function is inhibited,
remain colourless [11], except for the a-amylase assay, where enzyme-inhibiting zones
are dyed blue-violet [33]. The enzymes acetylcholinesterase (AChE) and
butyrylcholinesterase (BChE) are involved in neurotransmission processes. The disease
pattern of Alzheimer’s is characterised by a deficiency of the neurotransmitter

acetylcholine in the synapses of the cerebral cortex. AChE and BChE catalyse the
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degradation of this neurotransmitter, with leads to a further deterioration of neuronal
transmission. Inhibition of these enzymes is the main target in the deceleration of
Alzheimer’s disease [34, 35].

For detoxification, substance elimination from the human body is often regulated via
glucuronidation pathways. Compounds are marked by adding a glucuronide moiety to the
molecule. In the intestine, these processes can be reverted by bacterial 3-glucuronidase,
resulting in gastrointestinal malfunction and disease. Enzyme inhibitors address
explicitly the extra loop of the bacterial enzyme, which is missing in the human ortholog,
to prevent bacterial deglucuronidation of the molecule to be eliminated [36].

Tyrosinase is a key regulator of melanogenesis. Also, it is responsible for the browning of
foods. By using molecular oxygen, tyrosinase converts monophenols via the intermediate
diphenols to the final quinones [37]. Polymerisation of built quinones results in the
respective pigments, such as melanin. Excessive production of melanin results in
hyperpigmentation, acne, and freckles [38]. The inhibition of tyrosinase activity is of high
interest to the cosmetics industry, as it can prevent skin abnormalities and be used as skin
whitening agent [37, 38].

The three enzymes a-glucosidase, [3-glucosidase, and a-amylase are involved in the
breakdown of oligosaccharides into monomers. The small Greek letter indicates which
kind of bond, they are able to cleave, either - or 3-linked oligosaccharides. The released
glucose molecules are absorbed from the intestine and lead to an elevation of the blood
glucose level. Since diabetes patients are poor in lowering hyperglycaemia levels, the
inhibition of these enzymes is desirable for the treatment of diabetes. By the prevention
of oligosaccharide hydrolysis, less free glucose is available for absorption and thus a
balanced blood glucose level could be maintained [33, 39].

In bioautography, living organisms are applied onto the (HP)TLC surfaces to detect
biological effects [11]. As a result, a bioautogram is obtained. Recently, several
microorganisms were employed for HPTLC-EDA, e.g., Aliivibrio fischeri (A. fischeri) [40],
Bacillus subtilis (B. subtilis) [41], Salmonella typhimurium (S. typhimurium) [42], or
Saccharomyces cerevisiae (S. cerevisiae) [27, 43, 44]. In direct bioautographic assays, the
bioactivity can be instantly measured, for example as enhanced or attenuated
bioluminescence of the Gram-negative A. fischeri bacteria. The natively bioluminescent
A. fischeri immediately shows a change in photon emission when exposed to harmful or
toxic substances for the marine bacteria. Reduced photon emission is an indicator for

antimicrobial and toxic substances [11, 40, 45], whereas an increased photon emission
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indicates a stimulated energetic cell metabolism. Weins and Jork (1996) introduced this
in situ bioassay to TLC plates [45]. Indirect approaches firstly expose reporter organisms
equipped with specific operons to their trigger molecules. This exposure induces the
production of enzymes decoded in the operon. Bioactivity is then measured indirectly
through enzymatic substrate conversion. As examples of indirect bioautography, the
yeast estrogen and androgen screens (YES and YAS), the SOS-Umu-C assay, and the
B. subtilis bioassay are described more precisely.

The endocrine system regulates the hormonal homeostasis of almost all vertebrates. An
imbalance has severe impacts on juvenile development, menstrual cycle, fertility, and
other hormonal regulated processes [44]. Endocrine-disrupting chemicals are detected in
the YAS and YES as well as in their antagonistic versions. Employed yeast strains are
genetically modified to contain the human androgen/estrogen receptor (hAR/hER) [46,
47]. In presence of hormone-like substances, the ligand-receptor interaction induces the
expression of [3-galactosidase through the cleavage of the repressor protein, which
formerly prevented gene transcription of the enzyme [43]. Hormonal effects are indirectly
measured as enzymatic activity mediated through hydrolysis of chromogenic or
fluorescing substrates. For antagonistic assays, an agonist is artificially introduced to the
bioassay system. Agonists and antagonists compete for free binding sites at the receptors.
Antagonists block the receptor so that less enzyme expression is induced. Antagonistic
effects are determined as reduction of (3-galactosidase activity [48]. For planar antagonist
screening, the right side of each track is oversprayed with an agonist-stripe along with the
chromatographed track (see Publication 5, Figure 1). 3-Galactosidase activity is then
detectable over the whole track, except for those zones containing antagonistic
substances [44].

To screen for genotoxic substances, the SOS-Umu-C assay can be used. The principle is
based on the SOS DNA repair mechanism which is regulated via several genes [49]. In
response to DNA damage induced by mutagens and genotoxins, the genetically modified
S. typhimurium TA1535/pSK1002 activates the SOS signal cascade, resulting in the
expression of the enzyme [(3-galactosidase. Comparable to hormonal effects, genotoxicity
can be determined indirectly as [3-galactosidase activity [42, 49, 50].

Antibiotics are commonly used to treat bacterial infections. EDA for potential drug
candidates can be realised with the Gram-positive B. subtilis bioassay. Present substances

with antibiotic-like properties lead to cell death or bacteriostatic conditions. The cell
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viability is detected indirectly via a tetrazolium salt that is converted into a violet

formazan by the dehydrogenases of intact Bacilli [41, 51].

1.2.2. Microplate assays versus planar assays

Microfractionation for microplate assays require an upstream separation technique, such
as chromatography or electrophoresis (Figure 1). Fractions are usually collected
time-controlled or peak-wise [19]. In case of chromatography-based fractionation, vessel
capacity and flow should match, otherwise a split must be installed, resulting in a
considerable loss of sample. Time-controlled fractionation often collects several analytes
with similar chemical properties in one vessel which leads to the determination of the
sum of all biological responses comprised in this well. Evaporating organic solvent from
the microwells is mandatory for (bio)assay procedures, but some compounds only show
slight solubility in aqueous media and therefore are not re-dissolved after drying [19].

Planar (bio)assays are a good alternative to microplate assays where HPTLC serves as an
upstream separation technique. After chromatography, the complete solvent can be
evaporated and aqueous assay media, buffers, and substrates can be applied on the same
surface without analyte loss. Biological effects can be directly assigned to specific zones
on the plate, which can be further evaluated to individual substances causing the
bioactivity. Planar (bio)assays showed to be more sensitive compared to microplate

assays, probably due to lower matrix interferences [30, 42, 51].

1.2.3. High-performance thin-layer chromatography-effect-directed analysis-
high-resolution mass spectrometry

State-of-the-art HPTLC-EDA-HRMS hyphenations are comparable to off-line NTS
methods (Figure 1), whereby HPTLC-EDA and HPTLC-HRMS are performed in a time-
shifted manner, which only allows indirect coupling. On one plate (20 cm x 10 cm)
samples were chromatographed in duplicate as two sets, and cut into two identical halves
(10 cm x 10 cm), of which only one was subjected to the (bio)assay [23]. According to the
effect profile of the (bio)autogram, zones of interest were selected on the remaining clean
chromatogram, either manually [23] or automated [52]. Plates were imprinted by an
elution head, eluting the selected zones to an HRMS instrument. After the MS recording,
accurate positioning of the elution head was verified by performing the same (bio)assay

on the imprinted chromatogram [23, 52].
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This procedure has disadvantages in several respects. Duplicate application on one
HPTLC plate reduces the number of samples being analysed in a single chromatographic
run. Zone marking on the identical half without (bio)assay must be as precise as possible.
Incorrectly placed imprints cannot be re-analysed so easily. Correction attempts, which
are often only a few millimetres away, would result in a leakage of the elution head, since
the silica gel layer is already damaged near this zone. Moreover, the (bio)assay procedure
has to be performed twice, requiring twice the time, effort, and material [53]. Currently,
the high matrix and salt load of the (bio)assay hampers direct hyphenation of HPTLC-
EDA-HRMS. The aim to directly elute the bioactive zone from the (bio)autrogram into
HRMS can only be realised by including a desalting step, reducing the interfering matrix

and salts.

1.2.4. On-surface metabolisation

NTS for bioactive compounds in food is reasonable as it is more straightforward
compared to random, non-prioritised NTS strategies. Considering effects on living
organisms, compound distribution, half-life, resorption, and metabolisation in vivo have
to be taken into account. Effective constituents from the diet may not reach the organism
in the same form as they were applied [13]. Digestion plays a major role in the breakdown
of macronutrients such as saccharides, lipids, and proteins [31, 54]. The three main
digestive enzyme classes are proteases, lipases, and amylases, which are distributed
differently throughout the gastrointestinal tract (GIT) [55]. Enzymes involved in digestion
processes are delivered by the salivary gland, liver, and pancreas [54]. Most accurate
results in the prediction of food breakdown, nutrient release, and absorption into the
bloodstream are provided by in vivo experiments [54, 55]. To avoid ethical issues, static
digestion models were standardised in vitro to mimic oral, gastric, and intestinal
metabolisation [31, 56]. Current in vitro models are a good alternative to animal or human
studies providing comparable results for the digestion of macronutrients. Prediction
models for the in vitro digestion of micronutrients, such as bioactive compounds,
carotenoids, or polyphenols are deviating from in vivo results [57]. The realistic
simulation of the digestion requires the right pH and composition of enzymes,
electrolytes, and co-factors [56]. Morlock et al. (2021) recently introduced the
harmonised digestion procedure [56] from solution-based assays to planar surfaces. In
brief, samples are applied to the silica gel layer. Digestive enzymes and respective

co-factors are oversprayed. To set humid conditions, the plate is wetted and incubated.
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After simulated digestion, samples are chromatographed and derivatised either
chemically, biochemically, or biologically. On-surface digestion with subsequent HPTLC
showed comparable results to in vitro digestion followed by planar chromatography. The
on-surface nanoGIT+active system is advantageous because enzyme and sample
consumption is kept minimal (nano). Metabolisation and separation are performed on the
same layer and could further be combined with multiple detection options [31].

Especially drugs or toxins are metabolised in the liver. Liver metabolism plays a major
role in activation or inactivation of compounds introduced to the human body. To transfer
the complex liver biotransformation processes to in vitro models, a homogenised liver
extract from rats, the so-called S9 mixture, is commonly used. S9 metabolisation affects
bioactivity, e.g.,, metabolic activation of estrogenic properties of bisphenol A [58],
stimulation of mutagenic potential of aflatoxin B1 [59], or conferment of neurotoxic
attributes to chlorpyrifos [30]. Planar on-surface assays exploiting the S9 activation
system could either be performed as start-zone assay [30], or whole-plate assay [60] by

adding the liver homogenate directly to the (bio)assay material applied.

1.3. Online desalting and orthogonal separation

By eluting active zones directly from the (bio)autogram, assay salts and media
components are co-transferred automatically. In case of alkaline or acidic mobile phases,
additional salt load from neutralisation buffers is co-eluted to HRMS. Therefore,
employing a desalting step is crucial to prevent ion suppression, clogging of the ion source
through crystallisation, and signal suppression [61]. In the fields of proteomics [62],
genomics [63], and metabolomics [61, 64], on-line desalting is already embedded in
HPLC-HRMS analyses due to very saline sample preparation. Technically they all follow
more or less the same principle. A second stationary phase is introduced in form of a guard
column [63, 64], second separation column [62], or a solid-phase-extraction column [61]
before [61, 63, 64] or after [62] the analytical column. Analytes are retained on the
stationary phase, while salts and buffer materials are discarded [63]. After the desalting
step, samples are transferred to HPLC-MS.

With embedding a desalting step into the HPTLC-EDA-HRMS workflow, it might be
unnecessary to perform HPLC, since the chromatographic separation has already
occurred on the HPTLC plate. Nevertheless, an orthogonal chromatography is reasonable
for several aspects. As already mentioned, HPTLC has a lower separation capacity

compared to HPLC [11]. Chemically similar compounds could retard at the same
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migration distance on the plate, which makes an orthogonal separation mandatory to
assign the bioactivity to an individual substance. As it is technically less complex to
combine EDA with HPTLC, rather than HPLC, the latter can be used to separate potentially
co-eluting analytes from the planar (bio)autogram. Moreover, additional information
about the unknowns is gained as two retention factors (Rr) are determined within a single
workflow: First, the migration distance on NP-HPTLC plates and second, the retention

time on the reversed phase (RP) HPLC column.

1.4. Mass analysers: single quadrupole versus orbitrap

Usually, mass analysers are selected according to the research purpose. For targeted
approaches, MS instruments with low resolution power are adequate, e.g., for the
quantification of known analytes. For example, single quadrupole mass spectrometers are
applied in routine analysis. The operating principle of single quadrupole instruments is
based on four metal rods arranged in parallel. A radio frequency voltage is applied to the
rods. Opposite rods have opposite potential. The resulting voltage field forces the ions on
amplitudes through the quadrupole. The mass-to-charge ratio (m/z) can be calculated
from the ion trajectories [65]. Single quadrupole instruments do not provide enough
resolution to calculate a molecular formula from the obtained m/z ratio. Only with a list
of suspected compounds, this MS is sufficient as identifying detector, since the assumed
candidates can be confirmed against available standards.

For NTS purposes, higher resolution instruments are required, e.g., time-of-flight (TOF)
or orbitrap mass analysers. Since its launch in 2005, orbitrap technology has replaced
several TOF instruments that were most commonly used until then [66, 67]. The basic
operating principle is relying on outer electrodes and a central electrode on which
voltages are applied. lons are introduced in the gas phase between the outer and inner
electrodes. The electric field resulting from the outer electrodes forces the ions to oscillate
along the axis, while the inner electrode induces rotation. The trajectory of the ions can
be described as circular spirals which can be mathematically converted into a mass
spectrum via Fourier transformation [67]. Several technological advances made the
orbitrap even more attractive for NTS. The possibility of pulsed injection via an external
storage device, the so-called curved linear trap, decoupled the mass analyser from the ion
source and was a prerequisite to introduce a fragmentation option. A higher-energy
collision induced dissociation cell in form of a multipole was added to obtain structural

information by fragmentation [67, 68]. To implement this advantageous mass analyser in
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routine analysis and for research purposes, the orbitrap technology was produced in
benchtop format as hybrid quadrupole-orbitrap instrument [68].

Since the orbitrap is superior compared to the single quadrupole concerning resolution,
exact mass analysis, and fragmentation option, it is preferred in suspect screening and

NTS.

1.5. Diffusion susceptibility of silica gel layers

NP-silica gel layers are most commonly used in HPTLC. Unfortunately, they are
susceptible to diffusion due to long incubation times with aqueous bioassay media [27,
69, 70]. State-of-the-art HPTLC-bioautography methods are based on immersion of the
HPTLC plate into the cell suspension for a few seconds. Incubation of an immersed NP
plate at nearly 100% humidity causes band broadening, zone distribution over the plate,
and blurred signals [27, 70, 71]. Salts from bioassay and neutralisation buffers
additionally promote these effects.

Klingelh6fer and Morlock (2014) tried to counteract the problem by introducing a hybrid
layer, the so-called wettable reversed phase (RP-18 W) HPTLC plate. As a result, they
obtained sharp-bounded bands at the expense of sensitivity [71, 72]. To reduce the
diffusion on NP layers, the immersion step was replaced by a spray-on technology,
considerably improving the assay quality [69, 72]. By spraying, the cell suspension is
applied in a more controlled fashion and a defined cell layer thickness on the planar
chromatogram [72]. Nevertheless, signals are still blurred after the bioassay.

For planar immunoassays, several washing and incubation steps are required in which
the silica gel layer could flake from the support [73]. By fixation of the layer with a plastic,
usually polyisobutyl methacrylate [74], the silica is kept stable throughout the procedure
[73, 75]. Besides the layer stability through long incubation times, the impregnation with
the plastic showed another advantage, in particular sharp-bounded zones on NP. Other
options to modify the silica gel layer are polyethylene glycol or poly-D-lysine. Through
chemical reactions of the silanol groups with the coating agent, a change in interaction,
surface topology, and chemistry of the silica conferred biocompatible properties to the
layer [76, 77]. Realising low-diffusion bioassays on NP plates is the prerequisite for

multiplex assays.

11



Introduction

1.6. Scope

The lack of easy, information-rich, and highly-streamlined NTS strategies for bioactive
ingredients in food initiated the development of new, innovative, fast, and
multi-hyphenated techniques. To obtain the most comprehensive information possible,
chromatographic, biological, biochemical, spectroscopic, and spectrometric methods
were drawn from the analytical toolbox. A few of the main advantages of HPTLC were
decisive for the use of this methodology as a basis for further hyphenations. First, HPTLC
offers the possibility for high-throughput screening, second, the matrix robustness, and
third, the variety in biological and (bio)chemical hyphenation options. As most NTS
strategies exploit HRMS as an identification method, a direct hyphenation of HPTLC,
(bio)assay, and HRMS was sought to be investigated. State-of-the-art HPTLC-EDA-HRMS
experiments require doubled time, material, and effort. The aim is to simplify the
commonly executed workflow. Bioactive zones should be directly eluted out of the planar
(bio)autogram to an MS instrument. Saline (bio)assay media are co-transferred with the
analytes from the plate causing interferences with ionisation and noisy backgrounds in
MS recording. This fact makes the reduction in salt load an inevitable step to realise a
direct coupling. The variety in possible HPTLC—EDA hyphenations demands a generic
desalting before further analyses. To overcome the problematical occurrence of
co-elutions, a second chromatographic step is desired. Up to now, HPTLC—EDA cannot be
completely automated, which is why the subsequent identification analysis steps should
be as automated and standardised as possible. New NTS multi-hyphenated workflows
based on HPTLC—EDA-HRMS require therefore the simplification of the current
workflow, online-desalting, automation, and a second separation technique to reach the

ultimate goal of structure elucidation of unknown bioactive compounds.

1.7. Progress achieved through multi-hyphenated techniques

For elucidation of unknown bioactive compounds in food, it is essential to obtain as much
information as possible. As already stated by Wilson and Brinkman (2007), “it is often
necessary to have data from more than one spectroscopic technique” to identify a
compound from complex mixtures [78]. Each information gained in the established
multi-hyphenated workflows was denoted as a dimension. In this study, a comprehensive
highly streamlined NTS strategy with up to twelve dimensions was developed which is
presented in the following sections. The method is versatile and can be used both in

routine and research, e.g., for monitoring of food quality and authenticity, discovery of
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new drugs, or generally for the identification of unknown bioactive substances from any

matrix.

1.7.1. Establishment of an eight-dimensional hyphenation (Publication 1)

The first multi-hyphenation resulted in an eight-dimensional (8D) workflow (Figure 2)
arranged in the following order, i.e., separation on NP-HPTLC plate (1D), detection under
white light illumination (Vis, 2D), UV light (UV at 254 nm, 3D), and fluorescence light (FLD
at 366 nm, 4D), bioprofiling (5D), and subsequent heart cut elution, on-line desalting, and
RP-HPLC separation (6D) with diode array detection (DAD, 7D) and single quadrupole
mass spectrometry (MS, 8D) [53]. The dimensions 1D-4D are routinely performed in
HPTLC analysis. By focusing on bioactivity (5D), antibacterial effects, or those stimulating
the energetic cell metabolism of the marine A. fischeri bacteria, were screened in
Cinnamomum verum and C. cassia. Once a biological effect is detected, it is of highest
interest to identify the compound(s) responsible. As identification strategy, the
dimensions 6D-8D were provided. The direct hyphenation of the first five dimensions
with the following three turned out problematic. The transfer of the bioactive zone from
the planar medium to RP-HPLC-DAD-MS was performed using an elution-based TLC-MS
interface. Thereby, not only the analyte(s), but the saline and nutrient-rich bioassay media

were eluted from the plate. Those media or buffers from biochemical and microbiological
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Figure 2. Schematic representation of the eight-dimensional hyphenation exploiting NP-HPTLC separation

(1D), multi-imaging detection (UV/Vis/FLD, 2D-4D), bioassay (5D), heartcut elution, analyte
trapping/online desalting, RP-HPLC separation (6D) with diode array detection (DAD, 7D) and mass
spectrometric detection (MS, 8D), resulting in separation of the co-eluting cinnamaldehyde (CA) and

2-methoxy cinnamaldehyde (2-MCA), and interference-free mass spectra [53].
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assays (5D) would interfere with ionisation and mass spectrometric detection (8D). Thus,
salts and media components had to be eliminated before MS measurement. The very
saline (approx. 45 g/L [79]) A. fischeri bioassay was selected to establish a desalting step
between HPTLC and MS.

For the reduction of MS interferences, four different approaches were tested: no desalting,
desalting with an RP/ion exchange hybrid column, and with two different short guard
columns (stationary material either capped with phenyl moieties or RP alkyl chains). All
were mounted on a 2-position, 6-port switching valve as suggested by Fountain et al.
(2004) [63]. Salt reduction capacities of the devices were determined by the elution of
A. fischeri medium from a sample-free plate and comparison of MS total ion current (TIC)
intensities in both polarity modes [53]. The RP guard column showed the best TIC
reductions with -44.2% in ESI-positive ion mode, and -32.2% in negative ion mode,
compared to non-desalted TICs. After the implementation of the RP guard column as a
desalting device, the optimal elution solvent and time were evaluated. The selected guard
column fulfilled two tasks simultaneously: trapping the analyte(s) on RP material while
discarding the salts solved in the aqueous elution solvent. Since water has the greatest
elution strength on silica gel plates, and a higher organic portion would cause analyte
breakthrough, the best choice was 10% aqueous methanol as elution solvent. The
duration of elution was set to 45 s, as enough analytes were transferred to give a strong
signal response and breakthrough from desalting cartridge was kept minimal.

As the example of cinnamon extracts showed, the orthogonal RP-HPLC separation proved
to be reasonable. In the A. fischeri bioassay of the NP-HPTLC-separated samples, a
dominant antibacterial zone near the solvent front was detected. To prove the
functionality of the just established 8D hyphenation, it was aimed to identify this zone via
RP-HPLC-DAD-MS. Results revealed two distinct signals of 2-methoxy cinnamaldehyde
and cinnamaldehyde hidden behind this antibacterial zone. Both substances were
retained at the same migration distance on the plate so it was impossible to assign the
effect to one or the other. Standards confirmed that both contributed to the antibacterial
effect detected in bioautography [53].

In conclusion, all information gained with the 8D workflow was essential to identify
unknown substances exhibiting bioactivity. In this first multi-hyphenated pilot study the
compounds identified were not unknown for cinnamon or their biological activity.
Nevertheless, even more dimensions and better MS instrumentation would facilitate

compound elucidation and identification.
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1.7.2. Application field study using the eight-dimensional hyphenation (Publication 2)

The functionality of the 8D hyphenation was shown for the A. fischeri assay and cinnamon
as a sample. To prove the versatility and robustness, the workflow was transferred to 13
other biochemical and microbiological assays and 68 botanical samples [28]. As the
previously investigated mobile phase for the botanical screening contained 12% acid [80],
a neutralisation step was integrated into the workflow directly before (bio)assay.
Interpretation of the effect-directed analyses (EDAs) is summarised in Table 1. The
variety of (bio)assays required different neutralisation agents, buffers, and substrates.
Salt and nutrient load of the individual assays are plotted in Figure 3. A detailed
description of (bio)assay materials, preparation, and volume applied onto 20 cm x 10 cm
HPTLC silica gel 60 F254 MS-grade plates is given in Publication 2 [28]. Calculations were
based on the total (bio)assay load applied onto the 20,000 mm? area, and downsized to
the given format of the elution head (2 mm x 4 mm), resulting in an overall area of 8 mm?

of co-transferred analyte(s), neutralisation and (bio)assay salts, and nutrients.
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Figure 3. Calculated salt and nutrient load on a HPTLC silica gel 60 F2s4 MS-grade plate for respective
(bio)assays. Salt load is given in pg per 8-mm? zones, for neutralisation buffers and assay material (buffers,
enzymes, substrates, dyes) respectively. Calculations were based on the experimental design described in
the material and method section of Publication 2 [28]. For hormonal assays the amount of agonist stripe is
negligible and calculations were made for 4-methyl umbelliferyl 3-D-galactopyranoside as a substrate (*).
SOS-Umu-C assay load was calculated with resorufin-f-D-galactopyranoside substrate and as it was
performed on the thicker HPTLC silica gel 60 plates, requiring twice the volume, the amounts were halved

for comparability (**).
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Table 1. Interpretation of applied planar biochemical and biological assays (modified [25]). Chromogenic

or fluorescent response depended on the used substrates (see Publication 2).
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The 8D hyphenation showed robust and reliable results through all assays and media.
Since the used MS instrument had only a single quadrupole mass analyser, the resolution
was too low to calculate the molecular formula. Evaluation of obtained data was based on
literature and database research. One of the following criteria had to be true for a tentative
assignment of the signal to a respective compound: Either the spectral data (at least
absorbance maximum and mass) matched any database, the compound was already
described for the botanical, or the substance already proved to have the respective
biological properties. Some of the tentative assignments were verified or rebutted against
available standards.For further optimisation of a non-target screening strategy for
bioactive unknowns in complex mixtures, the 8D workflow was improved by the
application of an MS instrument with higher resolving power and fragmentation option.
Moreover, the question arose, if bioactive compounds can unfold their effective potential
after passage through the digestive tract, or if they were metabolised to a related, but

inactive molecule.

1.7.3. Ten-dimensional hyphenation for non-target screening (Publication 3)

A combination of NTS, bioactivity studies, and identification of effect-compounds is highly
desirable but still neglects human metabolisation pathways after oral administration [7,
13]. Harsh conditions in gastrointestinal food processing, residence time, absorption
capability, and solubility of bioactive compounds influence their effectiveness [7].
The incorporation of the recently established nanoGIT system [31] and the upgrade to
HRMS/MS, expanded the workflow to ten dimensions (NP-HPTLC-nanoGIT+active—
UV/Vis/FLD-EDA-heart cut-RP-HPLC-DAD-HRMS/MS, see Publication 3, Figure 1) [81].
The change to another mass spectrometer required the development of a new HRMS/MS
method. The first HRMS dimension was a full scan in polarity switching mode as usual for
NTS strategies [82-84]. For fragmentation scans, four options were evaluated: all ion
fragmentation, data-dependent MS2 (ddMS2) in Top5 mode, and variable or multiplexed
data-independent acquisition. The advantages and drawbacks of each MS2 acquisition
method were considered, and finally, the best agreement was rated with the ddMS2 mode.
The newly developed ten-dimensional (10D) hyphenation provided the following
information:
1) Gastrointestinal on-surface metabolisation gave evidence about lipids, sugars,
and proteins and whether these macronutrients were hydrolysed by the

respective enzymes (lipases, amylases, and proteases).
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2) Metabolic changes were tracked by NP-HPTLC separation. The observed Rr values
also provided relative details about substances’ polarity.

3-5) The visualisation of the planar chromatogram revealed information about
compounds with UV activity (UV 254 nm), native fluorescence (FLD 366 nm), or
chromophores (white light illumination, Vis).

6) Screening for bioactivity was realised with one of the proposed (bio)assays as in
Table 1. In the presented cases concerning the 10D hyphenation, EDA particularly
targeted AChE, BChE, a-, and B-glucosidase inhibitors, as well as substances
affecting the energetic cell metabolism of the A. fischeri bacteria.

7) After heartcut elution and online-desalting, an orthogonal information on
substances’ polarity was obtained by means of the retention time on RP-HPLC
column.

8) The wavelength scan of the DAD gave evidence about absorbance maxima, and
absorbance spectra in the wavelength range of 200—400 nm.

9-10) Exact mass and fragmentation data were recorded by HRMS/MS from which a
molecular formula was calculated and structural properties were derived.

This workflow was applied to ten convenience tomato products in the matter of sauces or

soups. The HPTLC layout allowed a side-by-side comparison of the bioactivity profile of

metabolised and non-metabolised samples. Changes in bioactivity caused by intestinal
metabolisation were determined with the five (bio)assays AChE, BChE, A. fischeri,
a-glucosidase and [-glucosidase. The most emerging metabolic bioactivity change
identified through all (bio)assays was caused by fatty acids as products of the digestion of
triacylglycerols (TAGs). Lipases from the used pancreatic enzyme mixture hydrolysed the
TAGs into glycerol and their respective fatty acids. Plant-based products revealed
saturated and unsaturated long-chained fatty acids (=C14), while products blended with
cream or skim milk powder of animal origin, also showed short-chained fatty acids. The
latter were only active in the A. fischeri bioassay. Other bioactive ingredients were found
not to be affected by digestion, e.g. piperine, the main alkaloid from black pepper, which
is active against the A. fischeri bacteria [81]. Beside the possibility to track metabolic
changes, the most outstanding improvement of the 10D hyphenation, compared to the
previous 8D version, is the opportunity to get structural information of the unknowns

through tandem HRMS and thus enable an unambiguous substance assignment.
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1.7.4. Application field study using the ten-dimensional hyphenation (Publication 4)

The recently developed streamlined and information-rich 10D workflow was applied to
six highly-processed differently-flavoured meal replacement products. The totality of the
data obtained led to the identification of 13 substances and proved the functionality and
robustness of the new NTS strategy for bioactive compounds in foods [85].

Despite the miniaturised simulation of the intestinal digestion processes, resorption is
still neglected. As an example, physostigmine, a known alkaloid from plants, is cited. The
compound has pronounced AChE inhibitory potential but is only poorly absorbed by
humans, while its synthetic analogue rivastigmine possesses better transepithelial
permeability and is commonly used as a therapeutic agent against Alzheimer’s disease
[34]. Various protocols describe analytic approaches to determine pharmacokinetics and
resorption [86]. Embedding an additional dimension concerning the substance uptake
through membranes would complete the comprehensive workflow. Other options to gain
more dimensions and associated information are multiplexed assay formats, which allow

the detection of several biological effects in a single run.

1.7.5. Diffusion reduction permitting multiplexed assay formats (Publication 5)

As stated already for the 8D hyphenation, the problem of analyte diffusion on NP plates
still remained. Currently, planar yeast androgen/estrogen screens (pYAS/pYES), as well
as their antagonistic (A) versions are performed on both plate types silica gel 60 and
RP-18 W [27, 44, 69-72]. The latter is not prone to diffusion but is less sensitive compared
to NP plates [22]. To overcome the diffusion susceptibility of NP plates and to further
improve the workflow, several optimisations were investigated. For fixation of zones after
chromatography, different coatings, ie, poly-D-lysine, PEG 2000, PEG 8000, and a
polyisobutyl methacrylate resin (Degalan), were investigated. Out of the tested agents,
only Degalan showed a reduction in the observed zone diffusion. As vertical immersion of
the plate in Degalan solution caused streaks when taken out and the solution was too low
in viscosity to be piezoelectrically sprayable, the final coating procedure took place
horizontally in a glass dish. The fixation of zones on NP plates was a precondition and
crucial for the further development of the HPTLC-pYAAS bioassay procedure to a
multiplex version.

The bioassay pYAAS was already performed in a multiplex format to detect androgens
and antiandrogens in parallel on one RP-18 W plate. Androgenic properties were

determined as [3-galactosidase activity, cleaving the non-fluorescent substrate
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4-methylumbelliferyl [-D-galactopyranoside (MUG) in its fluorescent product 4-
methylumbelliferone (MU) and galactose [44]. In zones containing hAR antagonists,
enzyme production was not triggered and a substrate conversion was missing.
Antagonistic effects are therefore detectable as fluorescence-diminishing zones in an
oversprayed agonist track. The reduction in fluorescence originated either from an
antagonistic effect or from absorption properties of a substance. Since those two
observations cannot be distinguished, a verification (V) for true antiandrogenicity was
required. Verification was achieved by applying a second stripe of the fluorescing product
MU parallel to the agonist (see Publication 5, Figure 1). If the fluorescence was reduced in
both stripes, an absorbing substance was assumed (false-positive). A true antagonistic
effect was stated if fluorescence reduction in the agonist stripe appeared, while MU stripe
was non-fluorescent at this position. This design offered two more information that were
about false-positives and synergists, which locally enhanced the fluorescence of the
testosterone stripe but not of the MU-stripe.

As proof-of-principle, 68 botanicals were screened for androgens and antiandrogens on
RP-18 W, NP, and Degalan coated NP plates (fix). The twelve samples suspected to
comprise antagonists were subjected to the verification procedure. Ten zones were
verified to exhibit true antiandrogenic properties, while seven synergistic zones were
determined. Those zones were further evaluated with heart cut-RP-HPLC-DAD-HRMS,
resulting in 29 potential candidates responsible for the observed effects. The overall
NP-HPTLCfix-UV/Vis /FLD-pYAVAS-FLD-heart cut-RP-HPLC-DAD-HRMS/MS hyphena-
tion resulted in twelve dimensions (12D), of which four are comprised in the multiplexed

pYAVAS bioassay, namely androgens, antagonists, false-positives, and synergists [22].

1.7.6. Application field study for multiplexed estrogen screen (Publication 6)

The previously established 12D hyphenation was transferred to the closely related pYES
assay for the detection of estrogens, antiestrogens, false-positives, and synergists [87].
With this multiplex assay, even additive effects were distinguishable from synergistic
effects, which is hardly achievable in common approaches [88]. With a modified
mathematical analogy [89, 90], those two effects are described as follows. Additive effects
are observed as two effective compounds (1) summing up their signal when applied in
combination (1 + 1 = 2), while synergy yielded intensified signals by the combination of a
non-effective compound (0) with an effective substance (1) to the equation 0 + 1 > 1 [87].

Further optimisations were realised with the alternative green fluorescent substrate
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fluorescein-di-(f-D-galactopyranoside). It was preferred over the blue fluorescent MUG,
because botanical samples showed less green native fluorescence than blue. For the first
time, it was also considered that antagonistic responses could also be caused by cytotoxic
properties which could not be proven or excluded by the verification stripe. Apoptosis of
the yeast cells as a result of contact with cytotoxic substances automatically prevents
B-galactosidase expression and ultimately leads to a lack of substrate conversion.
Cytotoxicity was determined using resazurin as a dye. Viable cells irreversibly convert the
blue dye via mitochondrial processes into the pink fluorescing product resorufin (Figure
4, detectable at FLD 366nm) [91]. Since the botanical samples contain
fluorescence-diminishing pigments, cytotoxicity was evaluated in white light illumination
(Vis) mode, where the positive response appeared as colourless on purple background
(as depicted for the positive control menadion, Figure 4) [87].

With the 12D NP-HPTLCfx-UV/Vis/FLD-pYAVAS-FLD-heart cut-RP-HPLC-DAD-
HRMS/MS hyphenation, 17 hormonal active substances could be assigned to specific
molecules of which only seven were known for their biological properties towards the
estrogen receptor. Of the remaining ten, four were structurally related to known
phytoestrogens and the other six had not previously appeared in an endocrine context. In
conclusion, the 12D hyphenation showed the potential to assign hormonal effects to
individual compounds, to distinguish between different hormonal effects, and to identify

unknown hormonally active substances from complex mixtures.

366 nm

Resazurin Resorufin
Blue Dye Pink Fluorescent

NADH/H* NAD"/HZO

ﬁﬁmﬁﬁ

Figure 4. Irreversible mitochondrial conversion of the blue dye resazurin into its pink fluorescent product
resorufin (modified [87, 91]), and corresponding NP-HPTLCfi*-planar cytotoxicity (yeast)-FLD/Vis

bioautograms.
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It is still a challenge to discover and identify individual bioactive compounds directly in multicomponent
mixtures. Current workflows are too tedious for routine use. Hence, the hyphenation of separation and
detection techniques is a powerful tool to maximize the information obtained by a single sample run.
A robust eight-dimensional (8D) hyphenation was developed. Orthogonal separations, biological assay
detection, analyte trapping, desalting, and physico-chemical detections were arranged in the following
order, ie. 1) normal phase high-performance thin-layer chromatography (NP-HPTLC) separation, 2) Vis
detection, 3) UV detection, 4) fluorescence detection (FLD), 5) bioassay for effect-directed analysis (EDA),
6) heart-cut trapping/desalting/elution to reversed phase high-performance liquid chromatography (RP-
HPLC) separation, 7) photodiode array (PDA) and 8) mass spectrometry (MS) detection. For the first time,
the hyphenation exploited online analyte trapping to desalt the eluted bioactive zone from the plate con-
taining highly salted bioassay media. Subsequent valve switching guided the trapped analyte(s) to the
main column, followed by multiple detection. As proof-of-principle, cinnamon samples were analyzed
by NP-HPTLC—-UV/Vis/[FLD—EDA—RP-HPLC—PDA—MS, whereby a bioactive zone was separated into two
distinct peaks detected by PDA and MS to be 2-methoxy cinnamaldehyde and cinnamaldehyde. The de-
veloped 8D hyphenation is applicable for routine, allowing the non-target high-throughput screening of
complex samples for individual bioactive compounds.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

State-of-the-art non-target screening exploits liquid chromatog-
raphy (LC) coupled to high-resolution mass spectrometry (HRMS)
or time-of-flight mass spectrometry (TOF-MS) [1-4]. On the one
hand most detected features in a complex sample can not be as-
signed to a molecule. On the other hand not all detected features
can be elucidated in its structure. Hence, a decision has to be made
which ones are most important to be subjected to further char-
acterization. Integrating the biological detection helps to find out
the compounds of highest priority. Thus, non-target bioanalytical
screening strategies are the ultimate tool [5]. Comprehensive in-
formation on bioactive compounds in complex samples is obtained
by hyphenated methods exploiting orthogonal separation and mul-
tiple inclusive effect-directed detection principles to maximize the
information obtained by a single sample run [6,7].

* Corresponding author: Phone +49-641-99-39141; Fax +49-641-99-39149.
E-mail address: gertrud.morlock@uni-giessen.de (G.E. Morlock).

https://doi.org/10.1016/j.chroma.2021.462154
0021-9673/© 2021 Elsevier B.V. All rights reserved.

The detection of individual bioactive substances in complex
samples is possible using high-performance thin-layer chromatog-
raphy (HPTLC-UV/Vis/FLD) hyphenated to effect-directed assays
(EDA) and HRMS [2,5,6,8,9]. Unknown bioactive compounds are
heart-cut eluted and online transferred to the electrospray ioniza-
tion (ESI) interface [2,6,8,10,11]. However, two HPTLC plates have
to be prepared, one for the bioassay and one for structure eluci-
dation by HRMS or nuclear magnetic resonance spectroscopy. This
requires twice the time and doubles material consumption. To en-
sure that the bioactive zone has properly been eluted and trans-
ferred, the bioassay must be applied on the post-HRMS plate once
again. A non-target bioanalytical screening strategy should guar-
antee the proper assignment of a single compound inducing the
bioactivity. However in HPTLC, a bioactive zone could contain sev-
eral components, whereby each can be responsible for the bioac-
tivity. As for 2D HPLC [12,13], potentially coeluting bioactive sub-
stances on the bioautogram obtained by normal phase (NP)-HPTLC-
EDA can be separated by subsequent reversed phase (RP)-HPLC-
PDA-MS. In other words, only the selected bioactive zone (not ma-
trix, not background) is orthogonally separated and detected for a
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second time. Thus, such an arrangement is utmost efficient. Con-
sequently, there is huge potential and high interest in the develop-
ment of a multidimensional hyphenation like HPTLC—EDA—heart-
cut—HPLC—PDA-MS [14-17]. Such a hyphenation is challenging
because the heart-cut zone elution via an elution head-based in-
terface transfers the desired analyte(s) together with the bioassay
medium (salts, amino acids, proteins etc.) to the MS. This causes
high background signal (baseline) intensities, ion suppression and
more cleaning cycles [5,15]. Thus, there is need for online desalt-
ing to reduce or even get rid of the intense bioassay background
signals. Desalting concepts used in HPLC—MS may also be applied
to HPTLC—EDA—-MS. For example, either a solid phase extraction
(SPE) cartridge [18], second chromatographic column [19] or short
guard column [20,21] was exploited in two dimensional LC sys-
tems for nucleic acid or plasma online desalting [20,21] or peptide
purification [19]. However, these concepts can not simply be trans-
ferred for on-surface elutions, for which also solubility and elution
strength have to be taken into account.

In this study, an orthogonal eight-dimensional (8D) hyphen-
ation was developed which explored online analyte trapping for
a robust desalting for the first time. Different desalting devices
[20] were investigated by installing them on a switching valve to
allow a two-position load-elution variant. The optimal elution pa-
rameters were studied, such as elution time, elution volume and
solvent composition. As proof-of-principle, 18 different cinnamon
samples along with well-known bioactive marker compounds were
investigated with the developed NP-HPTLC-UV/Vis/FLD-EDA-heart-
cut/trapping/elution-RP-HPLC-PDA-ESI-MS hyphenation.

2. Materials and methods
2.1. Chemicals and materials

Magnesium sulfate heptahydrate (MgSO4 ¢ 7 H,0, 99.5%) and
HPTLC plates silica gel 60 F,54 MS-grade were purchased from
Merck, Darmstadt, Germany. Toluene (>99%), acetic acid (99.8%),
sodium dihydrogen phosphate monohydrate (NaH,PO4; e H;O,
98%), dipotassium hydrogen phosphate trihydrate (K,HPO4; e 3
H,0, 99%) and glycerol (86%) were obtained from Roth, Karlsruhe,
Germany. Diammonium hydrogen phosphate ([NH4],HPO4, >99%)
was delivered by Acros Organics, NJ, USA. Sodium chloride (NacCl,
>99.5%), tryptone, ammonium acetate (>99%) and coumarin (Co,
>99%) were purchased from Fluka Sigma Aldrich, Steinheim, Ger-
many. Yeast extract and ethyl acetate (99.8%) were delivered by Th.
Geyer, Renningen, Germany. 2-Methoxycinnamaldehyde (2-MCA)
was obtained from PhytoLab, Vestenbergsgreuth, Germany and cin-
namaldehyde (CA, >98%) from Fluka. Methanol (HPLC grade) and
cinnamic acid (Ci, 98%) were purchased from vwr, Darmstadt,
Germany, whereby LC-MS grade methanol was from Honeywell,
Muskegon, MI, USA. Bidistilled water was prepared using a Desta-
mat Bi 18E (Heraeus, Hanau, Germany). The marine microorgan-
ism Aliivibrio fischeri (strain 7151) was provided by Leibniz Insti-
tute, DSMZ, German Collection of Microorganisms and Cell Cul-
tures, Berlin, Germany.

2.2. Sample preparation and standard solutions

Cinnamomum verum and Cinnamomum cassia samples were
bought on the market (Table S1). Each cinnamon sample (200 mg)
was dissolved in 2 mL methanol - water (4:1, V/V), ultrasonicated
(15 min, Sonorex Digiplus, Bandelin, Berlin, Germany), centrifuged
(3000 x g, 5 min, Labofuge 400, Heraeus, Hanau, Germany) and
the supernatant was used. Co, Ci, CA and 2-MCA were dissolved
each as 1-mg/mL methanolic stock solution and diluted 1:10 with
methanol (0.1 mg/mL).
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2.3. NP-HPTLC/UV)Vis/FLD method

A set of HPTLC plates silica gel 60 Fs4 MS-grade were pre-
washed two times with methanol - water (4:1, V/V) and dried in
an oven (Memmert, Schwabach, Germany) at 110°C for 20 min. The
sample (2.5 pL) and diluted standard solutions (5 pL) were applied
as 7-mm bands with a track distance of 7.5 mm (Automated TLC
Sampler ATS 4, CAMAG, Muttenz, Switzerland). The development of
the plate was performed in a Twin-Trough Chamber with toluene
- ethyl acetate - methanol (6:3:1, V/V/V) up to a developing dis-
tance of 65 mm (further mobile phases in Table S2 and Fig. S1).
The chromatogram was dried in a stream of cold air for 5 min
and documented at 254 nm, 366 nm and white light illumination
(TLC Visualizer 3, CAMAG). For removal of residual organic solvent
traces, the HPTLC plate was dried again for 15 min (Automated De-
velopment Chamber ADC2, CAMAG). The instrument control and
data evaluation was performed with VisionCATS v2.5 software (CA-
MAG).

2.4. Aliivibrio fischeri bioassay

The cell culture medium was prepared according to DIN EN ISO
11348-1, section 5 [22] as reported [23]. The A. fischeri suspension
(2 mL) was piezoelectrically sprayed on the MS-grade plate using
the blue nozzle at level 6 (Derivatizer, CAMAG). The biolumines-
cence was recorded instantly and in trigger interval of 3 min until
30 min. Thus, 10 images at a 120-s exposure time were taken (Bi-
oLuminizer, CAMAG).

2.5. Instrumental setup of the 8D hyphenation

The UPLC system (Acquity H Class, Waters, Eschborn, Germany)
was equipped with the quarternary solvent manager, solvent de-
gasser, sample manager, column oven, photodiode array detector
(PDA) and ESI-MS (single quadrupole QDa, Waters). The elution
solvent was pumped by a standalone pump (515 HPLC pump, Wa-
ters) to the TLC-MS Interface (CAMAG) or Plate Express (Advion,
Idaho, ID, USA). The bioactive target zone was isolated by the oval
elution head (4 x 2 mm) and heart-cut eluted for 45 s at a flow
rate of 0.1 mL/min through a biocompatible filter to different on-
line desalting devices: RP/IEX (short Oasis MCX column, 20 mm
x 3 mm, 30 pm, Waters), RP and Phenyl-X (pre-column/defender
guard in a cartridge: Accucore RP-MS, 10 mm x 2.1 mm, 2.6 pm,
or Accucore Phenyl-X, 10 mm x 2.1 mm, 2.6 pm, both Thermo Sci-
entific, Bellefonte, PA, USA). The biocompatible inline filter (IDEX
Health & Science, Oak Harbor, WA, USA) containing a PEEK frit
(0.5 pm, Techlab, Braunschweig, Germany) was installed in be-
tween the elution head-based interface and two-position switching
valve (MXT-Series PD715-000, Rheodyne IDEX Health & Science).
In the latter, the desalting device was installed, which trapped the
analyte(s) on the respective material and discarded the bioassay
salts into the waste. By switching, regulated via remote control and
Rheodyne TitanMX software (Rheodyne IDEX Health & Science),
the HPLC gradient flushed the desalting device and guided the an-
alyte(s) to the main column (Accucore RP-MS 100 mm x 2.1 mm,
2.6 pm, Thermo Scientific) thermostated at 40°C in a column oven
(instrumental set up in Fig. S2). The HPLC gradient consisted of
2.5 mM ammonium acetate, adjusted to pH 4.5 with acetic acid (A)
and methanol (B). The final gradient with a flow rate of 0.6 mL/min
started with 98% A for the first 2 min. The organic portion (B) in-
creased linearly to 20% until 4.5 min and to 90% within the fol-
lowing 3.5 min. The ratio 10/90 A/B was held for the next 2 min,
then immediately felt down to 98% A within 0.1 min. The gradient
time included 3 min re-equilibration time. The generated system
pressure reached max. 600 bar. After HPLC separation the analytes
were detected by PDA and then ESI-MS. The latter was operated
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in polarity switching mode with ESI probe set to 600°C and ESI
source to 120°C as well as optimized scan frequency of 5 Hz and
cone voltage of 10 V in both ionization modes (Fig. S3). The Mass-
Lynx V4.2 software (Waters) was used.

2.6. Investigation of elution solvent and elution time

The four standards (5 pL) were applied as 4 mm bands (sized
to the elution head geometry) on pre-washed plates (ATS4 with
FreeMode option of winCATS software V.1.4.7, CAMAG). Various sol-
vent mixtures were prepared in 50 mL flasks in a linearly descend-
ing series from 90% methanol in bidistilled water to completely
aqueous. With the respective solvent mixture installed, the system
(load pump) was purged at a flow rate of 1 mL/min for 5 min.

3. Results and discussion

As not every detected unknown compound in complex mix-
tures can be elucidated in its structure, a decision on priority
has to be made. The effect-directed detection supports decision
makers and points to bioactive compounds considered as first
priority compounds. Hence, a NP-HPTLC-UV/Vis/FLD—EDA—RP-
HPLC—PDA—ESI-MS hyphenation was developed (Figs. 1 and S2).
A total of eight dimensions of different separation and detection
principles were combined to obtain as much information as possi-
ble in a single sample run. It exploited heart-cut trapping, online
desalting of the bioactive zone, and an orthogonal alignment of the
two chromatographic dimensions in a minimalistic way, as only
the selected bioactive zone (not matrix, not background) is sepa-
rated and detected for a second time. The A. fischeri bioassay was
selected to evaluate the effect of highly salted cultivation media
[22]. Additionally, this bioassay detects bioactive compounds more
generally via its impact on the energetic cell metabolism [16]. Cin-
namon samples were selected because they are rich in bioactive
marker compounds and complex matrix [24,25].

3.1. Calculated bioassay salt load

The A. fischeri bioassay medium [22] contains an overall cal-
culated amount of ca. 45 g/L of nutrients and salts. On a 20 cm
x 10 cm plate, 2 mL of the bacterial suspension are adsorbed.
The elution head elutes a zone of 2 mm x 4 mm, and thus an
area of 8 mm?2. Thereby, 36 ug of salt load is transferred to the
MS. Less salt amounts are already sufficient to cause ion sup-
pression, interfering signals and adduct ion formation (e.g, Na*,
K*, NH4"), instead of the protonated [M+H]* and deprotonated
molecule [M—H]~ [15]. Consequently, the bioassay medium is an
inacceptable source of contamination for the MS system. The trans-
fer of the coeluting assay medium has to be reduced for a direct
hyphenation, in particular for use in routine and in combination
with an HRMS system.

3.2. Reduction of MS interferences by online desalting

MS-grade plates show enhanced sensitivity and low background
signals according to the manufacturers specification. About half
of the interferences were avoided using MS-grade plates with a
reduced plate thickness. Further, only half of the material needs
to be applied on the plate, which is advantageous for expensive
samples and cell cultures, to obtain comparable results to regular
plates (e.g., HPTLC plates silica gel 60 Fys4). Therefore, MS-grade
plates were studied with regard to the total ion count (TIC) inten-
sities after application of the A. fischeri bioassay.

The concepts of online desalting systems reported so far
[18,20,21] cannot be simply transferred to on-surface elutions. Sol-
ubility in relation to desorption from the planar adsorbent and
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1D | NP-HPTLC separation

2D | Vis detection

White light

HPTLC

3D UV detection

UV 254 nm
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Fig. 1 Scheme of the developed 8D hyphenation exploiting heart-cut
trapping and online desalting, arranged in the following sequence: NP-
HPTLC—UV/Vis/FLD—EDA—RP-HPLC—PDA—MS (for 18 samples on a plate, analysis
time was calculated per sample).

HPLC start gradient as well as elution strength in relation to pla-
nar adsorbent and column are also crucial aspects for successful
desalting of the sample eluted from the bioassay plate. Three dif-
ferent desalting devices were one after the other installed on the
switching valve and tested for their salt load reduction capacity
(Fig. 2). The load pump command led the eluent through the elu-
tion head and thus bioactive zone. In the load position, the an-
alytes were eluted from the plate and guided to a desalting trap
installed on the switching valve. Analytes were trapped on the re-
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Fig. 2. Reduction of the A. fischeri bioassay medium load by heart-cut trapping and online desalting: Scheme of the two-position six-port switching valve (A) and mean TIC
reduction of the bioassay load/plate background (n = 2) via the three tested desalting devices (B); eluted with 90% bidistilled water for 45 s at a flow rate of 0.1 mL/min
from pre-washed MS-grade plates with 2 mL A. fischeri medium adsorbed; respective full scan MS spectra in Fig. S4.

spective RP/IEX, Phenyl-X or RP material of the different desalting
devices, while salts and polar nutrients of the bioassay medium
were flushed into the waste. In the elution position, the gradient
of the quaternary HPLC pump was guided through the desalting
device and carried the analyte(s) to the main column, followed by
subsequent PDA and MS detection. In the positive and negative
ionization mode, TIC-MS intensities of the plate background with
and without bioassay were compared (Fig. 2B) as well as the ob-
tained full scan mass spectra (Fig. S4).

Comparing the three desalting devices, the short RP/IEX hybrid
column reduced the bioassay plate background only in the positive
ionization mode, and contrarily, increased it in the ESI~ TIC. This
mixed mode column, consisting of cation exchange and RP ma-
terial, bound the positively charged salt ions via ionic forces and
trapped apolar substances via hydrophobic interactions, whereas
the anions accumulated in the aqueous solvents. By the valve
switch, the anion load, plate background molecules and further re-
tarded molecules were transferred to the MS. Usually in ion ex-
change chromatography, the still bond counter ions were washed
from the column during a regeneration process by rinsing with a
high ionic strength buffer. In this process, the bond ions were re-
placed by counter ions of the buffer [26]. However, no regeneration
process was integrated in this 8D hyphenation, which would cause
the column to lose its ESI* TIC reduction potential over time. Due
to the weak salt reduction capacity and slowly progressing cation
saturation, the RP/IEX hybrid column was excluded as possible de-
salting device.

The RP pre-column showed the lowest TIC intensities regarding
the bioassay load for both ionization modes. The mean high TIC
intensities of the bioassay plate background, caused by the high
salt amounts transferred to MS, were reduced by 44% in the ESI*
TIC and 32% in the ESI~ TIC. The Phenyl-X desalting pre-column
showed almost comparable TIC reduction properties like the RP
material.

All in all, the RP pre-column showed the highest desalting ca-
pacity, and thus was employed for further analysis. The automated
valve switching, analyte trapping and online desalting are the key
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elements making the new workflow generic and robust compared
to the initial setup [15]. Due to the poor pressure stability of the
elution head-based interface (max. 60 bar for the TLC-MS Inter-
face), its isolation via the switching valve from the high-pressure
UPLC gradient (up to 600 bar) is mandatory. First this allows the
integration of sophisticated UPLC columns with a better separa-
tion power, if required. An additional feature of the valve switch-
ing/analyte trapping/online desalting strategy was the simplicity to
guide the solvent flow to waste in the elution position, and thus
clean the elution head (Fig. 2A). This elution head rinsing was per-
formed during the UPLC gradient at no extra time.

3.3. Optimization of zone transfer and ionization

To ensure that the analytes are eluted from the adsorbent layer
and retarded on the second separation column, the elution time
and elution solvent were studied. The higher the elution time was,
the higher was the sample volume transferred to RP-HPLC. A com-
monly used elution solvent is methanol to transfer substances from
the HPTLC plate into the (HR)MS system [2,10,27]. Water (or aque-
ous buffer) and methanol (or acetonitrile) were the only eligible
elution solvents for adapting the used HPLC gradient. Methanol
has a high elution strength on the RP adsorbent. Thus, for elu-
tion solvents with a high methanol portion, no hydrophobic ana-
lyte interactions are expected towards the RP column. In contrast,
water has the highest solvent strength on the NP adsorbent. This
was proven by the retention behavior of typical marker compounds
of cinnamon, i.e., Ci, Co, CA and 2-MCA, eluted with different ra-
tios of methanol and bidistilled water (Fig. 3A-D). Elution solvents
containing less than 20% water were not able to extract the an-
alytes out of the adsorbent layer. The mass traces revealed that
Ci and Co were partially front-eluted with the elution solvent (in-
jection mark). Moreover, the peak shapes were bimodal and broad
for all tested substances. Elution in the range of 30-60% aqueous
solvent caused bimodal peaks especially for Ci. The analytes were
split up between the methanolic fraction of the elution solvent and
methanolic fraction of the HPLC gradient. Co, CA and 2-MCA eluted
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Fig. 3. Different ratios of methanol and bidistilled water were studied to elute the
bioactive compounds Ci (A), Co (B), CA (C) and 2-MCA (D; each 500 ng/band, only
applied) off the adsorbent for transfer to RP-HPLC—PDA—-MS at a 0.1-mL/min flow
rate for 45 s. The latter optimal elution time was found plotting signal intensities
against duration of elution (E; n = 3).
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later than Ci, and thus for the latter, the bimodal peak shape was
more obvious. Using only 30% to 0% methanol, the retention behav-
ior and peak shapes were satisfying. Since the standards are more
middle polar to apolar, the elution with 90% bidistilled water was
preferred.

In order to avoid a loss of analytes by a too short or too long
elution time, it was studied and optimized for the given transfer
lines over a wider polarity range of analytes. The elution time de-
pended on solvent strength, selectivity and solubility. Eluting with
90% bidistilled water, the optimal elution time was figured out
by plotting signal intensities against the duration of the elution
(Fig. 3E). Within 15 s to 30 s the transferred analyte amount was
too low to achieve repeatable results. Heart-cut analyte aliquots
partially remained in the transfer tube from the elution head to
the RP desalting device installed on the switching valve. The used
70-cm capillary tubing had an inner diameter of 0.13 mm, and
thus a calculated volume of 9.3 pL. Further, the unknown dead
volume of the biocompatible inline filter had to be taken into ac-
count, just as the 50-pL steel capillary, connecting the first position
of the switching valve and the desalting device. At a flow rate of
0.1 mL/min an elution volume of 25 pL (50 uL) fills the capillaries
on the way to the RP desalting device within 15 s (30 s), which
explains the partial analyte loss for short elution times. A longer
elution time of 45 s to 75 s led to repeatable results and did not
differ considerably between analyses. Even longer elution times re-
sulted in analyte losses due to breakthrough. Hence, a 45-s elution
was found to be optimal, as it was considered as best compromise
for a generic operation in a wide polarity range. Not only middle to
apolar compounds (Fig. 3), but also highly polar compounds such
as phenolic acids (Fig. 4) were successfully transferred to the sec-
ond separation dimension.

3.4. 5D screening of 18 cinnamon samples

An overall screening of 18 different cinnamon extracts (Table
S1) for their bioactive potential was performed. Along with these
samples, important marker compounds of cinnamon, ie. CA, 2-
MCA, Co and Ci, were applied. The simultaneous separation of
18 samples under the same chromatographic conditions allows a
reliable comparison [6]. The developed mobile phase toluene -
ethyl acetate - methanol (6:3:1, V/V/V; MP6) was a good choice
among the mobile phases investigated (Table S2 and Fig. S1) [28].
Although one mobile phase (MP5, containing o-phosphoric acid)
showed a better zone resolution in FLD 366 nm, the acidic plate
background could not be satisfyingly neutralized for the A. fischeri
bioassay application.

For the same plate, versatile information was obtained due to
the multi-imaging detection. The detection at white light illumina-
tion (Fig. 5A) showed that the co-extracted visual matrix remained
on each application zone. This highlights a crucial advantage of
HPTLC separations which is matrix robustness. The detection at UV
254 nm (Fig. 5B) showed the signals for Ci and the coeluting CA
or 2-MCA in all samples. The amount of these analytes evident as
dark zones of different intensity varied from sample to sample. The
Co was only detected in samples 2, 6, 11 and 12. The detection
at FLD 366 nm (Fig. 5C) showed only the blue fluorescent 2-MCA
in all samples. Note that other not naively fluorescent components
like CA can be hidden in the same zone. By comparing all the in-
dividual profiles only little differences were visible between the 18
screened cinnamon samples. In samples 2, 4, 6, 7, 11 and 14-16
comparatively fewer red fluorescent bands (chlorophylls) were vis-
ible in the lower part of the planar chromatogram.

In contrast, the A. fischeri bioautogram showed especially in the
lower plate part much more differences in the bioactive compound
profiles of the 18 cinnamons (Fig. 5D). Even after 30 min, the same
active metabolites were detected in the bioactive compound pat-
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Fig. 4. Proof-of-concept for more polar phenolic acids (gallic, chlorogenic, caffeic, cinnamic, ferulic and coumaric acids, only applied) in ESI- TIC and respective XICs, eluted
with 90% bidistilled water for 45 s at a flow rate of 0.1 mL/min from pre-washed MS-grade plates with 2 mL A. fischeri medium adsorbed.

1213 14

Fig. 5. Simultaneous screening of 18 cinnamon samples (Table S1) and important marker compounds Ci, Co, CA and 2-MCA (zones a-c in sample 12) developed with
toluene — ethyl acetate — methanol (6:3:1, V/V/V) and detected at white light illumination (A), UV 254 nm (B), FLD 366 nm (C) and biologically via Gram-negative A. fischeri
bacteria (the impairment of their bioluminescence and thus energetic metabolism was depicted as greyscale image, D).
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elution of the active zones a-c, online desalting of bioassay medium salts and respective RP-HPLC—PDA—MS chromatograms and ESI-MS spectra (further spectral data in Fig.

s7).

tern (Fig. S5). The aqueous/buffered bioassay environment caused
that the a priori sharp zones of CA and 2-MCA diffused, resulting in
a broadened dark inhibition zone (further information on diffusion
effects in Fig. S6). Beside CA and 2-MCA, which are known for their
antibacterial effects [29-32], Ci, Co and lots of further unidentified
components induce a pathogenic impact on Gram-negative A. fis-
cheri bacteria.

3.5. 8D hyphenation shown for cinnamon sample 12

Since there were only little differences in the compound pro-
files of the 18 different samples, sample 12 provided a compar-
atively high amount of 2-MCA and was chosen. It was subjected
to the whole 8D hyphenation as proof-of-principle (Fig. 6). From
the A. fischeri bioautogram (Fig. 6D), the bioactive zones of inter-
est were immediately heart-cut eluted to the RP desalting device,
and by valve switch, subjected to RP-HPLC-PDA-MS. Only the an-
alytes together with residual bioassay ingredients were transferred
to the orthogonal separation and detection. The filter frit at the
output of the elution head and the biocompatible inline filter frit
have pore sizes of 2 pm and 0.5 pm, respectively. Bacteria of the
genus Aliivibrio have a width of 0.5 pm to 0.8 pm and a length of
1.4 pm to 2.6 um [33] and cannot pass the filter frits. The bioassay

salt load was decreased by online desalting. Thus, interference-free
chromatograms of the second orthogonal separation were obtained
by PDA and MS (Fig. 6, 7D/8D).

Zone a showed two different signals at retention times of
7.28 min and 7.55 min at UV 290 nm, whereas only one domi-
nant signal at 7.55 min (m/z 163 [M+H]") was detected in the ESI*
TIC. Another very weak signal (m/z 133 [M+H]") was revealed and
the mass trace was extracted for a better visualization. The two
coeluting substances in the planar chromatogram were now well
separated due to the orthogonal column chromatographic separa-
tion and assigned to be CA and 2-MCA. The spectrum of CA was
not interference-free and contained more noise compared to that
of 2-MCA. This is explained by diffusion effects, as the A. fischeri
medium consists mainly of water and salts [22]. CA has a water
solubility of 1.72 g/L [34,35]. By spraying 2 mL culture suspension
over a 20000-mm? area, 0.7 uL medium is sprayed over the 7-mm?
CA zone of 500 ng. The quotient out of 500 ng CA and 700 pL
medium load is 0.7 ng/nL, and thus the complete amount of CA
is soluble in the over-sprayed medium. Comparing images at UV
254 nm before and after the A. fischeri bioassay, it is evident that
the CA bands diffused (Fig. S6). A similar diffusion effect is evident
for zone b (Co). In the initial image at UV 254 nm, the zones are
well separated (Fig. 6B). Contrarily, the MS and PDA data showed
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a diffusion of CA into zone b (Co) due to its diffusion caused by
the very polar bioassay medium. The weak CA signal proved that
it (zone a) was spread over a wider area, and thus on the adjacent
zone b. However, the Co signal at m/z 147 [M+H]|t was undoubt-
edly identified in the ESI* TIC and PDA chromatograms. Zone c (Ci)
showed only a single well-shaped peak both via the ESI~ TIC and
PDA at 290 nm and was verified by its mass signal at 6.97 min
(m/z 147 [M—H]~). This is a good example for the outstanding, but
underestimated separation quality of HPTLC. All spectral data were
compared to standards (Fig. S7), undoubtedly identifying the ana-
lyzed bioactive compounds in the cinnamon samples with the new
8D hyphenation. All four identified compounds in the cinnamon
samples were proven to be active against Gram-negative A. fischeri
bacteria.

3.6. Benchmarking with status quo

The minimalistic sample preparation and matrix robustness of
HPTLC is a key feature with regard to complex samples. The sam-
ple remains as native as possible, which is important for the non-
target screening for bioactive unknown unknowns. In contrast,
status-quo microtiter plate assays can only provide a sum param-
eter as result and are prone to matrix effects (as there is no sepa-
ration). The ultimate objective is to find the most important bioac-
tive substances in complex mixtures. Selecting a comprehensive
technique of highest separation efficiency and sensitivity would in-
crease the complexity, would make data acquisition/processing te-
dious and would distract from the essential. In the end, not all de-
tected compounds can be clarified in the structure anyway. Why
create a complexity that is then simplified to make it manageable?
We judge the separation efficiency of HPTLC to be ideal for the
transfer to the orthogonal dimension. A second separation of quite
different selectivity is most efficient and structure elucidation is
only made for the most bioactive zones [36,37]. The whole 8D pro-
cedure took 4 h for screening of 18 samples and characterization of
4 marker compounds (including recording of 2 background zones).
In contrast, status-quo HPLC—HESI-HRMS non-target screening, re-
gardless of bioactivity, takes about 30 min per sample, summing
up to 9 h for 18 complex samples [36]. And yet the bioactivity
is still not assigned, which needs additional labor time. In com-
parison, the 4-h all-inclusive bioanalytical 8D hyphenation is more
efficient and straightforward. One could predict bioactivity of un-
knowns via Big Data tools, but it still poses a challenge in assigning
individual components in complex mixtures, due to the diversity
of identity and abundance of compounds [37]. In any case, the real
biological evidence is required in the end. If compared to status-
quo microtiter plate assays, planar assay workflows by HPTLC—EDA
were faster and less expensive [38]. The serious question therefore
arises as to whether the currently used mainstream techniques are
still the best choice. With the routine use of this 8D hyphenation,
savings in costs and analysis time are estimated to be higher than
60%.

4. Conclusions

The proof-of-principle of the developed robust 8D hyphen-
ation was successfully demonstrated. The valve switching permit-
ted analyte trapping, online desalting and the employment of high-
pressure gradients. The second orthogonal separation column and
gradient can easily be adjusted depending on the purpose, mak-
ing it highly flexible. The salt load transfer to the MS system was
reduced by up to 44% in ESI*-TIC-MS and >32% in ESI"-TIC-MS
by a simple RP pre-column (compliant to the second separation
column). The cinnamon samples showed that there are still some
challenges. Due to the aqueous bioassay medium load on the plate,
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diffusion of analytes may occur as observed for CA, but not for 2-
MCA, Co and Ci. Such a phenomenon can be discovered and ex-
plained by comparison of the images before and after the bioassay.
Low analyte concentrations are hardly recognizable in PDA chro-
matograms and in full scan MS spectra used for the presented non-
target screening strategy. Apart from this, the focus on the most
important bioactive compounds might already be sufficient work
for the analyst. Hence , this 8D workflow is an outstanding ap-
proach to get a wealth of information on most potent bioactive
unknown compounds in complex samples and any coeluting com-
pounds in planar chromatography. The 8D workflow was devel-
oped and optimized based on mass spectral data directly recorded
from the A. fischeri bioautogram. It showed that even highly salted
medium did not influence the detection of coeluting substances.
Hence, it is also a very good solution for the analysis of salt-
rich industrial samples. This hyphenation can also be exploited for
the integration of other bioassays and their respective media. The
transfer to more sensitive HRMS" systems can now be dared based
on the progress. Depending on the available instrumentation, even
12D hyphenations are possible and focus of future studies.

Appendix A. Supplementary data

Supplementary data to this article (Tables S1 and S2; Figs.
$1-S7) can be found online at...
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Table S1. Compilation of the investigated 18 cinnamon samples, including weight (W) extracted

in 2 mL methanol — water (4:1, V/V).

No. | Label Manufacturer Origin Plant W [mg]
1 Ceylon cinnamon, Gewlirzkarawane, Ceylon C. verum 200.8
ground Freiburg, Germany
2 Cinnamon, ground | Ezogelin Gewiirze, not specified | C. cassia 200.5
Heilbronn, Germany
3 Ceylon cinnamon, Alnatura, Bickenbach, Madagaskar | C. verum 201.9
ground Germany
4 Ceylon cinnamon Gewirze-Krauter-Tee Ceylon C. verum 201.4
Jorge Gonzalez, Sasbach
Germany
5 Cinnamon sticks, NGR Products, Bremen, Sri Lanka C. verum 200.7
ground Germany
6 Cinnamon, ground | Fa. Koninklijke Euroma not specified | not specified | 200.0
and germ-reduced | B.V., Wapenveld,
Netherlands
7 Organic ceylon H F Hanseatic Fine Food, | Sri Lanka C. verum 199.9
cinnamon, ground, | Bad Oldesloe, Germany
fine and sweet
8 Ceylon cinnamon, Siegfried-Klein, Ceylon C. verum 205.4
ground Bonnigheim, Germany
9 Ceylon cinnamon, Alnatura, Bickenbach, Madagaskar | C. verum 197.7
ground Germany
10 | Ceylon cinnamon, Alnatura, Bickenbach, Madagaskar | C. verum 2014
ground Germany
11 | Cinnamon, ground | Omega GroRhandel, not specified | C. cassia 200.3
Essingen, Germany
12 | Cinnamon, ground | Hela, Ahrensburg, not specified | not specified | 202.0
Germany
13 | Ceylon cinnamon, Lebensbaum Diepholz, Madagaskar | C. verum 202.4
ground Germany
14 | Cinnamon, ground | 1001 Frucht, Regensburg, | Ceylon C. verum 201.4
premium quality Germany
15 | Organic ceylon Cosmoveda, Berlin, Ceylon C. verum 200.2
cinnamon, ground Germany
16 | Tansania ceylon Pfefferkontor, Berlin, Tansania C. verum 200.3
cinnamon Germany
17 | Organic ceylon Simone Wertz, Gersten, Ceylon C. verum 201.4
cinnamon Germany
18 | Cinnamon, ground, | Sonnentor Krauterhandel, | Madagaskar | C. verum 202.9
type: Ceylon-mild Sprognitz, Austria
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Table S2. Investigation of mobile phase (MP) systems for cinnamon extract separation on

HPTLC plates silica gel 60 F2s4 MS-grade.

No. | MP system’ Ratio (all V/V) | Distance | Literature
1 Petroleum ether:CH2Cl:FA 20:40:1 [1]
2 Toluene:EtOAc 93:7 [2]
3 n-Hexane:EtOAc 18:7 [3]
4 Toluene:EtOAc:MeOH:H,O:FA | 60:85:45:10:5 -
5 Toluene:EtOAc:MeOH:H0: 60:85:45:10:1 -
o-phosphoric acid
6 Toluene:EtOAc:MeOH 6:3:1 -
7 n-Hexane:toluene:EtOAc:MeOH | 2:4:3:1 -
8 Toluene:EtOAc:MeOH 3:1:1 -
9 1) Toluene:EtOAc:MeOH 5:3:2 70 mm -
2) ACN:H20:FA 41:8:1 30 mm
10 | EtOAc:pyridine:MeOH:H20 80:20:10:5 [4]
11 | Toluene:diethyl ether:FA 10:10:1 -
12 | Toluene:EtOAc:MeOH:FA 12:10:1:1 -
13 | 1) Toluene:diethyl ether:FA 10:10:1 70 mm -
2) ACN:H20:FA 41:8:1 30 mm
14 | CHCIs:EtOAc:MeOH:FA 4:3:2:1 [5]
15 | MeOH:H20:EtOAc:n-hexane gradient [6]

'Dichloromethane CH:Cl,, formic acid FA, ethyl acetate EtOAc, methanol MeOH,
bidistilled water H,O, chloroform CHClI3, acetonitrile ACN
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MP1 MP2 MP3 MP4 MP5 MP6 MP7

MP8 MP9 MP10 MP11 MP12 MP13 MP14 MP15

Fig. S1. HPTLC chromatograms at UV 366 nm of cinnamon extracts 3 and 7 (Table S1) on HPTLC

plates silica gel 60 F2s4 MS-grade with mobile phase (MP) systems 1-16 (Table S2).
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Fig. S3. Development of the full scan MS method with regard to cone voltage (CV) and scan
frequency (SF) on the examples of 2-methoxycinnamaldehyde (2-MCA), coumarin (Co),

cinnamaldehyde (CA) and cinnamic acid (Ci).
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Fig. S5. Documentation of the bioautographic profile over 30 min (10 images were taken):
Simultaneous screening of 18 cinnamon samples and the important marker compounds 2-
methoxycinnamaldehyde (2-MCA), coumarin (Co), cinnamaldehyde (CA) and cinnamic acid (Ci)
developed with toluene - ethyl acetate — methanol (6:3:1, V/V/V) and detected biologically
(bioluminescence of Gram-negative A. fischeri bacteria depicted as greyscale image). Even 30 min
after the bioassay application, the bioactive compound pattern of the 18 cinnamons was
comparable and still the same active metabolites were detected.
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Before A. fischeri bioassay After A. fischeri bioassay

Fig. S6. Major diffusion effects (framed red) caused by the A. fischeri bioassay medium after
separation of cinnamon sample 12 as well as 2-methoxycinnamaldehyde (2-MCA), coumarin (Co),
cinnamaldehyde (CA) and cinnamic acid (Ci) with toluene - ethyl acetate - methanol (6:3:1, V/\V/V);

documented before versus after the A. fischeri bioassay at UV 254 nm (A) and 366 nm (B).

Page S-10

54



Publication 1

Zone a

728 Diode array
290 nm

1.0e-1
< 50e2

.] T T T T Time
250 5.00 7.50 10.00 12.50

2 ——Zone a

450007
4,00E407
3506407
3008407
2508407
2006407
1,506407
1006407
5.00€+06

© Intensity [%]

z

7.58 ESI*
TIC

Intensity [%]

0,008400 |
20 300 320 340 360
Wavelength [nm]

——2.Methorycinnamaldehyde  —— Zone a
1008407
2006406
6.006+06

2

2
4006406

2006408

0,006+00 +
o

Zone b

Diode array
6f9 290 nm
5.0e-2

AU

25e-2: I

%

7.3 Esl*
miz 133

6.80 ESI'
TiIC

o Intensity [%]

8,006-07
7006407
6,00E407
5006407
2 4008407
3006407
2006407
1006407
0,006+00
2

Wavelength [nm]

——Coumarn  ——Zone b

Zone c
6.95 Diode array

290 nm
1.0e-1

< 5.0e-2:

8

Intensity [%]

wx

urs

e

W
w10

T T T g T ¥ y T Time
4.00 6.00 8.00 10.00 12.00

——Coumarn ——Zone b

T

ESI' w0
RT 6.80

ESI*
RT 6.80

Intensity %]

b ol ESl
Tic

© Intensity [%]

¥ T T

250 500 750
——— Cinnamic acld ——Zone ¢

1406408
1206408
1,006+08
2 2,005407
6,006+07
4,008407

2,008407

urso

i
a0

w» ESI
RT6.97

urs0

ntonsity (%)

wrm

0,006400 +
2 240 260 w0 300 32 40

Wavelength [nm]

——Cinamicacid ——Zone c

Fig. S7. Further spectral data of zones a-c in cinnamon sample 12, analyzed as in Fig. 5.

Page S-11

55



Publication 1

References

[11 C.L. Gopu, S. Aher, H. Mehta, A.R. Paradkar, K.R. Mahadik, Simultaneous determination of
cinnamaldehyde, eugenol and piperine by HPTLC densitometric method, Phytochem Anal 19
(2008) 116—121.

[2] G. Horvath, N. JAambor, A. Végh, A. Boszérményi, E. Lemberkovics, E. Héthelyi, K. Kovacs,
B. Kocsis, Antimicrobial activity of essential oils: the possibilities of TLC-bioautography,
Flavour Fragr. J. 25 (2010) 178-182.

[3] M. Yamunadevi, E.G. Wesely, M. Johnson, Phytochemical studies on the terpenoids of
medicinally important plant Aerva lanata L. using HPTLC, Asian Pacific Journal of Tropical
Biomedicine 1 (2011) 220-225.

[4] M. Medié-Sari¢, |. Jasprica, A. Mornar, Z. Male$, Application of TLC in the Isolation and
Analysis of Falvonoids, in: M. Waksmundzka-Hajnos, J. Sherma, T. Kowalska (Eds.), Thin
Layer Chromatography in Phytochemistry: 16 Application of TLC in the Isolation and Analysis
of Flavonoids, CRC Press, 2008, pp. 405-424.

[5] W. Jesionek, B. Majer-Dziedzic, I.M. Choma, Separation, Identification, and Investigation of
Antioxidant Ability of Plant Extract Components Using TLC, LC-MS, and TLC-DPPH -, J.
Liq. Chromatogr. Related Technol. 38 (2015) 1147-1153.

[6] K. Misra, R. Tulsawani, R. Shyam, D.K. Meena, G. Morlock, Hyphenated High-Performance
Thin-Layer Chromatography for Profiling of some Indian Natural Efficiency Enhancers, J. Liq.
Chromatogr. Related Technol. 35 (2012) 1364-1387.

Page S-12

56



Publication 2

3. Publication 2

Is Our Natural Food Our Homeostasis? Array of a Thousand

Effect-Directed Profiles of 68 Herbs and Spices

Tamara Schreiner, Dorena Sauter, Maren Friz, Julia Heil, Gertrud E. Morlock*

Institute of Nutritional Science, Chair of Food Science, and TransMIT Center for

Effect-Directed Analysis, Justus Liebig University Giessen, Giessen, Germany

Dedicated to the 75th birthday of Prof. Dr. Teresa Kowalska, University of Silesia, Poland

Published in

Frontiers in Pharmacology, 12 (2021) 755941

Received 9 August 2021; Accepted 3 November 2021; Published 9 December 2021

57



Publication 2

58



Publication 2

..\' frontiers

in Pharmacology

ORIGINAL RESEARCH
published: 09 Decer

OPEN ACCESS

Edited by:

Michael Heinrich,

UCL School of Pharmacy,
United Kingdom

Reviewed by:

Yusof Kamisah,

Universiti Kebangaan Malaysia,
Malaysia

David Morton,

La Trobe University, Australia

*Correspondence:
Gertrud Elisabeth Morlock
gertrud.morlock@uni-giessen.de

Dediicated to the 75th birthday of Prof.
Dr. Teresa Kowalska,
University of Silesia, Poland

Specialty section:

This article was submitted to
Ethnopharmacology,

a section of the journal
Frontiers in Pharmacology

Received: 09 August 2021
Accepted: 03 November 2021
Published: 09 December 2021

Citation:

Schreiner T, Sauter D, Friz M, Heil J
and Morlock GE (2021) Is Our Natural
Food Our Homeostasis? Array of a
Thousand Effect-Directed Profiles of
68 Herbs and Spices.

Front. Pharmacol. 12:755941.

doi: 10.3389/fohar.2021.755941

Frontiers in Pharmacology | www.frontiersin.org 1

Check for
Updates

Is Our Natural Food Our Homeostasis?
Array of a Thousand Effect-Directed
Profiles of 68 Herbs and Spices

Tamara Schreiner, Dorena Sauter, Maren Friz, Julia Heil and Gertrud Elisabeth Morlock*

Institute of Nutritional Science, Chair of Food Science, and TransMIT Center for Effect-Directed Analysis, Justus Liebig University
Giessen, Giessen, Germany

The beneficial effects of plant-rich diets and traditional medicines are increasingly
recognized in the treatment of civilization diseases due to the abundance and diversity
of bioactive substances therein. However, the important active portion of natural food or
plant-based medicine is presently not under control. Hence, a paradigm shift from quality
control based on marker compounds to effect-directed profiing is postulated. We
investigated 68 powdered plant extracts (botanicals) which are added to food
products in food industry. Among them are many plants that are used as traditional
medicines, herbs and spices. A generic strategy was developed to evaluate the bioactivity
profile of each botanical as completely as possible and to straightforwardly assign the most
potent bioactive compounds. It is an 8-dimensional hyphenation of normal-phase high-
performance thin-layer chromatography with multi-imaging by ultraviolet, visible and
fluorescence light detection as well as effect-directed assay and heart-cut of the
bioactive zone to orthogonal reversed-phase high-performance liquid chromato-
graphy—photodiode array detection—heated electrospray ionization mass spectrometry.
In the non-target, effect-directed screening via 16 different on-surface assays, we
tentatively assigned more than 60 important bioactive compounds in the studied
botanicals. These were antibacterials, estrogens, antiestrogens, androgens, and
antiandrogens, as well as acetylcholinesterase, butyrylcholinesterase, a-amylase,
a-glucosidase, B-glucosidase, B-glucuronidase, and tyrosinase inhibitors, which were
on-surface heart-cut eluted from the bioautogram or enzyme inhibition autogram to the
next dimension for further targeted characterization. This biological-physicochemical
hyphenation is able to detect and control active mechanisms of traditional medicines
or botanicals as well as the essentials of plant-based food. The array of 1,292 profiles (68
samples x 19 detections) showed the versatile bioactivity potential of natural food. It
reveals how efficiently and powerful our natural food contributes to our homeostasis.

Keywords: botanical, effect-directed analysis, 8D hyphenation, high-performance thin-layer chromatography, high-
performance liquid chromatography, mass spectrometry
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1 INTRODUCTION

Herbs and spices are widely used for nutrition, flavoring,
cosmetics, dyeing, or fragrances (Guldiken et al., 2018). They
are also applied in medicine due to their known beneficial effects
on human health (Yuan et al.,, 2016; Caesar et al., 2019), inspired
by traditional healers who have used botanical extracts since
ancient times (Belwal et al., 2018b). The knowledge of biologically
active plants, their harvesting, production, preparation, and
administration has been passed down through thousands of
years of traditional medicine (Yuan et al., 2016). Particularly
phenols were reported to have antibacterial, antiviral, and
antioxidant effects, as well as the ability to modulate enzyme
activity and transduction pathways (Kriiger et al, 2017
Tresserra-Rimbau et al,, 2018). Some studies have quantified
the total amount of healthful constituents in herbal extracts
and calculated the recommended intake of antioxidants from
culinary herbs (Halvorsen et al., 2002; Wojdylo et al., 2007).
However, their multifactorial relevance in homeostasis is
underexplored. It is evident that the use of the whole natural
plant extract is more powerful for homeostasis due to the
versatility of the gentle mechanisms of active compounds than
the use of isolated compounds (Morlock and Heil, 2020).

In a typical screening for potential drug candidates, plant
extracts are currently freed from assay-interfering tannins by
solid-phase extraction, separated with an HPLC gradient
(42 min/sample including equilibration), and collected in
fractions, which are screened for bioactivity in a microtiter
plate assay (Kongstad et al, 2015). Therefore, bioactivity can
only be assigned to a fraction containing several analytes via a
costly and time-consuming workflow, which subsequently
requires analytical separation and testing of each peak to
assign the individual bioactive compounds (Caesar et al,
2019). In routine, there has only been a little progress in non-
target screening of food for bioactive compounds at an affordable
price. Most methods deal with illicit additions, organic
contaminants (Fu et al., 2017), adulterated foods (Diaz et al.,
2012), and migrants from packaging (Rusko et al., 2020; Su et al.,
2020). Also, generic chromatography-based high-resolution mass
spectrometric methods were examined to cover as many
substances as possible within a single analysis (Diaz et al,
2012). However, one drawback is the high load of interfering
matrix caused by the diversity and abundance of substances in
such natural products as spices and herbs (Caesar et al,, 2019;
Morlock and Heil, 2020). Elaborate sample preparation (which is
selective and error-prone) would otherwise limit the validity and
significance of the results. The state of the art is setting an
intensity threshold and focusing on highly abundant signals
(Wu et al, 2016). But even the smallest signal can have an
important biological effect. Ignoring minor signals from the
set instrumental threshold will produce grossly negligent
results. Moreover, compounds may not ionize well or at all
with standard settings of mass spectrometric recording. That is
why routine analysis of natural extracts is still tailored and limited
to marker compounds. However, the important active portion of
natural food needs to be under (analytical) control, which is
presently not the case.
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Paradigm Shift to Effect-Profiles of Botanicals

To overcome these limitations and expand the analytical
toolbox, a high-throughput eight-dimensional (8D) hyphenat-
ion was recently developed, and its proof of principle was shown
for cinnamon samples detected with an antibacterial bioassay
(Schreiner and Morlock, 2021). It demonstrated the information
gained by combining effect-directed assays (EDA) with normal-
phase high-performance thin-layer chromatography including
multi-imaging by ultraviolet, visible, and fluorescence light
detection (NP-HPTLC-UV/Vis/FLD) (Morlock, 2021). Heart-
cut elution and transfer of the bioactive compound zone to an
orthogonal reversed-phase high-performance liquid
chromatography (RP-HPLC) system was exploited to separate
potentially coeluting bioactive substances. The subsequent
photodiode array detection (DAD) and heated electrospray
ionization mass spectrometry (HESI-MS) were used for
additional straightforward characterization of the bioactive
substances. ~ The advantage of NP-HPTLC-UV/Vis/
FLD-EDA-heart-cut RP-HPLC-DAD-HESI-MS is that it
prioritizes and reduces the thousands of compounds in such
natural samples to the most important bioactive compounds. As
the previously developed hyphenation was only shown for
cinnamon and one antibacterial bioassay, this study intended
to examine the influence of 68 different plant matrices and 16
different assays on the robustness of the new 8D hyphenation. It
was of interest to prove its universal validity and significance, to
figure out potential limitations, and to verify its suitability as
generic activity screening. Such straightforward effect-directed
profiling could be applied to reveal, understand, and control the
mode of action of traditional medicines, botanicals, and plant-
based food.

2 MATERIALS AND METHODS

2.1 Chemicals and Materials

Purity grades were listed when available. All salts were of p. a.
quality and water free unless stated otherwise. Ethanol, toluene
(all solvents of chromatography grade), bovine serum albumin
(BSA, fraction V, >98%), dipotassium hydrogen phosphate
(K,HPOy,  299%),  sodium  dihydrogen phosphate
monohydrate (NaH,PO, - H,O, >98%), glycerol (Rotipuran,
86%), potassium dihydrogen phosphate (KH,PO4 >99%),
dipotassium hydrogen phosphate trihydrate (K,;HPO, - 3 H,O,
>99%), sodium hydroxide (NaOH, >98%), disodium hydrogen
phosphate (Na,HPO,4, >99%), potassium chloride (KCl, 98.5%),
polyethylene glycol (PEG) 8000 (Ph. Eur.), kojic acid (>98%),
acetic acid (100%), sulfuric acid (96%), hydrochloric acid (37%,
HCI, purest), citric acid (p. a.), 3-[4,5-dimethylthiazol-2-yl]-2,5-
diphenyltetrazolium bromide (MTT, >98%), 3-[(3cholamidopropyl)
dimethylammonio]-1-propanesulfonate (CHAPS, >98%), dimethyl
sulfoxide (DMSO), and tris(hydroxymethyl)aminomethane
(TRIS, >99.9%) were obtained from Carl Roth, Karlsruhe,
Germany. Diammonium hydrogen phosphate ([NH4],HPOy,
>99%) was purchased from Acros Organics, Morris Plains, NJ,
United States. Butyrylcholinesterase (BChE) from equine serum
(2140 U/mg) was provided by SERVA, Heidelberg, Germany.
Acarbose (>95%), a-glucosidase from Saccharomyces cerevisiae
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TABLE 1 | Compilation of 68 botanicals, including botanical name, plant part, and sample weights (W) extracted with 5 ml methanol (*filtered through 0.45 pm PTFE filter).

No

N OHAEWN =

LELLEBBY

8988

39

a1

28N

53584

49

51

L&

8288

59

61

33288

67
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Common name

Acerola
Horehound, white
Apple*
Artichoke, globe
Basil
Fenugreek
Stinging nettle™
Blackberry
Eucalyptus
Fennel

Fruit tea, yellow
Fruit tea, red
Galangal
Ginkgo
Ginseng
Guarana

Dog rose
Blueberry, European
Hibiscus
Raspberry
Elderberry
Elder flower
Honeybush*
Hop

Ginger
Jasmine*
Cassis
Chamomile
Cardamom*
Garlic

Kola*
Coriander
Caraway
Lovage
Marjoram
Yerba mate™
Yerba mate
Lemon balm
Clove™

Orange
Orange
Oregano
Passionflower
Peppermint
Rooibos*
Rosemary*
Sage

Sea buckthorn
Horsetail
Yarrow*
Celeriac
Coneflower
Plantain

Star anise
Licorice
Siberian ginseng
Thyme

Grape*

Grape

Juniper

Grape
Hawthorn
Hawthorn leaves (Batch 1)
Hawthorn leaves (Batch 2)
Chicory
Cinnamon
Lemon peel
Lemon verbena

Botanical name

Malpighia glabra L [Malphighiaceae]

Marrubium vulgare L. [Lamiaceag]

Malus sylvestris (L.) Mill. [Rosaceae]

Cynara cardunculus subsp. scolymus (L.) [Asteraceae]
Ocimum basilicum L. [Lamiaceae]

Trigonella foenum-graecum L. [Fabaceae]

Urtica dioica L. [Urticaceae]

Rubus fruticosus L. [Rosaceae]
Eucalyptus globulus Labill. [Myrtaceae]
Foeniculum vulgare Mill. [Apiaceae]

not available
not available

Alpinia officinarum Hance. [Zingiberaceae]
Ginkgo biloba L. [Ginkgoaceae]

Panax ginseng C.A.Mey. [Araliaceae]
Paullinia cupana Kunth [Sapindaceae]

Rosa canina L. [Rosaceae]

Vaccinium myrtillus L. [Eriaceae]
Hibiscus rosa-sinensis L. [Malvaceae]

Rubus idaeus L. [Rosaceae]

Sambucus nigra L. [Adoxaceage]

Sambucus nigra L. [Adoxaceag]

Cyclopia genistoides (L.) R.Br. [Fabaceae]
Humulus lupulus L. [Cannabaceae]

Zingiber officinale Roscoe [Zingiberaceae]
Jasminum officinale L. [Oleaceae]

Ribes nigrum L. [Grossulariaceae]

Matricaria chamomilla L. [Asteraceag]

FElettaria cardamomum (L.) Maton [Zingiberaceae]
Allium sativum L. [Amarylidaceae)

Cola nitida (Vent.) Schott and Endl. [Malvaceae]
Coriandrum sativum L. [Apiaceae]

Carum carvi L. [Apiaceae]

Levisticum officinale W.D.J.Koch [Apiaceae]
Origanum majorana L. [Lamiaceae]

llex paraguariensis A.St.-Hil. [Aquifoliaceae]

llex paraguariensis A.St.-Hil. [Aquifoliaceae]
Melissa officinalis L. [Lamiaceae]

Syzygium aromaticum (L.) Merr. and L.M.Perry [Myrtaceae]
Citrus x aurantium L. [Rutaceae]

Citrus x aurantium L. [Rutaceae]

Origanum vulgare L. [Lamiaceae]

Passiflora incarnata L. [Passifloraceae]

Mentha x piperita L. [Lamiaceae]

Aspalathus linearis (Burm.f.) R.Dahigren [Fabaceae]
Salvia Rosmarinus Spenn. [Lamiaceag]

Salvia officinalis L. [Lamiaceae]

Hippophae rhamnoides L. [Elaeagnaceae]
Equisetum arvense L. [Equisetaceae]

Achillea millefolium L. [Asteraceae]

Apium graveolens L. [Apiaceag]

Echinacea angustifolia DC. [Asteraceae]

Plantago lanceolata L. [Plantaginaceae]

Micium verum Hook.f. [Schisandraceae]

Glycyrrhiza glabra L. [Fabaceae]

Eleutherococcus senticosus (Rupr. and Maxim.) Maxim. [Araliaceae]
Thymus vulgaris L. [Lamiaceae]

Vitis vinifera L. [Vitaceae]
Vitis vinifera L. [Vitaceae]

Juniperus communis L. [Cupressaceae]

Vitis vinifera L. [Vitaceae]

Crataegus sp. [Rosaceae]
Crataegus sp. [Rosaceae]
Crataegus sp. [Rosaceae]

Cichorium intybus L. [Asteraceae]
Cinnamomum verum J.Presl [Lauraceae]
Citrus x limon (L.) Osbeck [Rutaceae]
Aloysia citridora Palau [Verbenaceae]

Plant part

fruits

herb

peel

leaves

herb

seeds
leaves
leaves
leaves

fruits
unknown
unknown
roots
leaves
roots
seeds

fruits

fruits
blossoms
juice concentrate from fruits
fruits
blossoms
leaves, branches, blossoms
blossoms
roots
blossoms
juice concentrate from fruits
blossoms
fruits

bulbs
seeds

fruits

fruits

roots

herb
leaves, roasted
leaves
leaves
flower buds
blossoms
peel

herb
blossoms
leaves
leaves
leaves
leaves

fruits

herb

herb

bulb

herb and roots
leaves

fruits

roots

roots

herb

seed

peel

fruits

leaves
leaves and blossoms
leaves
leaves
roots

bark

peel

leaves

W [mg]

501.5
500.1
500.7
501.3
500.6
499.9
501.5
500.6
499.7
499.9
501.3
502.6
501.8
502.7
502.3
498.8
501.0
501.2
499.6
503.0
501.4
502.5
499.3
502.1
499.0
499.2
500.7
499.3
499.6
499.9
500.8
501.3
500.0
499.6
502.4
499.6
500.2
500.6
501.9
499.7
501.1
501.5
501.1
500.3
500.7
500.9
499.9
501.9
499.3
501.6
501.3
499.1
500.5
500.3
500.3
503.4
499.6
499.9
499.7
501.5
501.2
499.7
501.8
499.9
501.1
501.5
500.7
500.4
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(1,000 U/vial), tyrosinase from mushroom (>1,000 U/mg, 25 kU/
vial), B-glucuronidase from Escherichia coli (5,000 U/vial),
acetylcholinesterase (AChE) from Electrophorus electricus

(>245U/mg, 10kU/vial), peptone from casein (for
microbiology), sodium acetate, sodium chloride (NaCl),
Miiller-Hinton  broth  (for microbiology), b-(+)-glucose

(99.5%), rivastigmine (>98%), imidazole (>99.5%), copper
sulfate, 7-hydroxy-4-methylcoumarin (4-methylumbelliferone,
>98%), yeast nitrogen base without amino acids (for molecular
biology), quercitin-3-O-glucoside (=90%), liquiritigenin (>97%),
naringenin (>95%), syringic acid (=95%), pinobanksin (>95%),
sodium hydrogen carbonate (99.7%), lysogeny broth (containing
5mg/ml sodium chloride) powder, ampicillin sodium salt,
a-amylase from hog pancreas (50 U/mg), Gram’s iodine
solution (for microscopy) and testosterone (>99%) were
delivered by Sigma-Aldrich, Steinheim, Germany. 2-Naphthyl-
B-p-glucopyranoside (95%) and p-glucosidase from almonds
(3,040 U/mg) were provided by ABCR, Karlsruhe, Germany.
1-Naphthyl acetate (>98%) and 2-naphthyl-a-p-glucopyranoside
were obtained from AppliChem, Darmstadt, Germany. Fast Blue B
salt (95%) was purchased from MP Biomedicals, Eschwege,
Germany. 5-Bromo-4-chloro-3-indolyl-B-p-glucopyranosid-uronic
sodium salt was obtained from Carbosynth, Compton-Berkshire,
United Kingdom. Methanol (MS quality) and formic acid (99%)
were  delivered from  VWR, Darmstadt,  Germany.
D-Saccharolactone and  (2S)-2-amino-3-(3,4-dihydroxyphenyl)
propionic acid (levodopa) was obtained from Santa Cruz
Biotechnology, Dallas, TX, United States. 17-B-Estradiol (98.5%)
was obtained from Dr. Ehrenstorfer, Augsburg, Germany. Ethyl
acetate (>99.8%) and yeast extract powder (for microbiology) were
purchased from Th. Geyer, Renningen, Germany. The medium for
the Gram-negative, naturally luminescent marine Aliivibrio fischeri
bacteria (DSM-7151, German Collection of Microorganisms and
Cell Cultures, Berlin, Germany) is listed elsewhere (European
Committee for Standardization, 2009). Gram-positive soil bacteria
Bacillus subtilis subsp. spizizenii (DSM-618), magnesium sulfate
heptahydrate (MgSO, - 7 H,O, 99.5%), citric acid monohydrate
(=99.5%), 4-methyl-umbelliferyl-B-p-galactopyranoside, phosphate-
buffered saline (without Ca**), soluble starch, as well as HPTLC
plates silica gel 60 F,54 MS-grade and HPTLC plates silica gel 60
(both 20cm x 10cm) were provided by Merck, Darmstadt,
Germany. Bidistilled water was prepared by a Heraeus
Destamat Bi-18 E  (Thermo Fisher Scientific, Dreieich,
Germany). Saccharomyces cerevisiae B] 1991, equipped with
the human androgen receptor, S9 enzyme mixture (from rat
liver), nicotinamide adenine dinucleotide phosphate (NADP),
and glucose 6-phosphate were delivered by Xenometrix, Allschwil,
Switzerland. Additional chemicals and reagents used for planar
yeast ant-/agonistic androgen/estrogen screens were reported
elsewhere (Klingelhofer and Morlock, 2015; Klingelhofer et al.,
2020). The Saccharomyces cerevisiae cells equipped with the hERp
were obtained from the Erwin Herberle-Bors, University of
Vienna, Austria (Kirchmayer, 2009). Reference substances
acacetin (99%), eriocitrin (96%), naringin (92%), ginkgolide A
(99%) and B (99%), isorhamnetin (99%), liquiritin apioside
(295%),  hesperidin  (>96%),  (-)-epicatechin  (100%),
(+)-catechin (98%), rutin (90%), and meranzin (98%) were
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obtained from PhytoLab, Vestenbergsgreuth, Germany.
Rosmaric acid (>=98%), galangin (>98%), chlorogenic acid,
kaempferol, and daidzein were delivered by Cayman Chemical,
Ann Arbor, MI, United States. Glycyrrhizic acid and 4-
nitroquinoline-1-oxide (98%) were purchased from TCI,
Eschborn, Germany. The strain TA1535 of Salmonella
typhimiurium (genetically modified to contain the plasmid
pSK1002) was purchased as cryostock from Trinova Biochem,
Giessen, Germany. Resorufin-B-p-galactopyranoside was obtained
from Toronto Research Chemicals, Toronto, Canada.

2.2 Standard Solutions and Sample
Preparation

Standards solutions were prepared in methanol (1 mg/ml).
Samples were obtained as dried, homogenized (mostly
aqueous)  extracts  from  Martin  Bauer  Group,
Vestenbergsgreuth, Germany. For a 10% extract solution, an
aliquot (0.5g, Table 1) of each botanical powder was
suspended in 5ml methanol, ultra-sonicated for 30 min
(Sonorex  Digiplus, Bandelin, Berlin, Germany), and
centrifuged at 3,000 x g for 15min (Labofuge 400, Heraeus,
Hanau, Germany). Each supernatant was transferred in an
autosampler vial. Some extracts were additionally filtered
(Table 1, marked*) through a 0.45 um polytetrafluoroethylene
filter (VWR, Darmstadt, Germany).

2.3 HPTLC-UV/Vis/FLD

Plates were pre-washed with methanol—water (4:1 V/V), dried in
an oven (Memmert, Schwabach, Germany) for 20 min at 110°C
(Morlock, 2014), and stored wrapped in aluminum foil. All
botanical extracts (4 pL/band) were applied as 6 mm bands on
a pre-washed plate (Automatic TLC Sampler 4, CAMAG,
Muttenz, Switzerland). The plate was developed up to a
migration  distance of 70mm  with 7ml ethyl
acetate—toluene—formic acid—water (16:4:3:2 V/V/V/V)
(Kriiger et al, 2017). Separation was performed in a twin
trough chamber (20cm x 10 cm, CAMAG) followed by drying
for 4 min with a stream of cold air (hair dryer) and for 20 minin a
laminar flow of air (Automated Development Chamber 2,
CAMAG). The developed plates were documented at Vis, UV
254 nm, and FLD 366 nm (TLC Visualizer 2, CAMAG). The
software winCATS (version 1.4.7.2018) or visionCATS (version
2.5.18262.1, both CAMAG) controlled the instruments.

2.4 HPTLC-EDA

For bioprofiling, 16 silica gel 60 F,s54, MS-grade chromatograms were
prepared. The buffer and assay solutions were piezoelectrically
sprayed (Derivatizer, CAMAG) if not stated otherwise. To remove
acidic traces left on the planar chromatogram (which can interfere
with pH-sensitive bioassays), the chromatogram was neutralized with
1.5 ml phosphate buffer (80 mg/ml Na,HPO,, pH 7.5 adjusted with
NaOH; yellow/green nozzle, level 6) for enzymatic and bacterial
assays, 1.4 ml citrate buffer (6 mg/ml citric acid monohydrate, 10 mg/
ml Na,HPO,, adjusted to pH 12 with NaOH, yellow ultra-nozzle,
level 2) (Klingelhofer et al,, 2020) for the hormonal-effective bioassays,
1.25 ml sodium bicarbonate buffer (2.5%, yellow nozzle, level 3) for
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a-amylase bioassay or twice with 2.8 ml sodium bicarbonate buffer for
SOS-Umu-C bioassay (neutralization procedure for SOS-Umu-C
bioassay was investigated during this study, Supplementary
Figure S1). The moist chromatogram was dried as mentioned in
2.3. A positive control was applied at three different concentrations at
the top plate edge to verify the proper bioassay performance. The
assay solutions/suspensions were applied as follows. For incubation,
the plates were horizontally placed in a moistened polypropylene KIS
box (265 cm x 16cm x 10cm, ABM, Wolframs-Eschenbach,
Germany) pre-saturated with 30 ml water at 37°C (30°C for
hormonal-effective bioassays) for 30 min. The procedure was
documented at FLD 366 nm and white light illumination in
transmission, reflection, and reflection/transmission mode.

2.4.1 Bacillus subtilis Bioassay

For the Gram-positive B. subtilis inhibition bioassay, 80 ul of
stock solution was suspended in 20 ml Miiller-Hinton Broth and
incubated overnight at 37°C. Before usage, the cell number was
determined using a spectrophotometer (M501, Camspec,
Garforth, United Kingdom) at 600 nm. At an optical density
(ODggp) between 0.8 and 1.1, the culture was ready to use for
EDA. An aliquot of the bacteria suspension (2 ml) was sprayed on
the planar chromatogram (red nozzle, level 6) (Morlock et al,
2021b). The plate was incubated at 37°C for 2h. As substrate
solution (2 mg/ml), MTT was freshly prepared in phosphate-
buffered saline. After the application of 250 pl substrate solution
(blue nozzle, level 6), the plate was incubated again for 30 min at
37°C. Inhibitory zones appeared colorless (white) on a formazan-
purple background. The positive control was tetracycline (10 pg/ml
in ethanol, 0.4, 0.8, and 1.2 pl/band).

2.4.2 Aliivibrio fischeri Bioassay

The bioluminescent marine Gram-negative bacteria A. fischeri
were cultured according to DIN EN ISO 11348-1, Section 5
(European Committee for Standardization, 2009). Therefore,
200 pul of cryostock were suspended in 20 ml medium. The
cultivation was performed overnight (18-24h) in a 100ml
Erlenmeyer flask at room temperature by shaking at 75 rpm.
Once the culture showed brilliant blue fluorescence by shaking
in the dark, it was ready for use. An aliquot of the bacteria
suspension (3 ml) was sprayed on the plate (blue nozzle, level
6) and directly recorded (BioLuminizer 2, CAMAG) (Morlock
et al.,, 2021a; Morlock et al., 2021b). The native bioluminescence
(depicted as a greyscale image) was documented in ten images at
time intervals of 3 min. Exposure time was set to 120s.
Antibacterial components were detected as dark zones, whereas
metabolism-enhancing substances appeared as bright zones on the
bioluminescent background. The positive control was caffeine
(1 mg/ml in methanol, 0.5, 1.5, and 3 pl/band).

2.4.3 Cholinesterase Inhibition Assays

The initial AChE and BChE inhibition assays (Marston et al,
2002) were modified (Hage and Morlock, 2017; Morlock et al.,
2021b). The plates were pre-wetted with 0.5 ml TRIS-HCI buffer
(7.55 mg/ml TRIS, pH 7.8 adjusted with HCI, green nozzle, level
6). Then, 1.5ml of enzyme solution (AChE 6.66 U/ml, BChE
3.34 U/ml, and each 1 mg/ml BSA in TRIS-HCI buffer) were

ontiers in Pharmacology | www.frontiersin.org

Paradigm Shift to Effect-Profiles of Botanicals

applied (green nozzle, level 6) and the chromatogram was
subsequently incubated at 37°C for 30 min. For detection,
0.5 ml substrate mixture (1 mg/ml 1-naphthyl acetate, 2 mg/ml
Fast Blue B salt) was sprayed (red nozzle, level 6) onto the plate to
obtain colorless (white) inhibition zones on a purple background.
The positive control was rivastigmine (0.1 mg/ml in methanol, 2,
4, and 8 pl/band).

2.4.4 Glucosidase Inhibition Assays

An improved version of Simdes-Pires et al. (Simoes-Pires etal,,
2009) was used to detect a- and B-glucosidase inhibitors. The
substrate solution (12 mg 2-naphthyl-a-p-glucopyranoside or
2-naphthyl-B-p-glucopyranoside in 9 ml ethanol and adding
1 ml of 10 mM NaCl solution) was sprayed (1 ml, red nozzle,
level 6) onto the plate, followed by drying in a stream of cold
air. Pre-wetting was carried out by spraying 0.5 ml sodium
acetate buffer (41 mg/ml, pH 7.5 adjusted with 0.1 mM acetic
acid, green nozzle, level 6). An aliquot of the respective enzyme
solution (a-glucosidase 10 U/ml, B-glucosidase 1,000 U/ml in
sodium acetate buffer) was applied (1 ml; green nozzle, level 6)
and the plate was subsequently incubated at 37°C for 30 min.
The antidiabetic effect was visualized by Fast Blue B salt
staining (2 mg/ml in water, 0.5 ml, red nozzle, level 6),
resulting in colorless (white) inhibitory zones on a purple
background. The positive controls were acarbose (3 mg/ml in
ethanol, 1, 3, and 6 pl/band) for the a-glucosidase assay and
imidazole (1 mg/ml in ethanol, 3, 5, and 7 pl/band) for the
B-glucosidase assay.

2.4.5 p-Glucuronidase Inhibition Assay

The B-glucuronidase inhibition assay was run as described
recently (Mahran et al, 2020) The chromatogram was pre-
wetted with potassium phosphate buffer (0.5 ml; 9.34 mg/ml
K,HPO, and 6.31 mg/ml KH,PO,; green nozzle, level 6).
Then, 750 uL enzyme solution (25U/ml in potassium
phosphate buffer with 1 mg/ml BSA) were sprayed onto the
chromatogram (green nozzle, level 6). Incubation followed for
15 min at 37°C. As substrate, 750 ul of a 2 mg/ml 5-bromo-4-
chloro-3-indolyl-p-p-glucuronide sodium salt solution was
sprayed. The plate was incubated again for 60 min for
producing colorless (white) inhibitory zones on a blue
background. The positive control was D-saccharolactone
(0.1 mg/ml in water, 1, 1.5, and 2 pl/band).

2.4.6 Tyrosinase Inhibition Assay

The tyrosinase inhibitor potential was investigated according to
an improved (Morlock et al., 2021b) workflow (Taibon et al.,
2015). To prepare the substrate solution, 45 mg levodopa, 25 mg
CHAPS, and 75mg PEG 8000 were dissolved in 10 ml of
phosphate buffer (1.4 mg/ml K,HPO,, 1.68 mg/ml Na,HPO,,
pH 6.8) and stored at 4°C until use. The levodopa substrate
solution was sprayed onto the chromatogram (1 ml, blue nozzle,
level 6) and subsequently dried for 2 min in a stream of cold air.
Then, 1 ml of enzyme solution (400 U/ml in phosphate buffer)
was sprayed onto the plate (blue nozzle, level 6), followed by
incubation at room temperature for 20 min. After incubation, the
plate was immediately dried and documented. Tyrosinase
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inhibition activity was apparent as colorless (white) zones on a
greyish-brown background. The positive control was kojic acid
(0.1 mg/ml in ethanol, 1, 3, and 6 pl/band).

2.4.7 Planar Yeast Androgen/Estrogen Screen
(PYAS/pYES) Bioassay

The hormonal-effective bioassays were run as recently described
(Klingelhofer et al., 2020). Cryogenic YAS or YES cell culture
(1ml each) was suspended in 39ml or 29ml medium,
respectively. The suspensions were cultivated by shaking at
70-75rpm and 30°C overnight (20-22h). The cell number
was determined with a hemocytometer after diluting 50 pl
culture in 950 pl 0.9% NaCl solution. The required cell count
of 0.8 x 10 cells/ml was adjusted via centrifugation (2,500 x g,
5 min) of 5 ml yeast cell culture and resuspension in the required
amount of medium plus 50 pl copper sulfate. This suspension was
sprayed on the plate (1.4 ml, red nozzle, level 6), followed by
incubation for 4h (pYAS) or 3h (pYES) at 30°C. Substrate
solution (2mg 4-methylumbelliferyl-B-p-galactopyranoside,
100yl DMSO, 3ml citrate buffer) was sprayed onto the
chromatogram (1.5 ml, vyellow ultra-nozzle, level 2).
Subsequently, the plates were incubated for 1h at 37°C.
Bioautograms were recorded at FLD 366nm. Endocrine
agonists appeared as 4-methylumbelliferone-blue fluorescent
zones on a dark blue background. As a positive control,
testosterone (for pYAS: 0.5 pL, 1.5 pg/ml in methanol) or 17-
B-estradiol (for pYES: 5 pl, 100 ng/ml in ethanol) were applied.

2.4.8 Metabolization via S9-pYES Bioassay

Potential estrogens resulting from liver metabolism were
investigated by adding the S9 enzyme mixture (500 ul) and
respective cofactors (166 pl NADP, 42 pl glucose 6-phosphate,
958 pl phosphate buffer) to 3,334 ul Saccharomyces cerevisiae cell
culture (0.8 x 10°cells/ml). The assay was performed as
described above.

2.4.9 Planar Yeast Antagonistic Androgen/Estrogen
Screen (pYAS/pYES) Bioassay

To screen the antagonistic activity, the pYAS or pYES bioassays
were extended by overspraying along the middle of each track a
1 mm x 70 mm area of testosterone (4 pl, 1.5 ug/ml in methanol)
or 17-B-estradiol (5 pl, 2 ng/ml in ethanol), respectively, with the
Freemode option of winCATS (Klingelhofer et al, 2020).
Endocrine antagonists appeared as fluorescence-reducing
bands in the 4-methylumbelliferone-blue fluorescent testo-
sterone or 17-B-estradiol track part.

2.4.10 SOS-Umu-C Bioassay

The planar SOS-Umu-C bioassay was run on HPTLC silica gel
plates without a fluorescence indicator. After development, the
plates were additionally scanned at 546/>580 nm using the TLC
Scanner 3 (CAMAG). Salmonella typhimurium cells (50 ul
cryostock) were suspended in 35 ml Lysogeny broth (20 mg/ml
with 1 mg/ml p-(+)-glucose and 106 mg/L ampicillin sodium
salt) and incubated overnight at 75rpm and 37°C for 16 h.
Before use, the cells were centrifuged (3,000 x g, 10 min). The
pelleted cells were re-suspended in fresh medium to obtain the
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required ODggp of 0.2 (Meyer et al,, 2020). The chromatogram
was sprayed with Salmonella suspension (2.8 ml, yellow nozzle,
level 3) and incubated at 37°C for 3 h. Substrate solution [15 pl
resorufin-p-p-galactopyranoside solution (20 mg/ml in DMSO)
in 2.1 ml phosphate buffer and 0.9 ml glycerol] was sprayed onto
the plate (2.5 ml, red nozzle, level 6). Incubation followed at 37°C
for 1 h. The plates were documented at white light illumination
and 366 nm. The generated resorufin fluorescence was measured
at 546/>580 nm. Genotoxic substances were detectable either as
pink zones on the colorless background at white light
illumination or as pink fluorescent zones on a brown-reddish
background at 254 nm or 366 nm. The positive control was 4-
nitroquinoline-1-oxide (1 pg/ml in methanol, 1 pl/spot).

2.4.11 a-Amylase Inhibition Assay

The latest a-amylase inhibition method, which used immersion
of the plate into enzyme and substrate solutions (Agatonovic-
Kustrin and Morton, 2017; Agatonovic-Kustrin et al., 2019), was
adjusted and transferred to a piezoelectric spraying procedure, in
which the enzyme solution (62.5 U/mL in sodium acetate buffer)
was sprayed onto the chromatogram (1 ml, red nozzle, level 5),
followed by 30 min incubation at 37°C. As substrate 2%-soluble
starch solution was sprayed onto the wet plate (0.5 ml, red nozzle,
level 5). After 20 min incubation at 37°C, Gram’s iodine solution
was sprayed (250 pl, yellow nozzle, level 5) for visualization. The
a-amylase inhibition activity was observed as violet zones on
a colorless background. The positive control was acarbose
(0.1 mg/ml in methanol, 0.3, 0.6, and 0.9 pl/band).

2.5 Instrumental Setup of the
8D-Hyphenation

The multipotent bioactive zones were further characterized with
RP-HPLC-DAD-HESI-MS directly after EDA. The UPLC system
(Acquity H Class, Waters, Eschborn, Germany) was equipped
with the quaternary solvent manager, solvent degasser, sample
manager, column oven, photodiode array detector (DAD), and
HESI-MS (single quadrupole QDa, Waters). The bioactive target
zone was heart-cut eluted with an oval elution head (4 mm x
2 mm) of the TLC-MS Interface 2 (CAMAG) with 90% aqueous
methanol. A standalone pump supplied the solvent (515 HPLC
pump, Waters). Analytes were transferred through a
biocompatible inline filter (IDEX Health and Science, Oak
Harbor, WA, United States) containing a PEEK frit (0.5 um,
Techlab, Brunswick, Germany) to an online desalting RP pre-
column/defender guard (Accucore RP-MS, 10 mm x 2.1 mm,
2.6 um, Thermo Scientific, Bellefonte, PA, United States). The
online desalting device was installed onto a two-position
switching valve (MXT-Series PD715-000, Rheodyne IDEX
Health and Science) and served as an analyte trap while
discarding the bioassay salts as waste. By switching, controlled
via remote control and Rheodyne TitanMX software, the analytes
were transferred to the main RP column (Accucore RP-MS
100 mm x 2.1 mm, 2.6 pm, Thermo Scientific) and separated
orthogonally. The column was thermostated at 40°C. The 13 min
HPLC gradient consisted of (A) 2.5 mM ammonium acetate (pH
4.5 adjusted with acetic acid) and (B) methanol. Starting
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conditions were 98% A at a flow rate of 0.6 ml/min for the first
2 min. The methanolic portion increased linearly to 20% within
the following 2.5 min. At 8 min, a ratio of 10/90% A/B was
reached and held for the next 2 min; then it fell to 98% A
within 0.1 min, followed by 3 min equilibration time.
Detection parameters were set to a wavelength scan from 190
to 400 nm for DAD. The MS was operated in polarity-switching
mode, while the ESI probe was heated to 600°C and ESI source to
120°C. The sampling frequency was set to 5 Hz and cone voltage
to +10 V in both ionization modes (Schreiner and Morlock,
2021). The MassLynx V4.2 software (Waters) was used to
evaluate and process the data.

3 RESULTS AND DISCUSSION
3.1 Outline of the Study

A total of 68 very different powdered plant extracts (botanicals
added to food products in food industry) and 16 different effect-
directed assays were selected to investigate and prove the
suitability of the biological-physicochemical 8D hyphenation
for generic screening (Figure 1). Among the plants (Table 1)
were such ones that are commonly used as culinary spices and
herbs or in traditional medicine. Their diverse and varying
compositions represent different matrix loads for the analytical
system. Moreover, the nine biological and seven biochemical
assay media differed over a wide range in salt and nutrient
composition. This represents the diversity of possible
compositions of a bioactive zone (to be heart-cut and
transferred to the next dimension) and was therefore
considered a good worst-case scenario to test whether the
developed generic hyphenation method is suitable for routine
analyses. First, the bioactivity screening was evaluated per assay
(Figures 2-6), whereby some botanicals were mentioned
repeatedly, i.e. galangal (no. 13) yerba mate (no. 37), orange
peel (no. 41), licorice (no. 55), and Siberian ginseng (no. 56).
Then, these botanicals were subjected to heart-cut RP-
HPLC-DAD-HESI-MS analysis (Figures 7-11). All botanicals
were extracted and applied analogously. Thus, the effect profiles
of each assay could directly be compared by their response
pattern. The most effective and important botanicals were
highlighted at a glance in side-by-side comparison. The band
broadening (diffusion) depended on the assay incubation time.
The most important bioactive compounds discovered were
tentatively assigned based on information obtained about
spectral (UV/Vis/FLD), polarity (hRp values with a deviation
of +1), and molecular (mass signal) properties. Since there was no
access to a high-resolution mass spectrometry system, the
assignments were verified by comparing with reference standards.

Using the Gram-negative Aliivibrio fischeri and Gram-positive
Bacillus subtilis bioassays, natural antibacterial compounds were
detected that can subtly fight infections and contribute to longer
shelf life and better preservation of products. Natural AChE and
BChE inhibitors, which can provide symptomatic benefits for the
cognitive decline of Alzheimer’s patients (Tundis et al,, 2016),
were revealed by the respective planar enzyme inhibition assays.
The tyrosinase inhibition assay was used to screen for plant-based
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skin whiteners or inhibitors of the enzymatic food browning. The
B-glucuronidase inhibition assay was used to detect compounds
that prevent the gut-bacterial reversion of detoxification via
glucuronidation. Additional a-amylase, a- and B-glucosidase
inhibition assays were employed to determine natural compounds
with benefits for diabetes patients. Phytoandrogens and phytoestrogens
were detected via the human estrogen receptor a (hERa) or
hERP or in combination with the S9 enzyme mixture simulating
liver metabolization, and respective antagonists were
investigated using recombinant yeast cells equipped with the
human estrogen/androgen receptor. Genotoxins were detected
with a recombinant Salmonella typhimurium strain equipped
with the SOS-Umu-C repair mechanism. Hence, the spectrum
of effects in the investigated botanicals may be linked to the
mitigation of bacterial infects, the improvement of cholinergic
transmission for Alzheimer’s patients, the decrease of blood
glucose levels in diabetics, the reduction of skin abnormalities,
and to the balance of the steroid hormonal system, among other
disorders.

3.2 Screening Results

3.2.1 Compounds Inhibiting Bacteria

In traditional medicines, plant-based extracts are used to assist in
the treatment of bacterial infections (Brantner and Grein, 1994;
Palombo and Semple, 2001). Antibacterial activities can be so
effective that plant extracts are also used as preservatives in food
products. For example, the ingredients carnosol and carnosic acid
of rosemary extract are marketed as preservative E 392. Rosemary
(no. 46) is also screened here, using non-pathogenic bacterial
representatives which are easier to handle in the laboratory. The
Gram-positive B. subtilis bioassay is based on an oxidoreductase
enzyme reaction. Intact enzymes of viable B. subtilis cells reduce
the tetrazolium salt MTT to the insoluble purple formazan
(Marston, 2011). Cell death is visualized as colorless zones
indicating antibacterial compounds. Most antibacterials detected
were located at hRy: values > 90 (Figures 2-4C). In eucalyptus (no.
9), marjoram (no. 35), yerba mate green (no. 37), Siberian ginseng
(no. 56), thyme (no. 57), hawthorn leaves (nos. 63 and 64), and
cinnamon bark (no. 66) additional antibacterials were detected in
the lower /Ry range. Essential oils from herbs such as oregano and
thyme are known for their antimicrobial activity, especially against
Gram-positive bacteria (Sokovi¢ et al., 2010).

The Gram-negative A. fischeri bacteria are able to convert
metabolic energy into turquoise bioluminescence via luciferase. A
change in bioluminescence intensity is correlated with substances
enhancing or reducing the cell metabolism. Such effects are
visualized as lightened or dark zones on the bioluminescent
background of the bioautogram (depicted as greyscale image).
Almost all botanical extracts showed antimicrobial activity
against A. fischeri (Figures 2-4D). Intense antimicrobial zones
were detected in yerba mate green (no. 37), passionflower (no.
43), peppermint (no. 44), rooibos (no. 45), licorice (no. 55),
Siberian ginseng (no. 56), and cinnamon bark (no. 66). Most
samples showed at least one dark antimicrobial zone, while more
than half of all samples had two or more. The more universally
and sensitively detecting A. fischeri bioassay proved to be a good
starting assay to investigate complex mixtures.
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FIGURE 1 | Schematic overview of the hyphenation NP-HPTLC-UV/Vis/FLD-EDA-heart-cut RP-HPLC-DAD-HESI-MS. Botanical extracts were separated on NP-
HPTLC plates followed by biochemical and microbiological detections. Bioactive zones were heart-cut eluted directly out of the (bio)autogram and transferred to the
orthogonal RP-HPLC-DAD-HESI-MS, resulting in comprehensive information about a distinct bioactive compound.

3.2.2 Compounds Inhibiting AChE and BChE

In traditional or ayurvedic medicine, plants and their
phytoconstituents are used to assist in the treatment of
Alzheimer’s  disease (Azadniya et al, 2021). The
pathophysiology of Alzheimer’s disease is often associated with
cholinergic system dysfunction. Therefore, many synthetic drugs
target the inhibition of cholinesterases. Both AChE and BChE
catalyze the hydrolysis of the neurotransmitter acetylcholine into
acetic acid and choline. While AChE is highly selective for
acetylcholine, BChE can also convert other substrates, e.g.,
butyrylcholine, succinylcholine, or organophosphates. Besides
synthetic drugs, also natural compounds are able to inhibit
this enzyme mechanism. Particularly polyphenols interact with
amino acid residues of the active side of the enzymes terminating
the splitting from acetylcholine into acetic acid and choline and
thus maintaining colinergic neurotransmission and improve
cognition of Alzheimer’s patients (Jabir et al, 2018). The
enzyme-inhibiting potential is revealed as colorless zones on a
purple background. Acerola fruit (no. 1) showed a remarkably
strong inhibition zone at iRy 41 (Figures 2E,F). While roots and
branches from the acerola tree are known to have anti-cholinesterase
activity through the norfriedelins A-C (Liu et al, 2013), only
cytotoxic, anti-HIV, antioxidant, antihyperglycemic, skin
whitening, and antimicrobial activities are described for extracts
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from the fruits (Motohashi et al., 2004; Belwal et al., 2018a). This
zone showed not only a strong response in the AChE and BChE

st other assays (Figure 2). Other inhibitory
ginger (no. 25, hRy 99), kola (no. 31, hRy 68),
99), yerba mate green (no. 37, hRy. 88), lemon

balm (no. 38, hRy 32), peppermint and rooibos (nos. 44 and 45, both
hRy 34), Siberian ginseng (no. 56, KR 93), and hawthorn (nos.
62-64, hRy: 60 and 85) (Figures 2-4E,F). Some typical traditional
medicines used in the treatment of Alzheimer’s disease, such as
Panax notoginseng, Gin,
38), and Salvia officinalis (no. 47), are also screened here. Among

kgo biloba (no. 14), Melissa officinalis (no.

is (no. 38) possess cholinesterase-inhibiting

potential, the others operate according to a different mechanism to
treat the neurodegenerative disease (Sharma et al,, 2019).

Inhibiting p-Glucuronidase

The detoxification mechanism via glucuronidation can be
B-glucuronidase
Enterobacteriaceae such as Escherichia coli, resulting in
gastrointestinal malfunction.
inhibiting the microbial p-glucuronidase, where such inhibitors

from  opportunistic
This can be prevented by

in the bacterial enzyme (in contrast to the
hran et al,, 2020). The enzyme inhibitors do
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FIGURE 2 | NP-HPTLC-UV/Vis/FLD-EDA profiles of the plant extracts no. 1-22. Separation of the applied botanicals (4 ulL/band, assignments in Table 1; solvent
blank B for comparison) on HPTLC plate silica gel 60 Fos4 MS-grade with ethyl acetate —toluene —formic acid—water (16:4:3:2, V/V/V/V) up to 70 mm, detected at UV
254 nm (A), FLD 366 nm (B, K-0) and white light ilumination (C, E-J, P) after the B. subtilis bioassay (C), A. fischeri bioassay with bioluminescence depicted as a
greyscale image, (D) and AChE (E), BChE (F), f-glucuronidase (G), tyrosinase (H), a-glucosidase (1), p-glucosidase (J) and a-amylase (P) inhibition assays, as well

as pYAS (K), pYES (L), pYAAS (M), pYAES (N), SOS-Umu-C (O) bioassays.
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FIGURE 3 | NP-HPTLC-UV/Vis/FLD-EDA profiles of the plant extracts no. 23-45. Separation of the applied botanicals (4 ul/band, assignments in Table 1) on
HPTLC plate silica gel 60 F2s4 MS-grade with ethyl acetate —toluene—formic acid —water (16:4:3:2, V/V/V/V) up to 70 mm, detected at UV 254 nm (A), FLD 366 nm (B,
K-0) and white light illumination (C, E-J, P) after the B. subtilis bioassay (C), A. fischeri bioassay with bioluminescence depicted as a greyscale image, (D) and AChE (E),
BChE (F), B-glucuronidase (G), tyrosinase (H), a-glucosidase (I), p-glucosidase (J), and a-amylase (P) inhibition assays, as well as pYAS (K), pYES (L), pYAAS (M),

PYAES (N), SOS-Umu-C (0O) bioassays.
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FIGURE 4 | NP-HPTLC-UV/Vis/FLD-EDA profiles of the plant extracts no. 46-68. Separation of the applied botanicals (4 pL/band, assignments in Table 1;
solvent blank B for comparison) on HPTLC plate silica gel 60 Fos, MS-grade with ethyl acetate —toluene — formic acid —water (16:4:3:2, V/V/V/V) up to 70 mm, detected
at UV 254 nm (A), FLD 366 nm (B, K-0), and white light ilumination (C, E-J, P) after the B. subtilis bioassay (C), A. fischeri bioassay with bioluminescence depicted as a
greyscale image, (D) and AChE (E), BChE (F), B-glucuronidase (G), tyrosinase (H), a-glucosidase (1), p-glucosidase (J), and a-amylase (P) inhibition assays, as well

as pYAS (K), pYES (L), pYAAS (M), pYAES (N), SOS-Umu-C (O) bioassays.
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FIGURE 5 | Comparison and observed differences (I-V) of the estrogenic activity via NP-HPTLC—pYES using the hERa versus hERp used for the first time, or after
metabolization with the S9 mixture. Separation of the applied botanicals (no. 1-68, 4 pl/band, assignments in Table 1; solvent blank B for comparison) on HPTLC plate
silica gel 60 F»54 MS-grade with ethyl acetate—toluene —formic acid—water (16:4:3:2, VA/V/V) up to 70 mm, detected at FLD 366 nm after pYES. Cells were equipped
either with hERp (A), hERa (B) or phytochemicals were metabolized with the S9 enzyme mixture, simulating liver metabolism (C).

as colorless zones on an indigo-blue background. In each
eucalyptus (no. 9), guarana (no. 16), marjoram (no. 35), yerba
mate green (no. 37), oregano (no. 42), Siberian ginseng (no. 56),
and cinnamon bark (no. 66), the whole sample track appeared
white on the indigo-blue background due to the comparatively
high abundance of B-glucuronidase inhibitors (Figures 2-4G). If
the application volume is reduced by a factor of 4 for these
botanicals, the individual inhibitors become evident
(Supplementary Figure S2). All botanical extracts showed
B-glucuronidase inhibitory potential at least in the solvent
front (hRg 99). For such screening results, repetition using a
mobile phase of reduced solvent strength is recommended in
order to better differentiate the individual inhibitors
(Supplementary Figure S3C,D). Some isolated flavonoid
standards, ie., isorhamnetin, kaempferol, liquiritigenin,
daidzein, efc, already proved to be active against
B-glucuronidase (Sun et al., 2020). Their activity and also that
of additional flavonoids have been confirmed by our study
directly in herbs and spices.

3.2.4 Compounds Inhibiting Tyrosinase

Polyphenoloxidases are responsible for the browning of cut or
injured fruits or plant tissues. In mammalian cells, the
corresponding tyrosinase controls melanogenesis by catalyzing
the hydroxylation of phenols with subsequent oxidation to
quinones. An overproduction of melanin induces pigmentary
abnormality, freckles, or age spots. Preferably, the cosmetics
industry is interested in naturally derived tyrosinase inhibitors
(Taibon et al,, 2015). In this context, ethnobotanicals are brought
into focus. In South Africa, herbal extracts are traditionally used
as skin care products to treat burns, abcesses, wounds and acne

70

(Lall and Kishore, 2014). Chinese herbal medicines with anti-
tyrosinase activity are traditionally used as folk skin whiteners.
Among the studied botanicals, Ginkgo biloba (no. 14), Panax
ginseng (no. 15), and Zingiber officinale (no. 25) were reported to
inhibit mushroom tyrosinase (Ye et al., 2010; Hu et al., 2020). Our
screening results showed that ginseng (no. 15) and ginger (no. 25)
played a minor role in tyrosinase inhibition compared to other
botanicals. However, differences in effects can be caused for
example by plant subspecies, climate, soil, environmental and
agricultural conditions as well as extraction mode. In the planar
assay, tyrosinase inhibitors are shown as colorless zones on a
greyish-brown background. Many botanical extracts showed
multiple tyrosinase inhibitors (Figures 2-4H). While acerola
(no. 1) (Belwal et 2018a), ginkgo (no. 14) (Shu et al
2020), licorice (no. 55) (Li et al., 2017), and hawthorn (nos.
62-64) (Rocchetti et al 0) are known for their anti-tyrosinase
activity, the screening results proved similarly potent tyrosinase
inhibitors in artichoke (no. 4), plantain (no. 35), yerba mate green
(no. 37), rosemary (no. 46), and yarrow (no. 50).

117

3.2.5 Compounds Inhibiting a- and p-Glucosidase

The enzymes a- and B-glucosidase hydrolyze the saccharide
dimers and oligomers, as well as glucosides dependent on the
anomeric glycosidic bond, into resorbable monomers such as
glucose and into aglycones. In the treatment of hyperglycemic
blood levels of type 2 diabetes patients, enzyme inhibitors are of
therapeutic interest by reducing postprandial glucose uptake
(Simoes-1 2019). Screening
results showed several a- and B-glucosidase inhibitors as a specific
pattern (at hRy 42, 48, 62, and 80) for artichoke (no. 4) in both
assays (Figures 2L]J). Although the a- (Turkiewicz et al,, 2019)

) IR > 1 2009: Tur 2 T
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FIGURE 6 | First report of synergy profiles, exemplarily shown for the
NP-HPTLC-pYAES bioassay. Separation of the applied botanicals (nos. 7-19,
assigned in Table 1; 4 pl/band each; solvent blank B for comparison) on
HPTLC plate siica gel 60 F,s4 MS-grade with ethyl acetate — toluene —formic
acid—water (16:4:3:2, V/V/V/V) up to 70 mm; each separated track was
oversprayed by an 1 mm x 70 mm area of 17--estradiol (10 ng/band) and
after bioassay application detected at FLD 366 nm. Fortified estrogenic
fluorescence was interpreted as synergistic effects, which were not observed
in solvent blank B and no. 7 (only a slight anti-estrogenic effect in the lower hRe
range), partially observed as cotton-swab-shaped 17-p-estradiol band (nos.
11, 15 and 18) or as overall broadened estrogenic band (nos. 8 and 19), if
compared to the solvent blank B, which shows reference 17--estradiol
fluorescence.

and B-glucosidase (Morlock et al., 2021a) inhibitory potential and
chemical composition of extracts of different artichoke cultivars
have already been described, the distinct bioactive components
have been scarcely assigned in literature. In both glucosidase
inhibition assays, samples of blackberry leaves (no. 8), yellow fruit
tea (no. 11), red fruit tea (no. 12), elderflower (no. 22), yerba mate
green (no. 37), horsetail (no. 49), plantain (no. 53), Siberian
ginseng (no. 56), and lemon verbena (no. 68) showed a positive
response at hRp 42 (Figures 2-4L]J). In all of them, the same
bioactive compound was assumed. Another remarkably similar
active compound was observed at hRy: 94 for basil (no. 5), ginkgo
(no. 14), European blueberry (no. 18), elderberry (no. 21), hop
(no. 24), yerba mate green (no. 37), lemon balm (no. 38), oregano
(no. 42), peppermint (no. 44), rosemary (no. 46), star anise (no.
54), Siberian ginseng (no. 56), thyme (no. 57), and cinnamon bark
(no. 66). All of them showed both a- and B-glucosidase inhibitory
activities. Worldwide more than 1,000 herbal remedies were
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traditionally deployed for the maintenance and treatment of
high blood glucose levels and thus diabetes. Both, the
ethnobotanicals used and their mode of application (as
tincture or extract, orally or as infusion) differ between local
communities (Cock et al., 2021). Since western medical treatment
methods for type 2 diabetes focus on hypoglycemic drugs, such as
insulin, ethnopharmacological remedies are considered to be safe
and to have less toxic side effects. According to the theory of
traditional Chinese medicine, flavonoids (Bai et al., 2019) and
polyphenols (Umeno et al, 2016) are attributed to have
antidiabetic effects via several mechanisms. Glycyrrhizic acid
from Glycyrrhiza glabra (no. 55), apigenin and its derivates as
well as quercetin, found in many botanicals (Table 2), are known
to target a-glucosidase (Bai et al., 2019).

3.2.6 Compounds With Agonistic/Antagonistic
Hormonal Effects
Disrupting endocrine signaling pathways can have a severe
impact on hormonal balance and cause feminization/
masculinization, infertility, acne, and menstrual cycle
disorders. Also phytochemicals present in food (Morlock and
Klingelhofer, 2014) or commodities in daily use (Klingelhofer
2020) can affect the human hormone system. HPTLC
hyphenated to the planar yeast androgen/estrogen screens
(pYAS/pYES) and their antagonistic versions (pYAAS/pYAES)
showed positive reactions to a limited extent (Figures
2-4K-N). In the pYAS bioassay, a few 4-methylumbelliferone-
blue and thus androgenic responses were detected in acerola (no. 1,
hRg 16), elderberry (no. 21, hRg 72), chamomile (no. 28, hRg 99),
orange peel (no. 41, hRy: 67 and 98), horsetail (no. 49, hRy: 49 and
61), lemon peel (no. 67, hRg 99), and for several samples at the
application zone (nos. 4, 15, 25, 30, and 56). In the pYES bioassay,
15 botanicals showed estrogen-like activity. In some samples,
phytoestrogens were known and expected, eg, 8-
prenylnaringenin in hop (no. 24) (Prencipe et al., 2014; Mbachu
et al., 2020), (iso-)liquiritigenin in licorice (no. 55) (Boonmuen
et al, 2016), or pesticide residues from fruit surfaces (Schulte-
Oehlmann et al,, 2011) such as orange peel (no. 41), grape peel (no.
59), or lemon peel (no. 67). However, in acerola (no. 1, hRg 15 and
27), galangal (no. 13, hRg 99), chamomile (no. 28, hRg 63 and 95),
lovage (no. 34, hRy 97), marjoram (no. 35, hRg 62), oregano (no. 42,
hRg45), juniper (no. 60, hRg: 89), grape leaves (no. 61, hRg 92), and
hawthorn (nos. 62-64, hRy 94), estrogen-like responses were also
detected. Since steroid hormone-like compounds are known to
have a greater affinity to hERa, but several phytoestrogens (e.g.,
daidzein or genistein) to hERB (Mbachu et al., 2020), the pYES
bioassay was also performed via the hERp for the first time. The
assay was analogously run for both receptors, but no remarkable
difference was observed in the results obtained by both (Figure 5A
versus Figure 5B). The hERa seemed to be less selective. However,
a significant difference in the estrogenic pattern was observed after
metabolization with the S9 mixture (Figure 5C). The use of
genetically modified yeast cells containing the hERP for the
pYES bioassay and the simulated metabolization via the S9
liver enzyme system were reported here for the first time.

In the respective antagonistic assays, only a few zones were
detected. For acerola (no. 1, hRg 99), fenugreek (no. 6, hRg 99),
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FIGURE 7 | NP-HPTLC-UV/Vis/FLD-EDA-heart-cut RP-HPLC-DAD-HESI-MS analysis of orange peel no. 41. NP-HPTLC-UV/Vis/FLD-EDA analysis as in
Figure 3 (A), followed by heart-cut elution of the bioactive zone at hRr 34 (marked*) directly out of the pYAES bioautogram and online desalting to obtain the RP-
HPLC-DAD-HESI-MS chromatograms (B) and respective UV and mass spectra of the peaks at RT 6.87 min (C), 6.98 min (D), and 7.05 min (E).

eucalyptus (no. 9, hRg 5 or 89), ginseng (no. 15, hRg 96), guarana
(no. 16, hRg 60), kola (no. 31, hRg 73), orange peel (no. 41, hRg 25
or 32), licorice (no. 55, hRg 27), thyme (no. 57, hRg 24 or 50), and
lemon verbena (no. 68, hRy: 99), the possibly antiandrogenic zones
were also investigated using an overlayed area of the fluorescent 4-
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methylumbelliferone (Supplementary Figure S4) to exclude any
false-positive response as observed for the physicochemical
fluorescence reduction by pigments or dyes (Klingelhofer et al,
2020). Seven botanical samples (nos. 6, 15, 16, 31, 41, 55, and 68)
showed truly antiandrogenic activities. The same verification test was
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FIGURE 8 | NP-HPTLC-UV/Vis/FLD-EDA-heart-cut RP-HPLC-DAD-HESI-MS analysis of licorice no. 55. NP-HPTLC-UV/Vis/FLD-EDA analysis as in Figure 4
(A), followed by heart-cut elution of the bioactive zone at hRg 31 (marked*) directly out of the pYAES bioautogram and online desalting to obtain the RP-
HPLC-DAD-HESI-MS chromatograms (B) and respective UV and mass spectra of the peaks at RT 6.53/6.64 min (C), 7.10 min (D), and 7.86 min (E).

run for possible antiestrogens in galangal (no. 13, hRg: 99), guarana (no. 57, hRg 31), grape seeds/leaves (nos. 58/61, hRy: 48, 61 or 92),
(no. 16, hRy: 72 or 91), garlic (no. 30, hRg: 99), kola (no. 31, hRy: 99), and lemon verbena (no. 68, KRy 99). Seven botanicals (nos. 16, 30, 41,
orange peel (no. 41, hRg 34), licorice (no. 55, hRg 31 or 43), thyme 55, 57, 58, and 68) revealed true antiestrogenic properties
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FIGURE 9 | NP-HPTLC-UV/Vis/FLD-EDA-heart-cut RP-HPLC-DAD-HESI-MS analysis of galangal no. 13. NP-HPTLC-UV/Vis/FLD-EDA analysis as in
Figure 2 (A), followed by heart-cut elution of the bioactive zone at hRr 99 (marked*) directly out of the BChE autogram and online desalting to obtain the RP-
HPLC-DAD-HESI-MS chromatograms (B) and respective UV and mass spectral data of the peaks a-h (C).
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FIGURE 10 | NP-HPTLC-UV/Vis/FLD-EDA-heart-cut RP-HPLC-DAD-HESI-MS analysis of yerba mate green no. 37. NP-HPTLC-UV/Vis/FLD-EDA analysis as

in Figure 3 (A), followed by heart-cut elution of the bioactive zone at hRr 40 (marked*) directly out of the BChE autogram and online desalting to obtain the RP-
HPLC-DAD-HESI-MS chromatograms (B) and respective UV and mass spectra for the peaks at RT 2.78, 3.70, and 4.44 min, which were assigned to the isomeric
structures of caffeoylquinic acid with the most predominant depicted, (C) as all three peaks provided the same signals (D).

(Supplementary Figure S5). In the antiestrogenic assay,  observation revealed synergistic effects between distinct
synergistic effects were evident. The overlapping 17-  botanical ingredients in most samples (except for nos. 7, 29,
B-estradiol area (10 pg/70 mm area) is partially enhanced and 31) and 17-B-estradiol, resulting in fortified estrogenic
on sample tracks, apparent as a cotton swab shape if  activities (Figure 6). This overlapped experimental setup can
compared to the solvent blank (Figures 2-4N). This  be transferred to all other assays to identify synergy. Such a
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FIGURE 11 | Mass spectra of multipotent bioactive zones. NP-HPTLC-UV/Vis/FLD-EDA analysis as in Figures 2-4, followed by heart-cut elution of the
multipotent bioactive zones of artichoke (A), eucalyptus (B), ginkgo (C), yerba mate green (D), and rosemary (E). Pure mass spectra of respective HPLC peaks are
shown with their associated structural formula and respective HPTLC fingerprints (bioactive zones marked*).
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synergistic effect detection strategy was reported here for the
first time.

3.2.7 Compounds With Genotoxic Effects

In recent decades, there has been a steady trend away from industrial
medical care towards phytotherapy based on medicinal herbs, which
have been used in traditional medicine for years. The common belief
that phytochemicals are gentler than synthetic medicines may prove
to be a fallacy, as most toxic compounds originate in nature (Efferth
and Kaina, 2011). The SOS-Umu-C assay is a reporter gene assay
indicating genotoxicity based on a genetically modified test organism
Salmonella typhimurium TA1535 [pSK1002]. Under genotoxic stress,
the SOS-DNA repair mechanism is induced. The SOS-Umu response
activates the lacZ gene, encoding for -galactosidase, which enables
substrate cleavage into detectable products (Meyer et al., 2020). As the
analyzed botanicals are commonly used as spices, in herbal medicine,
or as tea, no genotoxic substances were expected. Nevertheless,
pyrrolizidine alkaloids are known for genotoxic properties and
their occurrence in herbal formulations (Habs et al, 2017), eg,
only a few micrograms per liter of tea (6 ug/L) (Mulder et al,, 2015).
The European Food and Safety Authority calculated a margin of
exposure to 237 g/kg body weight per day for pyrrolizidine alkaloids
and their N-oxides (Knutsen et al., 2017; Kaltner et al,, 2020). No
genotoxicity was detected as pink fluorescent zone for the 68
botanical extracts applied at 400 pg/band (Figures 2-40). This
bioassay was repeated to prove for the absence of genotoxic
effects at a 2.5-fold (Supplementary Figure S6) and 12.5-fold
higher amount applied, which latter at 5 mg/band was closest to
overloading the chromatographic system (Supplementary
Figure S7).

3.2.8 Compounds Inhibiting a-Amylase

In the context of hypoglycemic drugs from nature, not only the
mentioned a- and P-glucosidase inhibitors, but also a-amylase
inhibitors play a role in ethnopharmacological remedies with less
toxic side effects. Hyperglycemic blood levels could be reduced by
inhibiting a-amylases of the saliva and pancreas. The inhibition
reduces the cleavage of starch into oligo- and disaccharides, and so
the release of glucose molecules absorbed postprandially into the
blood. Plant-derived flavones as luteolin present in celery, parsley,
broccoli, carrot, peppers, cabbage, and apple peel can inhibit
a-amylase (Bai et al., 2019). HPTLC coupled to a-amylase assay
(Figures 2-4P) showed only a few inhibiting signals in white
horehound (no. 2, hRg 43, 83, 91, and 93), artichoke (no. 4, hRg
94), fenugreek (no. 6, hRg 81), ginkgo (no. 14, hRg 46), licorice (no.
55, hRg 59 and 68), and lemon peel (no. 67, hRg 93 and 95). An
a-amylase inhibitory activity has already been described for
artichoke extracts from bracts (Turkiewicz et al., 2019), but it was
not assigned to any single compound. In Ginkgo biloba extracts the
compound sciadopitysin (C33H,40,0) was found to potentially
inhibit a-amylase (Petersen et al., 2019).

3.3 Assigning Bioactivity to Single
Compounds

In previous work, the samples were applied twice (as two sets).
After plate cut, the assay was performed on one plate part, and the

Frontiers in Pharmacology | www.frontiersin.org

88

30

Paradigm Shift to Effect-Profiles of Botanicals

positions of bioactive zones were analogously marked on the
other plate part for zone elution and transfer into the MS (Kriiger
et al, 2017). The challenge of this parallel handling was the
accurate positioning of the elution head on the zone. Instead, the
elution directly from the bioassay plate would avoid any possible
mismatch. In addition, the orthogonal HPLC separation would
solve coelution. Hence, zones of interest were heart-cut eluted
directly out of the bioassay plate and transferred through an
online desalting device to RP-HPLC-DAD-HESI-MS. This
reduced the interfering salts and nutrients from the bioassay,
separated possibly coeluting substances via the orthogonal
chromatographic system, and added value via spectral and
mass spectrometric data (Schreiner and Morlock, 2021).
Through this straightforward comprehensive workflow, the 60
most bioactive compounds in the botanicals were assigned
(Table 2). Several plant extracts out of the 68 botanicals
contained multipotent compounds which were active in different
assays. Among striking botanicals, such as galangal (no. 13), ginkgo
(no. 14), yerba mate green (no. 37), orange peel (no. 41), licorice
(no. 55), or Siberian ginseng (no. 56), four botanicals were
exemplarily highlighted to demonstrate the targeted assignment
of bioactive compounds (orange peel, Figure 7; licorice, Figure 8;
galangal, Figure 9; yerba mate green, Figure 10). By transferring
residual bioassay salts, different ion species were formed for a
molecule, which was found to be helpful as it confirmed the
assignment made several times. The adduct [M+62] has not
been described in HPTLC-MS literature so far, but appeared
frequently during this study (Figures 7C,D, Figures 8C,D,
Figures 11A,C). It was proposed to be the nitrate adduct.
Nitrate is taken up by the root and transported via the xylem to
leaves, shoots, and grains. If too much nitrate is available in the short
term, which is the case as it is discussed as a global environmental
challenge (Zhang et al., 2021), it passes through the cytoplasm into
the vacuoles to be stored and thus can be found in botanicals
(Dechorgnat et al., 2011). Consequently, it may also appear as a
pronounced adduct in the mass spectrum.

3.3.1 Hormonal Antagonists in Orange Peel (No. 41)

For orange peel, manifold positive responses across the different
assays were observed at hRy 34 (Figure 7A, marked*). Using the
PYEAS bioautogram, this zone was heart-cut eluted directly to RP-
HPLC-DAD-HESI-MS. In the DAD chromatogram, three
compound peaks were evident in the range of RT 6.87-7.07 min,
apart from the 4-methylumbelliferone background signal at RT
5.71 min (Figure 7B). The corresponding mass spectral data led
to the tentative identification of naringin (Figure 7C), hesperidin
(Figure 7D), and meranzin (Figure 7E, coeluting with an unknown
marked blue) and is discussed as follows. The total ion current (TIC)
peak at RT 6.87 min revealed mass signals in the positive ionization
mode at m/z 581 [M + H], 603 [M + Na]", and 619 [M + K]".
Corresponding mass signals in the negative ion mode were detected
at m/z 579 [M-H]", 615 [M + CII", and 642 [M + NO,|
(Figure 7C). The resulting neutral mass of 580 Da together with
the absorption spectrum and maximal wavelengths (A, = 220 and
284nm) suggested naringin, which was confirmed via co-
chromatography against a bought standard (Supplementary
Figure S8E). The extracted mass spectra of the TIC peak at RT
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6.99 min showed positive ions at m/z 611 [M + H]", 633 [M + Na]*,
and 649 [M + K]" and negative ions at m/z 609 [M—H] ", 645 [M +
Cl]", and 672 [M + NO;]™ (Figure 7D). The absorption spectrum
revealed a maximum wavelength at 284 nm. Based on this data,
hesperidin was assumed. The third peak at RT 7.06 min had a major
response in TIC-HESI" and a minor response in TIC-HESI™ and
DAD chromatograms. The UV absorbance spectrum and respective
mass spectra suggested two different constituents. The HESI" mass
signals at m/z 261 [M1+H]" and 278 [M1+NH,]" potentially belong
to the coumarin derivate meranzin (Figure 7E). The HESI" mass
signals at m/z 441 [M2+H]", 458 [M2+NH,]", 463 [M2+Na]", and
479 [M2+K]" and corresponding HESI™ mass signals at m/z 475
[M2+Cl], 485 [M2+HCOO]", and 499 [M2+H;C-COO]~ were
assigned to a component with the neutral mass of 440 Da, which is
not yet known in orange peel. The UV maxima at 258 and 325 nm
provided additional evidence for meranzin (Fan et al,, 2012). Other
UV maxima at 223 and 288 nm were possibly induced by the
unknown.

Citrus sinensis is rich in beneficial secondary metabolites and
therefore traditionally used in the treatment of gastrointestinal
malfunction, diseases of the upper respiratory tracts, or menstrual
disorders (Favela-Hernandez et al, 2016). Both naringin and
hesperidin have been shown to bind to the antagonist pocket
(3ERT) of hERa, and thereby cause an antiestrogenic effect
(Puranik et al, 2019). This effect was verified for both via co-
chromatography of standards and samples (Supplementary
Figure S8E, Supplementary Table S1), whereby an estrogenic
activity was not observed for the applied amount (4 pg/band).
Furthermore, naringin was reported to slightly bind to the
androgen receptor (Fang et al, 2003). The pronounced
antiandrogenic effects observed in the pYAAS bioautogram
confirmed this (Figure 3M, no. 41). Tyrosinase activity
attributed to naringin (Itoh et al,, 2009) and hesperidin (Zhang
et al, 2007) has already been demonstrated. The only bioactivity
reported for meranzin was no effect (Smyth et al., 2009) or a minor
(Rosselli et al., 2007) antibacterial effect against B. subtilis. After
NP-HPTLC-FLD comparison to a standard, meranzin was located
at hRg 99 (Supplementary Figure S8G), where antibacterial
activity against B. subtilis and A. fischeri was detected in orange
peel (no. 41). Hence, the assumption that meranzin was co-eluting
with hesperidin and naringin at AR 34 was discarded.

3.3.2 Enzyme Inhibition and Endocrine Activity in
Licorice (No. 55) and Galangal (No. 13)

In licorice (no. 55) a few bioactive analytes were found in the zone
at hRp 31 with antibacterial, tyrosinase, and p-glucuronidase
inhibitory, antidiabetic, and endocrine-antagonistic properties
(Figure 8A, marked*). These results illustrate the diverse
pharmacological activities of this root, which has long been
used in traditional medicine as remedy to treat gastrointestinal
problems (B-glucuronidase inhibition) and respiratory infections
(antibacterial activity). Moreover, Glycyrrhiza glabra extracts
were subject of many pharmacological studies showing
neuroprotective, antimicrobial, estrogenic and skin-whitening
activity (Pastorino et al.,, 2018). The second chromatography
produced five individual signals with pure mass spectra
(Figures 8B-E). The mass spectral data extracted from the
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peaks at RT 6.52/6.63 min (colored blue) were identical,
indicating a single analyte in different configurations
(Figure 8C). The ESI” signals at m/z 549 [M-H], 585 [M +
ClI]", and 612 [M + NO;]™ were correlated to the highly plant-
specific liquiritin apioside with a neutral mass of 550 Da. In positive
ion mode, the signals at m/z 573 and 589 were identified as sodium
and potassium adducts, respectively. The ESI" mass signals at m/z
257 [M-CyH,s09+H]* and 419 [M-CsHgO,+H]* could be
assigned to fragments with a loss of carbohydrates. Additionally,
the experimental UV absorbance spectra were consistent with the
ones of liquiritin apioside found in literature (Wong et al., 2018).
The isomeric isoliquiritin apioside probably caused the second
peak at RT 6.63 min. ESI" mass signals at RT 7.10 min were
m/z 563 [M + H]", 585 [M + Na] " and 601 [M + K]" (Figure 8D).
(Iso)liquiritin apioside was found to inhibit capsaicin-induced
cough, confirming its traditional use (Pastorino et al, 2018).
In negative ion mode, signals were detected at m/z 561 [M-H]",
597 [M + CI], 621 [M + H;C-COO] ", and 624 [M + NOs] . The less
abundant DAD signal showed a UV absorption maximum at
250 nm. The spectral data could indicate glycyroside found
in licorice root extracts (Montero et al., 2016), which is not
known for any bioactivity. The third signal at RT 7.86 min
(colored orange) was identified as glycyrrhizic acid against a
standard (Supplementary Figure S8E). The ESI” and ESI" ions
at m/z 821 [M—H] ", 843 [M—2H + Na] ", 859 [M—2H + K],
845 [M + HJ", and 861 [M + K]* originated from the neutral
molecule of 822Da. Lacking a m-electron system and
conjugated double bonds, the UV absorbance spectrum
showed background absorbance maxima at 251nm.
Glycyrrhizic acid was reported to have anti-inflammatory
effects (Yu et al, 2015) similar to those of glucocorticoids
(Pastorino et al., 2018), antitussic activity through increased
tracheal mucus secretion (Sharma et al, 2018), and
neuroprotective (Kao et al., 2009) properties.

Galangal extract (no. 13) responded in almost all assays at KRy
99 (Figure 9A, marked*). After separating this zone with RP-
HPLC-DAD-HESI-MS, multiple signals were observed
(Figure 9B). The spectral details and tentative identifications
are listed in the table below (Figure 9C). Traditionally, Alpinia
officinarum is used against cold, which antibacterial effects were
confirmed by the Gram-negative A. fischeri and Gram-positive B.
subtilis bioassays. Other traditional applications were described
for gynecological disorders, diabetes treatments, and skin
washing (Abubakar et al., 2018). All these bioactivities were
verified by the respective assays. To assign the bioactivity to
one single component out of the coeluting substances from
HPTLC, fractionation after column separation is necessary.
The fractions can be applied again on a new plate followed by
EDA and MS characterization. Alternatively, the mobile phase for
planar chromatography has to be optimized in order to separate
the previously coeluting substances during HPTLC analysis.

3.3.3 Separating Multipotent Isomers in Yerba Mate
Green (No. 37) via 8D-Hyphenation

Biologically active isomers were also separated and detected, shown
for example in yerba mate green (no. 37). A multipotent bioactive
compound zone (hRg 40) was observed in AChE, tyrosinase, and
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a-/B-glucosidase inhibition autograms (Figure 10A, marked*). This
zone was separated into three distinct signals via RP-HPLC
(Figure 10B), all providing the same absorbance and mass
spectra (Figure 10D) and assigned to chlorogenic acid isomers,
which differed only in quinic acid positioning (Figure 10C). The
most common isomers of mono-caffeoylquinic acid are 3-O-
caffeoylquinic acid (neochlorogenic acid), 4-O-caffeoylquinic acid
(cryptochlorogenic acid), and 5-O-caffeoylquinic acid (5-QCA,
chlorogenic acid). The mass signals at m/z 353 [M-H]™ and 707
[2M-H]" in the negative ionization mode and at m/z 355 [M + H]",
377 [M + Nal]*, 393 [M + K]" and 747 [2M + K] in the positive
ionization mode matched to the neutral mass of mono-
caffeoylquinic acids of 354 Da. The UV absorbance spectra with
maxima at 218 and 325 nm that we obtained were also consistent
with literature (Velkoska-Markovska al, 2020). While
chlorogenic acids are reported to have antioxidant (Huang et al.,
2017), anti-inflammatory (Willems et al., 2016; Huang et al., 2017),
and anti-HIV (Tamayose et al, 2019) properties, this screening
revealed even more bioactive potential for these phenolics. For
instance, the assigned bioactive compound zone also showed anti-
Alzheimer, antidiabetic, and skin-whitening effects in this study.
Co-chromatography against standards (Supplementary Figure
S8A,B and D, Supplementary Table S1) confirmed that these
beneficial health effects of yerba mate green (no. 37, Figure 10)
come from the mono-caffeoylquinic acids. The various effects of
Ilex paraguariensis traditionally consumed as herbal beverage
qualify this botancial for its new role as functional food
(Cardozo Junior and Morand, 2016).

et

3.3.4 Universal Potential of 8D-Hyphenation

The characterization of additional multipotent bioactive zones,
partially plant-specific, is shown in Figure 11. Artichoke (no. 4)
showed bioactivity at #Rg 42 in the tyrosinase and a-/B-glucosidase
inhibition assays. Transferring this zone to RP-HPLC-DAD-HESI-
MS provided five signals (Table 2), one of which is specific for
artichoke. At RT 6.30 min, cynarascoloside C was assumed
(Figure 11A). Spectral data showed no UV absorbance, referring
to structural properties of cynarascoloside C which possess neither a
n-electron system nor conjugated double bonds. The mass signals at
m/z 444 [M + NH,]", 449 [M + Na]*, 465 [M + K]*, 461 [M + CI] ",
471 [M + HCOO]J, 485 [M + H3C-COO] ", and 488 [M + NOs|~
indicated a neutral mass of 426 Da. Cynarascoloside C was not
suspected to have bioactive effects. The bioactivity was probably
attributed to the coeluting derivates of chlorogenic acid as in yerba
mate green (no. 37, Figure 10). Nevertheless, Cynara scolymus has
been used since the 4th century B.C. as medicinal product due to its
health benefits and bioactive constituents, responsible for the
hypoglycemic, anti-inflammatory, antimicrobial, and antioxidant
properties (Turkiewicz et al,, 2019).

Eucalyptus (no. 9) is known for its beneficial health properties
against infections of the upper respiratory tracts or as antiseptic
and is therefore widely used in the pharmaceutical industry
(Hasegawa et al., 2008; Acs et al., 2018). The species Eucalyptus
is closely associated with herbal medicine and traditional health
care in various human cultures. Its leaf extracts are administered to
fight against cold and cough, bacterial infections, high blood
glucose levels, and to boost the immune system and skin health
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(Salehi et al,, 2019). Planar bioanalytical screening confirmed most
of those traditional uses, showing many positive responses through
the assays in a wide hRy range (Figure 11B). Focusing on hRg 57,
highly plant-specific eucaglobulin was identified with UV (Ayax =
222 and 261 nm) and mass spectral data (Boulekbache-Makhlouf
etal., 2010). Both the positive ion species at m/z 521 [M + Na]* and
537 [M + K], and the deprotonated molecule [M—H]" confirmed
this suspicion. Anti-melanogenesis activity was attributed to
eucaglobulin (Hasegawa et al, 2008) and proved with a planar
tyrosinase bioassay. Extracts of eucalyptus fruits were
demonstrated to have antibacterial effects against B. subtilis
(Boulekbache-Makhlouf et al., 2013), which so far have not
been directly correlated to the monoterpene conjugate
eucaglobulin. The anti-cholinesterase activity was only described
for the whole methanolic extract of Eucalyptus globulus (Amat-ur-
Rasool et al., 2020) but not directly correlated to eucaglobulin.

Extracts of Ginkgo biloba seeds and leaves were applied as
herbal remedies all over the globe. Originating from traditional
Chinese medicine, it is used to treat bacterial skin diseases,
cognitive decline (Chassagne et al., 2019), and cardiovascular
diseases (Shu et al,, 2018). Affirming the ethnopharmacological
usage, EDA of ginkgo leaf extract (no.14) demonstrated a variety
of bioactivity at hRy 93, i.e., antibacterial and antidiabetic effects,
as well as P-glucuronidase and tyrosinase inhibition, and
antiandrogenic activity (Figure 11C). RP-HPLC-DAD-HESI-
MS analysis revealed the three ginkgolides A-C incorporated
in this bioactive zone. Ginkgolide C eluted earlier from RP
column (RT 6.42 min). Despite the second chromatography,
ginkgolides A and B were not separated (both RT 6.86 min)
and were thus detected in the same UV and mass spectra.
Structurally they only differ in one additional hydroxy group
of ginkgolide B. The high abundance of different ion species
describing the two compounds is listed in Table 2 and displayed
in Figure 11C. The wide bioactive spectrum of these two
diterpenes was confirmed against standards (Supplementary
Figure S8B, Supplementary Table S1).

As an alternative to coffee, the leaves of Ilex paraguariensis are
widely consumed as beverage in Latin America. Due to its
chemical composition, mainly alkaloids and polyphenols, yerba
mate exhibits many bioactive effects, e.g, antibacterial,
cardiovascular-protective, neuroprotective, and antidiabetic
activities (Gan et al,, 2018). In yerba mate green (no. 37), a
multipotent bioactive analyte zone was detected at hRg 20
(Figure 11D). Showing signals at m/z 609 [M-H]  in ESI”
and at m/z 611 [M + H]", 633 [M + Na]*, and 649 [M + K]*
in ESI" at an RT of 6.84 min, the flavonoid rutin was assumed. Its
antibacterial (Orhan et al., 2010) potential against B. subtilis, anti-
tyrosinase activity (Kishore et al, 2018), and glucosidase
inhibition (Li et al, 2009) have already been demonstrated.
The assumption was verified against a  standard
(Supplementary Figure S8A and D, Supplementary Table S1).

Salvia rosmarinus, predominantly growing in Mediterranean
regions, is independently used in Mexican and Spanish
ethnopharmacology. As medicinal plant, it was used to fight
bacterial skin diseases, colds, intestinal parasites, and headaches
(Heinrich et al., 2006). A very broad spectrum of bioactivities was
confirmed by the presented study. The comprehensive NP-
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HPTLC-EDA-heart-cut RP-HPLC-DAD-HESI-MS analysis of
rosemary (no. 46) showed antibacterial activity in the A.
fischeri  bioassay and antidiabetic ~properties in the
B-glucosidase assay at hRg 25. Several ions at m/z 387
[M=H]", 406 [M + NH,]*, 411 [M + NaJ*, and 427 [M + KJ*
in positive and negative ion mode were correlated to the neutral
molecular weight of 388Da (Figure 11E). The mass
spectrometric data substantiate the suspicion that this
bioactivity is related to medioresinol. In rosemary extracts,
various bioactive compounds have been described. Carnosic
acid and carnosol are known to inhibit the growth of human
cancer cell lines and operate as anti-inflammatory agents (Bai
et al., 2010; Wang et al., 2018) or antioxidants (Loussouarn et al.,
2017). Rosmarinic acid and rosmanol were found to have
antioxidant potential (Vallverda-Queralt et al., 2014), but to
our knowledge, there is no bioactivity reported for medioresinol.

Many more examples could be explained in detail. All have in
common that the effect profiles we obtained explain why
consuming green tea and using fresh herbs and spices as
seasoning can reduce the risk of diabetes by inhibiting a- and
B-glucosidases, why healthy nutrition can protect the intestinal
flora from severe impairment caused by p-glucuronidases from
Enterobacteriaceae, why plant-derived cosmetics can reduce skin
abnormalities via its tyrosinase-inhibiting potential, and why
Alzheimer’s disease can be prevented by daily intake of
chlorogenic acid or rosmarinic acid from herbs such as
artichoke, lemon balm, peppermint, thyme and rosemary, and
so on. The wealth of effect information obtained inspires the
mind and could fuel further studies. An enormous diversity in
bioactivity was revealed in the effect-profiles of the 68 botanicals,
contributing to human health by drug-like properties. It clearly
shows the potential and spectrum of nature as basis for alternative
medicines.

4 CONCLUSION

Since the major part, and especially, the important active part of
natural food and traditional medicines is presently not under
analytical control, a paradigm shift from quality control based on
marker compounds to effect profiles is postulated for plant-based
samples. Considering the global production chain, whose
influences on the product cannot be controlled, at least entries
or changes regarding the effect should be kept under control. The
Chemical Abstracts database (www.cas.org) contains over
190 million chemicals, and thousands of compounds are added
daily. There is of little help, if we can measure some thousands of
them with ever lower limits of determination. By doing so, this
does not come close to doing justice to the complexity of plant
extracts, nor to the metabolic networking of natural processes,
nor to the contamination-prone global production chain. The
implementation of effect-directed profiles would subtantially
improve quality control, ensure the expected activites and
detect unexpected activities. Even small amounts of
compounds can be highly active. Disruptive thinking is
essential to better control our natural food and traditional
medicines. Sophisticated instrumentation does not solve

Paradigm Shift to Effect-Profiles of Botanicals

pressing challenges, but combining orthogonal areas does. The
complexity of plant extracts requires modern non-target methods
that combine chromatography with effect-directed assays to
prioritize active compounds that show an effect and thus
require utmost attention. This combination is indispensable
for routine quality control to prioritize substances among the
thousands of individual compounds in a plant extract. The
modular ~ NP-HPTLC-UV/Vis/FLD-EDA-heart-cut ~ RP-
HPLC-DAD-HESI-MS coupling can be used in routine and
makes it easy to recognize the essence. It is said that a picture is
worth a thousand words, but the effect image is worth even
more. It visualizes the impressive power of nature to supply the
body with important building blocks (multipotent chemicals).
Several innovations were demonstrated. The pYES equipped
with the hERP or in combination with the simulated S9
metabolization were applied for the first time. In the
antagonistic hormonal assays, the proof for false-positive
results was newly included. Synergistic effects were revealed
in the hormonal effect-profiles for the first time. The developed
workflows can be transferred to any other assays or samples. The
array of effect-directed profiles clearly showed that natural food
has the power to contribute to our homeostasis in various
effective ways. The 1,292 profiles (68 samples x 19 detections)
obtained within a few weeks showed the versatility of the activity
potential of natural food. Artificial intelligence could help
evaluate the wealth of information obtained. Exemplarily, the
60 most bioactive components were identified as proof of
principle. The developed non-targeted effect-directed
hyphenation highlights the advantages of analytical speed,
efficiency, and economy. First, the samples were freed from
the interfering matrix via planar chromatographic separation.
Secondly, the focus was exclusively laid on bioactive compounds,
providing targeted characterization. Calculated per sample, the
robust profiling takes 3-15 min and costs 0.5-1 Euro, depending
on incubation time and material consumption, respectively. One
current limitation is the low resolution of the single quadrupole
MS instrument. Potential drug candidates were only tentatively
assigned and confirmed in an additional run against standards.
At the same time, this limitation can be an opportunity for
further research. Upgrading the MS instrument to a high-
resolution MS with fractionation possibility —enables
unambiguous assignment of molecular formulas and structure
elucidation through fragmentation. This makes effect profiling
even more attractive for routine analysis.
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Supplementary Figure 1. NP-HPTLC-SOS-Umu-C
neutralization study. An empty HPTLC plate silica gel 60
was developed with ethyl acetate — toluene — formic acid —
water (16:4:3:2, V/V/V/V), up to 70 mm and cut into 5
pieces (A). 4-nitroquinoline 1-oxide (1 uL, 1 ng/uL) was
applied within and above the solvent front. The pH of
differently treated plate pieces was measured with a
contact electrode (B): untreated plate (NP), not neutralized
(a), immersion (3.5 cm/s, 2 s) in citrate buffer pH 12 (b),
spraying (yellow nozzle, level 2) 2.8 mL citrate buffer pH
12 (c), immersion (3.5 cm/s, 2 s) in 2.5% sodium
bicarbonate buffer pH 8 (d), 20 min ammonia vapor (e).
After the SOS-Umu-C bioassay, plates were detected at
white light illumination (C), UV 254 nm (D) and FLD

366 nm (E).

E FLD 366 nm after SOS-Umu-C bioassay
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Supplementary Figure 2. NP-HPTLC—-glucosidase inhibition profiles of the plant extracts nos. 23—
45 (assignments in Table 1) applied as 4 pL/band (A) and 1 pL/band (B) on HPTLC plate silica gel 60
F2s54 MS-grade, developed with ethyl acetate — toluene — formic acid — water (16:4:3:2, V/V/V/V), up to
70 mm, detected at white light illumination after the B-glucuronidase inhibition assay.
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Supplementary Figure 3. NP-HPTLC—B-glucosidase inhibition profiles of the plant extracts nos. 23—
45 (4 uL/band, assignments in Table 1) applied on HPTLC plate silica gel 60 F2s4 MS-grade, developed
with ethyl acetate — toluene — formic acid — water (16:4:3:2, V/V/V/V) (A, B) or ethyl acetate — toluene
— formic acid (10:4:1, V/V/V) (C, D) up to 70 mm, detected at white light illumination before (B, D)
and after (A, C) the B-glucuronidase inhibition assay.
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Supplementary Figure 4. Exclusion of false-positive results in NP-HPTLC-pYAAS bioassay. The
samples (assignments in Table 1) assumed to have antiandrogen-like effects were investigated for false
positive results by application as 15 mm bands (5 pL) and development up to 70 mm with ethyl acetate
— toluene — formic acid — water (16:4:3:2, V/V/V/V). 4-Methylumbelliferone (500 ng/band) and
testosterone (6 ng/band) were applied as an overlapping 1 mm X 70 mm area on each track according
to plate design (A). Application was monitored at FLD 366 nm (B). Comparison of testosterone and
4-methylumbelliferone fluorescence deletion after performing the pYAAS bioassay documented at
FLD 366 nm (C). Antiandrogen-like zones only delete fluorescence in overlapping testosterone area
(marked*).
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Supplementary Figure 5. First report of the NP-HPTLC-pYAES bioassay with the integrated
exclusion of false-positive results. Selected botanicals (nos. 13—68 assigned in Table 1) assumed to
have antiestrogen-like effects were proven for truely anti-estrogenic or false positive results according
to the plate design (A): application each as 15-mm band (5 pL), development up to 70 mm with ethyl
acetate — toluene — formic acid — water (16:4:3:2, V/V/V/V) and detection at FLD 366 nm (B);
4-methylumbelliferone (5 pg/band) and 17-B-estradiol (10 ng/band) were oversprayed as
1 mm x 70 mm area on each separated track, followed by the bioassay application and documentation
at FLD 366 nm (C). Comparing the 17-p-estradiol and 4-methylumbelliferone fluorescence reduction
reveals truely antiestrogen-like zones which only reduce the fluorescence in the 17-B-estradiol area
(marked*).
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Supplementary Figure 6. NP-HPTLC-SOS-Umu-C profiles of the plant extract nos. 1-68 (4 or
10 pL/band respectively; assignments in Table 1; solvent blank B for comparison) and positive control
(4-nitroquinoline 1-oxide 1 puL, 1 ng/uL) on HPTLC plate silica gel 60 with ethyl acetate — toluene —
formic acid — water (16:4:3:2, V/V/V/V), up to 70 mm, detected at white light illumination (Vis), UV
254 nm and FLD 366 nm after the SOS-Umu-C bioassay.
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Supplementary Figure 7. NP-HPTLC—-SOS-Umu-C profiles of the plant extracts nos. 1-22. Area
application (6 mm x 15 mm) of the 12.5-fold concentrated botanicals (4 pl/area respectively,
assignments in Table 1; solvent blank B for comparison) and positive control (1 pL, 1 ng/uL
4-nitroquinoline 1-oxide) on HPTLC plate silica gel 60 (A). Focusing of the areas with methanol (B,
C) and acetone (D) to 25 mm and development with ethyl acetate — toluene — formic acid — water
(16:4:3:2, V/V/V/V) up to 85 mm (E), detected at white light illumination (Vis) and FLD 366 nm after
the SOS-Umu-C bioassay (F).
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Supplementary Figure 8. NP-
HPTLC-UV/Vis/FLD-EDA profiles
of the plant extracts (4 pL/band,
assignments in Table 1) co-
chromatographed ~with  standards
(5 uL/band, 1 pg/ul) on HPTLC
plate silica gel 60 F2s4 MS-grade with
ethyl acetate — toluene — formic acid —
water (16:4:3:2, V/V/V/V), up to
70 mm, detected at white light
illumination (A-D) and FLD 366 nm
(E-F) and after the BChE (A), -
glucosidase (B), f-glucuronidase (C)
and tyrosinase (D) inhibition assays as
well as pYAES (E) and pYES (F)
bioassays.
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Abstract

Current non-target screening strategies for food focus mainly on adulterants, contaminants, or
migrates from packaging instead of beneficial, naturally derived, bioactive constituents. It is
long overdue to develop a multi-hyphenated effect-directed non-target screening strategy to
study bioavailability, including bioactivity and bioaccessibility in terms of digestion and
metabolization processes to mimic true-to-life conditions. A streamlined ten-dimensional
hyphenation was established employing on-surface digestion (1D), planar chromatographic
separation (2D), visualization using white light (3D), UV light (4D), and fluorescence light (5D),
effect-directed assay analysis (6D), heart-cut zone elution to an orthogonal reversed phase
column chromatography including online desalting (7D) with subsequent diode array detection
(8D), high-resolution mass-spectrometry (9D), and fragmentation (10D). As proof-of-principle,
nine convenience tomato products versus a freshly prepared one were digested by porcine
pancreatin and their metabolic profiles were analyzed via the ten-dimensional hyphenation.
The workflow showed robust and reliable results for the screening of bioactive compounds in

tomato products.

Keywords

ten-dimensional hyphenation, high-performance thin-layer chromatography, high-performance
liquid chromatography, high-resolution mass spectrometry, on-surface digestion, metabolic

activation
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Introduction

Non-target screening strategies of food mostly prioritize emerging hazardous chemicals from
packaging materials,’ antibiotic residues in animal products,>* or pesticide residues in fruits
and vegetables.>® The proactive screening for hazardous substances in our daily diet is
important to ensure food safety and consumer protection. Screening for health-promoting
compounds and their bioavailability is as important, since beneficial compounds also present
in a complex sample could mitigate hazardous effects. However, setting priority criteria, which
unknowns from complex matrices (as given for food or environmental samples, etc.) are worth
elucidating, remains challenging.” Advantages of using multi-hyphenated strategies for non-
target bioactive compound screening in foods were recently described.®'" However, these
strategies were not hyphenated with bioavailability tools, neglecting changes in bioactivity and
bioaccessibility through digestion.'?'4 Bioaccessibility is defined by the release of dietary
nutrients from the food matrix, solubilization, digestive stability, and the efficiency of absorption
through the gut walls.*'® Bioactivity could also be influenced through metabolization, e.g.
proteolysis, split-off of sugar moiety, or hydrolysis of acylglycerols to free fatty acids (FFAs).
The prioritization of substances should also take into account substance activation or
deactivation through digestive or metabolic processes. Both hazardous and beneficially
bioactive compounds as well as their metabolic fate (activation/deactivation) need to be known
to ensure proactive consumer protection and wellness. In particular, the focus of new non-
target screening strategies should clearly be on digestibly stable bioactive substances from
the daily diet, and those getting activated by digestion/metabolization. Such prioritized
bioactive compounds are worth elucidating.

Static on-surface'” and in vitro'>'5181° digestion models are subdivided into oral, gastric, and
intestinal phase,'”'® trying to mimic in vivo digestion conditions dependent on microflora, pH,
and temperature®. The enzymatic composition of the intestinal fluids differs between the three
phases. While a-amylase is the predominant enzyme in the oral phase, it is the protease pepsin

for the acidic gastric phase, and proteolytic, lipolytic, and amylolytic enzymes in the intestinal
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phase'®. Since the main enzymatic activities from all three phases are united in the latter, this
is the most common to work with.13.15.18

Most protocols are employing chromatographic separation,'317.1® piochemical,'?13.15.17.1% or
biological assays'® after in vitro or on-surface metabolization to evaluate changes through
digestion. The separation of a complex mixture by column chromatography into many
substance peaks/fractions on the one hand and the determination of each bioactivity as a sum
parameter in 96-well plates on the other hand prohibit the direct assignment of bioactivity and
metabolic changes to individual substances. Moreover, the analysis time is doubled since all
experiments are performed twice, for non-digested samples as well as digested ones. To
overcome these problems, the simulated static digestion was developed on the adsorbent
surface and integrated into the planar chromatography workflow'”, allowing side-by-side
comparison of non-digested and digested samples, and on-surface bioassays with direct link
to bioactive compounds. Expanding this workflow by a structure identification method, such as
tandem high-resolution mass spectrometry (HRMS/MS), a highly streamlined workflow for
non-target screening of bioactive compounds in complex samples was aimed.

In this study, a ten-dimensional (10D) hyphenation strategy for non-target screening of
bioactive compounds in food was developed which included the identification of changes in
bioactive compounds through simulated metabolic processes. Therefore, a miniaturized on-
surface gastrointestinal tract digestion at the nanomolar compound scale (nanoGIT) was
integrated into the workflow. Different normal phase high-performance thin-layer
chromatography (NP-HPTLC) solvent systems, reversed phase high-performance liquid
chromatography (RP-HPLC) gradients, and HRMS/MS acquisition methods were studied,
resulting in an NP-HPTLC-nanoGIT**"e—UV/Vis/FLD-EDA-heart cut-RP-HPLC-DAD-
HESI-HRMS/MS workflow. As a proof-of-concept, bioactivity profiles of nine convenience
tomato products versus a freshly prepared one were compared as raw extracts directly and
after pancreatic digestion. It was hypothesized that this disruptive strategy will provide a non-
target food screening which is more efficient, and in particular, more proactive regarding food

safety and consumer protection compared to the status quo.
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Materials and Methods

Chemicals and Materials. Double distilled water was prepared by a Heraeus Destamat Bi-
18E from Thermo Fisher Scientific, Dreieich, Germany. All solvents were chromatography
grade, and all salts of p.a. quality unless stated otherwise. Rivastigmine (298%), sodium
acetate (>99%), peptone from casein (for microbiology), caffeine (reagent plus), imidazole
(299.5%), acarbose (295%), quercetin (295%), I-ascorbic acid (reagent grade), naringenin
(295%), myristic acid (299%), palmitic acid (>99%), linoleic acid (60-74%), bile extract
(porcine), pancreatin from porcine pancreas (8 x USP specifications), acetylcholinesterase
(AChE) from Electrophorus electricus (2245 U/mg, 10 kU/vial), and a-glucosidase from
Saccharomyces cerevisiae (1,000 U/vial) were purchased from Sigma-Aldrich, Steinheim
Germany. Ammonium carbonate (extra pure) was deliverd by Bernd Kraft, Duisburg, Germany.
B-Glucosidase from almonds (3040 U/mg) and 2-naphtyl-B-D-glucopyranoside (95%) were
provided by ABCR, Karlsruhe, Germany. Acetonitrile (ACN, 299.8%, Honeywell, Riedel-de
Haén), ammonium acetate (299%), ammonium formate (LC-MS grade, 299%), and sodium
bicarbonate (299.7%) were obtained from Fluka, Sigma-Aldrich, Steinheim, Germany.
Chlorogenic acid (295%) was from Cayman Chemical, Ann Arbor, MI, USA. Bovine serum
albumin (BSA, fraction V, 298%), tris(hydroxymethyl)aminomethane (TRIS, 299.9%),
hydrochloric acid (HCI, purest, 37%), ethanol, glacial acetic acid (100%), sodium dihydrogen
phosphate monohydrate (NaH2POs - H20, 99%), dipotassium hydrogen phosphate trihydrate
(K2HPOs - 3 H20, 299%), glycerol (Rotipuran, 86%), stearic acid (>98%), oleic acid (>99%),
n-hexane (298%), calcium chloride (CaClz, 298%), potassium dihydrogen phosphate (KH2PO4,
299%), magnesium chloride hexahydrate (MgClz - 6 H20, 298%), and disodium hydrogen
phosphate (Na;HPQO4, 299%) were delivered by Carl Roth, Karlsruhe, Germany.
2-Naphtyl-a-D-glucopyranoside (99%) was from Fluorochem, Hadfield Derbyshire, UK. HPTLC
silica gel 60 F2s4 MS-grade plates, magnesium sulfate heptahydrate (MgSO, - 7 H20, 99.5%),
and potassium chloride (KCI, 299.5%) were provided by Merck, Darmstadt, Germany. Water
(MS grade), methanol, formic acid (99%), and sodium chloride (NaCl, 299%) were obtained

from VWR, Darmstadt, Germany. Fast Blue B salt (95%) was purchased from MP Biomedicals,
5
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Eschwege, Germany. Diammonium hydrogen phosphate ([NH4]-.HPQO4, 299%), linolenic acid
(99%), n-butanol, and diisopropyl ether (299%) were delivered by Acros Organics, Morris
Plains, NJ, USA. Dichloromethane, ethyl acetate, and yeast extract powder (for microbiology)
were obtained from Th. Geyer, Renningen, Germany. The culture medium preparation for the
bioluminescent Aliivibrio fischeri bacteria (DSM-7151, German Collection of Microorganisms
and Cell Cultures, Berlin, Germany), is listed elsewhere.?® The solvent toluene (299.8%) was
provided by Fisher Scientific, Schwerte, Germany. Butyrylcholinesterase (BChE, 2245 U/mg)
from equine serum was purchased from SERVA, Heidelberg, Germany, and its substrate

1-naphthyl acetate (298%) from AppliChem, Darmstadt, Germany.

Preparation of Standard Mixture, Positive Control and Simulated Intestinal Fluid. Stock
solutions (10 mg/mL) of the FFAs myristic (C14:0), palmitic (C16:0), stearic (C18:0), oleic
(C18:1), linoleic (C18:2), and linolenic (C18:3) acid were prepared in n-hexane. The secondary
plant metabolites quercetin, naringenin, ascorbic acid, and chlorogenic acid were prepared
each as 1-mg/mL stock solution in methanol. A standard mixture was obtained by diluting
100 pL of each FFA, and 1 mL of each secondary plant metabolite stock solution in a 10-mL
volumetric flask which was filled with methanol to the mark. The final concentration was
100 pg/mL for each substance. As positive control (PC) solution for intestinal digestion,
rapeseed oil was diluted in n-hexane (1 mg/mL). The preparation of the simulated intestinal
fluid (SIF),'® pancreatin solution (panc, 20 mU/uL in SIF)'® containing bile extract,'” and CaCl.

(6 pmol/uL) solution'” were described elsewhere.

Preparation of Tomato Samples. Nine different convenience tomato products were prepared
according to each manufacturer's instruction, and a further tenth sample (fresh tomato soup)
was self-prepared (Table S1). Each sample (5 g) was mixed with 5 mL n-butanol, vortexed for
10 min, and ultrasonicated (Sonores Digiplus, Bandelin, Berlin, Germany) for 15 min. After
centrifugation at 3,000 x g for 5 min (Labofuge 400, Heraeus, Hanau, Germany), supernatants
were filtered through a 0.45 um cellulose acetate filter (VWR, Darmstadt, Germany), and

transferred into autosampler vials.
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NP-HPTLC-nanoGIT**tve—UV/Vis/FLD-EDA Workflow. For studying HPLC gradients and
MS acquisiton methods, the standard mixture was applied 40-fold, each as
4 mm x 2 mm-area (500 ng/area) on one HPTLC plate silica gel 60 F2s4 MS-grade (Automatic
TLC Sampler 4 controlled by Freemode Option of winCATS software version 1.4.7.2018,
CAMAG, Muttenz, Switzerland). For the final method, n-butanol extracts were applied twice as
6-mm bands (5 uL/band) on pre-washed® HPTLC plates silica gel 60 Fzss MS-grade. The PC
solution (5 pL/band) was co-applied. Then, one sample track each and the PC were
oversprayed according to the on-surface protocol'” with the bile-extract-containing panc
solution (5 uL) and with CaCl. solution (1 uL). Additionally, one track containing only panc and
CaCl; was applied as negative control (NC). The top 8 cm of the plate were covered with a
second plate (layer faced upwards), so that exclusively the application zone was wetted by
piezoelectrical spraying of a 0.1 M sodium chloride solution (Derivatizer; 1.25 mL, yellow
nozzle, level 6). Both plates®® were transferred in a moistened polypropylene box
(26.5cm x 16 cm x 10 cm, KIS, ABM, Wolframs-Eschenbach, Germany) with filter-paper
lining and incubated for 1 h at 37 °C in an oven (Memmert, Schwabach, Germany). The cover
plate remains on the sample plate during incubation to prevent the first two centimeters from
running dry through the hygroscopic activity of the dry covered silica gel. After incubation, the
plate was dried for 4 min in a stream of cold air. Plates were developed with n-hexane —
dichloromethane — methanol — water (40:50:10:1, V/V/V/V) up to 70 mm (further studied mobile
phases as in Table S2 and Figure S1) in a twin trough chamber (20 cm x 10 cm, CAMAG) and
documented under white light illumination (Vis), UV 254 nm, and FLD 366 nm (TLC Visualizer
3, CAMAG). HPTLC instruments were controlled by visionCATS software
(version 3.1.21109.3, CAMAG). Subsequently, effect-directed analysis (EDA) with A. fischeri
bioassay as well as o-/B-glucosidase and AChE/BChE enzyme inhibition assays was

performed as described.?

Heart cut—-RP-HPLC-DAD-HESI-HRMS/MS. Bioactive zones were heart-cut eluted from the

HPTLC plate using a fully automated autoTLC-MS interface??® with an oval elution head
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(4 mm x 2 mm). An HPLC standalone pump (MX010PFT, Teledyne SSI, State College, PA,
USA) provided the eluent water — methanol (9:1, V/V) at a flow rate of 0.1 mL/min. Elution time
was set to 60 s, including 20 s safety time. The elution head was rinsed for 1 min at
half-gradient time, when the autoTLC-MS interface was isolated from the working system.
Analytes were transferred through a biocompatible inline filter (IDEX Health & Science,
Rohnert Park, CA, USA) to a two-position six-port switching valve (MXT series, PD715-000,
Rheodyne, IDEX) with an installed 50-uL sample loop and desalting cartridge (Accucore RP-
MS, 10 mm x 2.1 mm, 2.6 um, Thermo Fisher Scientific).® Analytes were trapped on the
cartridge within the first 40 s elution time, until the valve was switched, and the 12-min HPLC
gradient transferred the analytes with a flow rate of 0.4 mL/min to the main column (Accucore
RP-MS 100 mm x 2.1 mm, 2.6 ym, thermostated at 40 °C, Thermo Fisher Scientific). The
gradient consisted of eluent A (water with 2.5 mM ammonium acetate, pH adjusted to 4.5 with
acetic acid), and eluent B (methanol). Starting conditions were 2% B for 2 min (elution), which
were increased to 100% B (2—7 min), and held for 3 min (7—10 min), followed by 2 min
equilibration time (gradient optimizations in Figure S2). The Dionex Ultimate HPLC system
(Dionex Softron, Germering, Germany) used was equipped with a binary pump (HPG-
3200SD), an autosampler (WPS-3000TXRS), a column oven (TCC-3000RS), and a diode
array detector (DAD-3000RS), connected to a Q Exactive Plus Hybrid Quadrupole-Orbitrap
mass spectrometer, with an lon-Max HESI-II probe (both Thermo Fisher Scientific). Detection
was performed with DAD (wavelength scan 200-400 nm and at specific wavelengths of
240 nm, 280 nm, and 320 nm) and HRMS/MS in polarity switching full-scan data-dependent
MS2 (ddMS2) mode. lonization settings were equal for all MS acquisition methods: sheath gas
20 AU, aux gas 10 AU, spray voltage 3.5 kV, capillary temperature 320 °C, probe heater
temperature 350 °C, S-lens RF level 50 AU. The settings for full scan were a mass range of
m/z 100-1100, resolving power of 70,000 (at m/z 200, full width at half-maximum, FWHM),
and automatic gain control (AGC) target 3e6. Fragmentation scans followed in Top5 ddMS2
acquisition mode at a mass range of m/z 80—-1000, resolution of 17,500 FWHM, AGC target
1e6, and stepped normalized collision energy of 20, 40, and 60 eV (further MS acquisition

8
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methods in Figure S3). The mass spectrometer was calibrated daily with Pierce TM LTQ Velos
ESI positive/negative ion calibration solution (Thermo Fisher Scientific). The instrument was
controlled and spectra were recorded with Xcalibur 4.2.47 with Foundation 3.1.261.0 and SlI

for Xcalibur 1.5.0.10747 (Thermo Fisher Scientific).

Results and Discussion

The recently developed nano-molar NP-HPTLC—nanoGIT*¢ system'” and the latest eight-
dimensional (8D) hyphenation® were combined to an overall 10D hyphenation and adapted to
a high-resolution tandem mass spectrometer (Figure 1), ie. NP-HPTLC—nanoGIT *active_
UV/Vis/FLD-EDA-heart cut-RP-HPLC-DAD-HESI-HRMS/MS. As first dimension (1D), the
on-surface digestion of tomato samples with pancreatic enzymes simulated the human
gastrointestinal tract metabolism (nanoGIT). Separating side-by-side digested versus non-
digested raw extract samples via NP-HPTLC represented the second dimension (2D).
Detection at white light illumination (3D), UV 254 nm (4D), and fluorescence detection FLD
366 nm (5D) gave information about chromophores, UV-absorbing, and natively fluorescing
molecules, respectively. To prioritize compounds among the hundreds or thousands of
unknown compounds in a complex food sample, an effect-directed assay (EDA, **°“¢) was
included as sixth dimension (6D). Zones showing bioactivity were heart-cut eluted to an
orthogonal RP-HPLC column (7D) and further characterized with DAD (8D) and HRMS/MS
(9D/10D). The resulting 10D hyphenation focused on unknown bioactive compounds which
were influenced by simulated human gastrointestinal digestion. The performance, versatility,
and robustness of the workflow were examined by nine convenience tomato products in
comparison to a freshly prepared one and by using one antibacterial bioassay and four enzyme

inhibiting assays.

Mobile Phase Development for NP-HPTLC—nanoGIT**tve—UV/Vis/FLD-EDA. As a broad
compound spectrum in a wide polarity range was expected in the n-butanol extracts of the

tomato products, different mobile phases (Table S2 and Figure S1) were tested to detect a

9
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difference between digested versus non-digested raw extract samples. The pancreatic enzyme
mixture contained three classes of enzymes, ie. lipases, amylases, and peptidases.
Therefore, mobile phase development focused on cleavage products of those enzymes.
Although apolar solvents, such as n-hexane, ethyl acetate, and toluene, were considered basic
solvents, others were added for selectivity and band sharpness improvement, e.g.
dichloromethane, methanol, water, and organic acids (Table S2). The resulting bioautograms
were exemplarily compiled for tomato product sample 8 detected via the A. fischeri bioassay
(Figure S1). The mobile phase n-hexane — dichloromethane — methanol — water (40:50:10:1
VIVIVIV; Table S2, no. 16) was the best choice to separate both the polar and mid polar
components at lower hRr values as well as the apolar substances in the upper part of the
chromatogram. As almost 90% of the selected mobile phase consisted of highly volatile
organic solvent, it was inevitable to run the chromatography in a tightly closed twin trough

chamber.

Method Development for Automated Non-Target RP-HPLC-HESI-HRMS/MS. By
extending the latest 8D hyphenation to a 10D hyphenation, instrumentation had to be changed
from an ultra-performance HPLC? to a standard-pressure HPLC. Adapting the column gradient
to an instrument that can sustain less pressure, was challenging. The used Dionex system has
an upper pressure limit of only 62 MPa (620 bar), and in addition, the backpressure from the
HESI probe was higher than for the previously employed Waters probe.® To prevent the
instrumentation from working on its limit, the gradient was adjusted to the given circumstances
(Figure S2). The applied standard mixture was heart-cut eluted with water — methanol (9:1 V/V)
to RP-HPLC-DAD-HESI-HRMS/MS. The eluents (A: 2.5 mM ammonium acetate adjusted to
pH 4.5 with acetic acid; B: methanol) remained the same. The gradient program of the
8D-hyphenation® was first tested at half of the flow rate. As a result, the peak shapes were not
satisfactory, adjacent peaks were not baseline-separated, and FFAs did not elute at all from
the RP column (Figure S2A). Thus, the organic gradient portion was raised to 100%, and the

duration was shortened to 10 min, however, baseline separation and the elution of the most
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apolar stearic acid (C18:0) were not satisfactory (Figure S2B). A less steep increase in organic
solvent (Figure S2C), a longer time holding at 100% B, and a higher flow rate of 0.4 mL/min
(Figure S2D) completed the gradient optimization.

To evaluate the best non-target acquisition settings for hybrid Q-Orbitrap, all ion fragmentation
(AIF) and ddMS2 fragmentation were employed in polarity switching mode and compared with
multiplexed and variable data-independent acquisitions (m/vDIA) in single polarity mode. A
detailed description of the parameters set in the different acquisition modes is summarized
(Figure S3). Full scan extracted ion chromatograms (XIC) and corresponding MS2 scan events
at higher-energy collisional dissociation, HCD 40.00) are exemplarily shown for the flavonoid
naringenin (m/z 271.0614, [M—H]") in Figure 2. A drawback of AIF acquisition (Figure 2A) is
that no precursor molecule is selected for fragmentation and all ions were transferred to the
collision cell at the same time resulting in high background ion interference.® Furthermore, the
assignment of fragments to a precursor cannot be made unambiguously for several analytes
eluting at the same time. The shown XIC MS2 chromatogram at m/z 119.0503 (CgH-O") is
based on a known fragment of naringenin, which also illustrates the lack of potential as a non-
target screening acquisition method. In contrast, data-dependent analysis (Figure 2B)
obliterated all disadvantages mentioned for AIF. For non-target data acquisition, no inclusion
list is available to determine the precursors for fragmentation.® Hence, the used Top5 ddMS2
method, isolated the five most abundant precursors in each full scan event and transferred
them to the collision cell. These settings entailed advantages and disadvantages at the same
time. Fragments could be assigned to a precursor and fragmentation spectra are almost
interference-free. Still, the method is limited to only five precursors which could be fragmented
at the same time, neglecting low abundant ones. Further, the low MS2 scan rate (only four
fragmentation scans, Figure 2B) was additionally minimized by polarity switching, which is,
however, indispensable for non-target analysis. In contrast, DIA methods are suitable for
non-target data acquisition, but cycle time is the limiting factor disabling polarity switching.%2*
The missing opportunity for polarity switching in both DIA acquisition methods Figure 2C and
D) is therefore their main drawback. Compared to AIF, smaller m/z ranges (isolation window,

11
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Figure S3) were isolated by the quadrupole and guided to the fragmentation cell. A complete
scan cycle consisted therefore of a full scan followed by the DIA m/z windows which were
worked off in sequence.®#?* The smaller the isolation windows, the longer the cycle time. In
mDIA methods, the isolation window is fixed for a certain mass range, but several m/z ranges
could be simultaneously fragmented and analyzed by multiplexing (Figure S3, MSX ID 9, m/z
500.00000-550.00000, and 550.00000-600.00000). Since the bioactive compounds in the
tomato products were expected to be small molecules of low molecular weight, the higher m/z
ranges were multiplexed, and the lower m/zranges were left singly to provide interference-free
MS2 spectra. In contrast, multiple isolation windows were selected in vDIA acquisition mode,
in which the isolation windows for higher m/z values were set wider than for lower m/z for the
same reasons mentioned above. Since DIA lacks polarity switching and acquisition is always
a decision between resolution and scan speed as well as width of isolation windows and
number of MS2 scan events,?* it was discarded as a non-target screening acquisition method.
Since AIF acquisition is too impurity-prone and non-selective, it was also discarded as an
option. Hence, a ddMS2 acquisition method was selected for automated non-target RP HPLC—

HESI HRMS/MS analysis of the eluted zones.

NP-HPTLC-nanoGIT***"ve—yV/Vis/FLD-EDA-heart cut-RP-HPLC-DAD-HESI-HRMS/MS
Non-Target Screening Results. One set of the tomato product extracts was used directly,
whereas the other set was metabolized by simulated static pancreatic digestion (1D). After
their separation (2D), their UV/Vis/FLD chromatograms (3D-5D) showed only a few zones
(Figure S4). For the bioactivity detection (6D), the A. fischeri bioassay (Figure 3A) was selected
due to its simplicity and more universal detectability. Glucosidase Figure 3B/C) and
cholinesterase (Figure 3D/E) inhibition assays were employed to focus on the relationship
between the diet and mainstream civilization diseases, e.g., diabetes type Il and Alzheimer’s.?
After bioactivity screening, the most prominent zones I-IX (Figure 3) were heart-cut eluted and

analyzed via RP-HPLC-DAD-HESI-HRMS/MS (7D-10D).
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Comparing the bioactive profiles of non-digested (-) and digested (+) raw extracts of
convenience tomato product samples 1-9 (Figure 3) only slight differences were detectable
due to the same main ingredient (tomatoes). Zone | (hRr 99£1) exhibited bioactivity through
all assays but did not show any significant HRMS signals. Presumably, lipids, e.g.
triacylglycerols (TAGs), from vegetable oils were chromatographed to the solvent front.
Missing lipid signals in HRMS/MS were explained by their high apolar properties, which
prohibited them to elute from the plate with 90% water. It was assumed, that zone | is partially
metabolized by the pancreatic enzymes. Sample 5 (Figure 3B) illustrated this hypothesis.
While in the non-digested raw extract 5 (=), zonel (hRr 99%1) is very intensive, the
a-glucosidase inhibition capacity was weakened in the digested sample 5 (+). In contrast,
zone IV (Figure 3, hRr 55-80, depending on plate activity) significantly increased through
digestion. This intensification was detected through all assays, suggesting products of
metabolization. The recording of HRMS signals revealed a whole pattern of FFAs with chain
lengths from C12—C18 (Table 1) as possible degradation products of the TAGs cleavage via
the pancreatic lipases. Myristic, palmitic, stearic, oleic, linoleic, and linolenic acid were not
separated by NP-HPTLC, but by the orthogonal RP-HPLC. A remarkable difference comparing
convenience products with the self-made tomato soup is the comparatively very low content
of FFA in the non-digested raw extract of the self-made tomato soup. The freshly prepared
food contained fewer FFA degradation products which indicated a good quality and edibility of
oils.?®

The importance of the second orthogonal chromatography was once more highlighted by the
following example. At hRr 811 in samples 1-4, 7, 9, and 10, in both digested and non-
digested samples, the two antibacterial zones Il and lll were observed in the A. fischeri
bioautogram (Figure 3A). In the self-made tomato soup (sample 10) the antibacterial response
of zone Il is unequivocally affiliated with piperine (Table 1), the main alkaloid in black pepper.?
In conclusion, being at a similar migration distance, zone lll in sample 7 could also contain
piperine (regardless of a slightly different zone shape). But the ingredients list (Table S1)

neither showed pepper, spices, nor any declaration indicating the alkaloid. Instead, the two
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herbicides dinoseb and dinoterb were found in zone Il (Table 1, Figure 4). According to
European Commission Regulation EU 2015/868%7 maximum residue levels (MRL) for the
herbicides are 0.02 mg/kg each in fruiting vegetables (tomatoes), berries and small fruits (wine
grapes), and bulb vegetables (onion and garlic). All these ingredients were present in sample
7. Since the A. fischeri bioassay and the HRMS/MS analysis are very sensitive, even traces of
dinoseb and dinoterb can be found in the sample because authorized herbicides are normally
highly active and potent. The bioactive zone at hRr 81+1 of samples 1—4, all containing pepper
or seasoning, was caused by piperine and assigned as zone Il. Neither the alkaloid nor the
herbicides are influenced by the on-surface intestinal digestion.

In the A. fischeri bioautogram (Figure 3A), an extra zone V (hRr 49+1) was visible after
digestion, exclusively for samples 8 and 9. Short-chain FFAs, such as capric (C10:0) and lauric
(C12:0) acid were found in this zone (Figure 3A, Table 1) formed by enzymatic digestion of
TAGs of animal origin.? Comparing the ingredients lists (Table S1), samples 5, 8, and 9
contained cream and skim milk powder as sources of animal fat, which explained the findings.
In sample 5, the skim milk powder was added in a lower quantity explained by the higher
tomato content (89% tomatoes versus only 48% and 56% in samples 8 and 9, respectively).
Zones VI and VII (both hRr 2841, Figure 3A/C/D) revealed several signals, but could not be
assigned to any ingredient listed. Calculated molecular formulas CisH2s0s5, C12H220s,
C14H250s, and C13H2606 (Table 1) indicated partially oxidized mono- or diacylglycerols. This
was plausible as mono- and diacylglycerols are used as emulsifying agents in convenience
tomato products. This assumption was also supported by the presence of these zones in the
digested rapeseed oil (PC, hRr 28) as well as their increase in the digested samples and their
absence in the self-made freshly prepared tomato product. Recently, especially the
monoacylglycerols were proven to act antibacterial against A. fischeri.?®

The flavonoid naringenin caused the antibacterial effect of zone VIII (hRr 18%1) in the A.
fischeri bioautogram (Figure 3A, Table 1). The bacterial inhibition response was pronounced
for samples 1, 3, 4, 6-9, weak for samples 2 and 5, and absent for sample 10. The flavonoid
content in tomatoes is dependent on the stage of maturation. Ripe tomato fruits have a high
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amount of flavonoids accumulated in the peel.*>*' Since the tomatoes were peeled for the
self-made soup, it was expected that no naringenin was found in sample 10.

The B-glucosidase inhibiting zone IX (hRr 0, Figure 3C, Table 1) was assigned to tuberonic
acid glucoside,*? and rutin.®' Due to the amylolytic activity of pancreatin, these two analytes

are expected to be metabolized to their aglycons tuberonic acid and quercetin.

Elucidated structures in health-promoting context. The new hyphenated strategy
successfully provided an efficient and straightforward non-target food screening, exemplarily
shown for tomato products. Due to the detection of biological effects and prioritization of
important bioactive compounds, it was more proactive regarding food safety and consumer
protection compared to the analytical status quo. As the sample amount applied was the same
for all assays, the bioactive responses can directly be compared. All studied tomato samples
showed a similar bioprofile due to the same main ingredient (tomatoes) and possessed
health-promoting constituents with the potential to prevent or at least curtail civilization
diseases such as Alzheimer’s or diabetes type Il. Most striking were the antibacterial, then
a-glucosidase, and then BChE inhibition activities among the five different activity mechanisms
studied. The effects were observed for an extracted 5-g sample portion taken out of a 250-g
meal and considered to be meaningful since the 50-fold effect response has to be imagined to
be taken up with a meal. In terms of bioactivity and health benefits, the quality of the
convenience tomato products 1-9 can compete, especially after intestinal digestion, with the
self-made tomato soup sample 10, which is commonly supposed to be the healthier alternative.
The most pronounced and most versatile effects were observed for the FFAs (zone IV). This
effect substantially increased after the simulated intestinal digestion. The self-made tomato
soup sample 10 showed ab initio the lowest content of FFAs since it was freshly prepared, but
after the simulated intestinal digestion, it was similar in the effect responses to the convenience
products. FFAs are known to influence health and disease status of humans. Particularly the
antibacterial effect against both Gram-negative and Gram-positive bacteria was

emphasized.®*-35 Despite various ways of acting against pathogens,®*% FFAs support to
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balance the gut microbiota.®® The cholinesterase inhibition capacities of myristic, oleic,
palmitic, and stearic acid were already proved against standards.*” In context with Alzheimer’s
disease, the inhibition of acetylcholine breakdown via AChE and BChE is one therapeutic
option to slow down symptoms.3®

Piperine (zone ll) and the two co-eluting dinitrophenol herbicides dinoseb and dinoterb
(zone Ill) were also prominent in their antibacterial activity against the A. fischeri bacteria. Only
piperine has been reported so far to act against human pathogens®. The piperine, almost
100% absorbed, does not undergo metabolic alterations*°, which is consistent with our results.
Also the herbicides were not influenced by the on-surface intestinal digestion and thus can
stay active inside our body. The cellular uptake of herbicides is dependent on the gut
microbiota composition, whereby the intestinal absorption of pesticides decreased in presence
of microbiota.*'

Further, the health-promoting effects of naringenin (zone VIII) are well reported including
antidiabetic effects.*? The antimicrobial properties of the flavonoid were studied against several
model organisms*, but not explicitly A. fischeri. The partially oxidized mono- or diacylglycerols
(zones VI/VII), but also the FFAs (zone IV), should be tested for the presence of epoxidized
forms in future since healthy oils rich in unsaturated fatty acids were recently found to be

genotoxic.*

Abbreviations used

AChE — acetylcholinesterase, AGC — automatic gain control, AIF — all ion fragmentation, BChE —
butyrylcholinesterase, DAD — diode array detector, ddMS2 — data-dependent MS2, EDA —
effect-directed analysis, FFA — free fatty acids, FLD — fluorescence light detection, FWHM — full
width at half maximum, GIT — gastrointestinal tract, HCD — high-energy collisional dissociation,
HESI — heated electrospray ionization, HPLC — high-performance liquid chromatography, HPTLC
— high-performance thin-layer chromatography, HRMS/MS - high-resolution tandem mass
spectrometry, mDIA — multiplexed data-independent acquisition, MSX — multiplexing mode, NC —

negative control, NCE — normalized collision energy, NP — normal phase, PC — positive control,
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RP — reversed phase, SIF — simulated intestinal fluid, SIM — single ion monitoring, TAG —

triacylglyceride, TIC — total ion count, vDIA — variable data-independent acquisition
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Figure legends

Figure 1. Schematic workflow of the straigthforward 10D hyphenated NP-
HPTLC-nanoGIT*#tve—UV/Vis/FLD-EDA-heart cut-RP-HPLC-DAD-HESI-HRMS/MS taking
2.5-4.0 h per sample with consumption costs of 2.90 € per sample plus 0.15 € per substance

elution.

Figure 2. Study of HRMS aquisition modes: Extracted ion chromatograms (XIC) from full scan
and respective MS2 chromatograms from different aquisition modes analysed by a Q Exactive
Plus Hybrid Quadrupole-Orbitrap. Naringin (500 ng/area each) applied on an HPTLC silica gel
60 Fas4 MS-grade plate was eluted with water — methanol (9:1, V/V) to RP-HPLC-HESI-
HRMS/MS. The full scans (displayed as stick) of the deprotonated naringin (m/z 271.0614,
[M-H]") were combined with (A) All lon Fragmentation (AIF, product ion spectra of m/z
199.0503 CsH70O"), (B) data-dependent MS2 (ddMS2, directly from the isolated precursor), (C)
multiplexed data independent aquisition (mDIA), and (D) variable DIA (vDIA) both latter from

the MS2 scan event m/z 250-300.

Figure 3. Food screening for bioactive compounds: NP-HPTLC-nanoGIT**e—UV/Vis/FLD—
EDA profiles of non-digested (-) versus panc-digested (+) raw extracts of tomato products
(5 uL/band each, assignments in Table S1) along with positive control (PC, digested rapeseed
oil) and negative control (NC, pancreatic enzyme mix and bile salts) on HPTLC plate silica gel
60 Fas4 MS-grade, developed with n-hexane — dichloromethane — methanol — water
(40:50:10:1, VIVIVIV) up to 70 mm and detected via the bioluminescence (depicted as a
greyscale image) after the A. fischeri bioassay (A), and at white light illumination after the
a-glucosidase (B), B-glucosidase (C), acetylcholinesterase (D), and butyrylcholinesterase (E)
inhibition assays. Bioactive zones I-IX were heart-cut eluted for further characterization by RP-
HPLC-DAD-HRMS/MS. hRr values were dependent on plate activity, as evident for zone IV

(D).
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608 Figure 4. NP-HPTLC-nanoGIT**"e—UV/Vis/FLD-EDA-heart cut-RP-HPLC-DAD-HESI-

609 HRMS/MS spectra of zones Il and lll, both at hRr 81%1.
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Table S2. Investigation of mobile phase systems for tomato extract separation on HPTLC silica

gel 60 F2s4 MS-grade plates up to a migration distance of 75 mm (*70 mm).

No. | Mobile Phase (VVVIVIV)

1 n-hexane — ethyl acetate — methanol (6:3:2)

2 n-hexane — ethyl acetate — methanol (6:3:1)

3 n-hexane — toluene — ethyl acetate — methanol — formic acid (20:20:15:5:3)
5 n-hexane — toluene — ethyl acetate — methanol — formic acid (20:20:15:5:1)
5* | ethyl acetate — methanol — water (80:13:7)

6* | ethyl acetate — methanol — water (75:17:8)

7* | toluene — ethyl acetate — formic acid (45:30:2)

8* | toluene — acetonitrile — formic acid (45:30:2)

9 toluene — ethyl acetate — formic acid (45:40:2)

10* | n-hexane — toluene — ethyl acetate — methanol (4:4:3:2)

11* | ethyl acetate — methanol — water (16:2:1)

12 | ethyl acetate — toluene — methanol — water (16:4:2:1)

13* | diisopropyl ether — n-butanol — methanol (1:1:1)

14* | ethyl acetate — toluene — methanol — water (16:2:2:1)

15 | n-hexane — dichloromethane — methanol — water (40:50:12:1)

16 | n-hexane — dichloromethane — methanol — water (40:50:10:1)

17 | n-hexane — dichloromethane — methanol — water (40:55:12:1)

18 | n-hexane — dichloromethane — methanol — water (40:60:15:1)

19 | n-hexane — dichloromethane — methanol — water (50:55:15:1)

20 | n-hexane — dichloromethane — methanol — water (50:60:15:1)

21 | n-hexane — dichloromethane — methanol — acetic acid (40:50:10:1)
22 | n-hexane — dichloromethane — methanol — acetic acid (80:100:20:1)
23 | n-hexane — dichloromethane — methanol — water (90:100:24:1)

24 | n-hexane — dichloromethane — methanol — water (30:50:7:1)
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Fig. S1. Investigation of mobile phase systems (no. 1-24, Table S2) on HPTLC plates silica
gel 60 F2s4 MS-grade for the NP-HPTLC—-nanoGIT*2*"e—Aljivibrio fischeri separation of the raw
(=) versus panc-digested (+) extract of tomato product no. 8 (Table S1) along with positive
control (PC, rapeseed oil) and negative control (NC, enzyme mix and bile salts) applied (all
5 pL/band each), developed and detected via the bioluminescence (depicted as greyscale

image) after the A. fischeri bioassay.
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Fig. S2. Development of the RP-HPLC gradient consisting of eluent A (2.5 mM ammonium

acetate pH adusted with acetic acid to 4.5) and eluent B (methanol) using standard mixture

(500 ng/area, 4 mm x 2 mm) applied on HPTLC silica gel 60 F2s4 MS-grade plate and heart-

cut eluted with water — methanol (9:1 V/V) to the column and HRMS showing the total ion

current (TIC) chromatogram in the negative ionization mode.
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Fig. S4. NP-HPTLC-nanoGIT*#e—_UV/Vis/FLD profiles of 10 raw (-) versus panc-digested
(+) tomato products (5 uL/band, Table S1) along with positive control (PC, rapeseed oil), and
negative control (NC, pancreatic enzyme mix and bile salts) on HPTLC silica gel 60 Fass
MS-grade plate, developed with n-hexane — dichloromethane — methanol — water (40:50:10:1,
VIVIVIV) up to 70 mm and detected at white light illumination (A), UV 254 nm (B), and FLD

366 nm (C).
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Meal replacement products are normally consumed in weight-loss interventions and the treatment of obesity and diabetes.
Changing lifestyles and eating habits rendered meal replacement products in the forms of shakes and bars a good alternative
as “to-go-meals” promoted as healthier compared to other ready-to-eat meals. This study aimed to evaluate the bioactivity
of six differently flavoured powdered meal replacement products analyzed by the recently developed ten-dimensional
hyphenation. The latter incorporated miniaturized on-surface digestion, normal-phase high-performance thin-layer

DOI: 10.1039/x0xx00000x

chromatography, multi-imaging, bioassay detection, reversed-phase high-performance liquid chromatography with diode
array detection, and high-resolution tandem mass spectrometry. The breakdown of saccharides, fats, and proteins through
intestinal enzymatic activity revealed new metabolites. These exhibited bioactivity in their different effect-profiles obtained
by the Gram-negative Aliivibrio fischeri bioassay as well as a-/B-glucosidase, and acetyl-/butyrylcholinesterease inhibition
assays. The main bioactive compounds arising through pancreatic digestion were saturated and unsaturated free fatty acids.
The synthetic sweetener sucralose was not influenced by intestinal digestion, but showed antimicrobial activity. Also, the
acetylcholinesterase-inhibiting methylxanthines caffeine and theobromine were identified in the prepared drinking meals
with coffee and choco flavour. Despite the proven bioactivity, some other ingredients could not be assigned to specific
molecules and require further analyses. In addition to the advertised balanced composition of the tested meal replacement
products, they showed further health-beneficial properties through antimicrobial properties or inhibition of enzymes
involved in the expression of the civilisation diseases, such as diabetes and Alzheimer’s, but plant foods, herbs and spices
were shown to be even more rich and versatile in bioactive compounds.

diabetes.1112 This seems contradictory at first sight, but usually,
1. Introduction MRPs have been formulated by nutrition professionals and
represent the ideal composition for a balanced diet, which
consists of the optimal ratio of proteins, fat, fibre, vitamins, and
minerals.! Due to better nutritional values, MRPs are generally
promoted as healthy®!3 and often preferred over whole food in
weight-loss interventions.*4 It is clear that such surrogates can
not substitute the versatility of bioactive compounds present in
natural plant foods, herbs and spices.!> Thus, the impact of
excessive longer use is unclear. Moreover, MRPs also aim for a
time-saving opportunity to maintain a balanced diet. Meal
replacement bars or shakes (e.g., https://uk.yfood.eu) could be
a good alternative for busy lifestyles not allowing constant
eating habits.1® Regardless of the purpose for which the MRPs
are consumed, health-promoting properties are advertised to
users.13
Besides a balanced diet through MRPs, it is assumed, that
individual biologically active ingredients can contribute the
health positively as well. As the human metabolism alters the
bioactivity,’-2° it is significant if active compounds survive the
gastrointestinal passage to exhibit their effects. Versatile
metabolic transformation pathways of the gastrointestinal tract

The nutritional status plays an important role in health and
disease.2 Overweight, obesity, and health complaints are often
consequences of malnutrition and a lack of micronutrients.2 A
poor diet is influenced by many factors, e.g. higher
consumption of processed foods®** such as sugar-sweetened
beverages®>”’ or fast food,® portion sizes,®” or snacking habits.*
Researchers hypothesized that long-term consumption of
highly processed food plays a key role in the development of
overweight, obesity,* diabetes type 2,2° aggravation of
Alzheimer's,®? and other civilization diseases.? Food processing
includes all processes that alter food from its natural state by
drying, freezing, grinding, heating, mixing, pasteurizing,
fermenting, packaging, adding salts or sugars, etc. Through
various processing steps, food safety and security are thought
to be maintained,! but can be impaired as for the nutritional
value.l® Nevertheless, highly processed meal replacement
products (MRPs) are applied in the treatment of obesity or

Justus Liebig University Giessen, Institute of Nutritional Science. Chair of Food (GIT), e.q., microbial or enzymatic reactions, metabolise food
Science, Heinrich-Buff-Ring 26—32, 35392 Giessen, Germany. E-mail: ? R .

Gertrud.Morlock@uni-giessen.de; Tel.: +49 641 9939141; fax: +49 641 9939149, components to get absorbed or influence the microbiome.#
+ Electronic Supplementary Information (ESI) available: Details of samples (Table Most prominent enzyme classes of the intestine are lipases,

S1), nutritional values of samples (Table $2) Migration behaviour of lipidic stan-

dards (Fig. 51). See DOI 10.1039/x0xx00000x amylases, and proteases, responsible for the breakdown of fats,
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saccharides, and proteins, respectively. Through digestive
processes, previously active ingredients could either lose their
properties, are not influenced, or new biologically active
metabolites or degradation products are produced. Therefore,
screening for health-beneficial substances from processed
foods should always consider further processing by the human
metabolism.

In this study, the recently developed ten-dimensional
bioanalytical hyphenation?! was employed to screen for stable,
degraded or metabolised bioactive compounds in six differently
flavoured MRPs. The bioanalytical workflow incorporated a
miniaturized on-surface digestion (1D, nanoGIT), followed by
normal-phase high-performance thin-layer chromatography
(2D, NP-HPTLC) with multi-imaging at UV light (3D), white light
illumination (4D, Vis), and fluorescence light detection (5D, FLD)
plus effect-directed assay analysis (6D, EDA, *ctive), Dimensions
1D-6D were performed on the same planar surface. Active
zones were further evaluated by heart-cut elution, online
desalting, reversed-phase high-performance liquid
chromatography (7D, RP-HPLC) with diode array detection (8D,
DAD), and high-resolution tandem mass spectrometry (9D/10D,
HRMS/MS).  This streamlined  NP-HPTLC—nanoGIT*active—
UV/Vis/FLD—-EDA-heart cut-RP-HPLC-DAD-HRMS/MS
workflow was used for non-target screening of bioactive
substances from highly processed foods, such as MRPs.

2. Materials and methods
2.1. Chemicals and materials

All solvents were chromatography grade, and all salts of p.a.
quality unless stated otherwise. HPTLC silica gel 60 Fasa
MS-grade plates, potassium chloride (KCI, 299.5%), and
magnesium sulfate heptahydrate (MgSO4 - 7 H,0, 99.5%) were
obtained from Merck, Darmstadt, Germany. Dipotassium
hydrogen phosphate trihydrate (K;HPOs:3 H,O, 299%),
magnesium chloride hexahydrate (MgCl,-6 H,O, 298%),
sodium dihydrogen phosphate monohydrate (NaH,PO;4 - H,0,
99%), calcium chloride (CaCl,, 298%), potassium dihydrogen
phosphate (KH:PO,, 299%), disodium hydrogen phosphate
(Na;HPO,4, 299%), bovine serum albumin (BSA, fraction V,
298%), tris(hydroxymethyl)Jaminomethane (TRIS, 299.9%),
hydrochloric acid (HCI, purest, 37%), glycerol (Rotipuran, 86%),
glacial acetic acid (100%), n-hexane (298%), capric acid (>98%),
stearic acid (>98%), and oleic acid (>99%) were purchased from
Carl Roth, Karlsruhe, Germany. Bile extract (porcine),
pancreatin from porcine pancreas (8 x USP specifications),
acarbose (295%), rivastigmine (298%), caffeine (reagent plus),
sodium acetate (>99%), peptone from casein (for microbiology),
imidazole (299.5%), acetylcholinesterase (AChE) from
Electrophorus electricus (2245 U/mg, 10 kU/vial), a-glucosidase
from Saccharomyces cerevisiae (1,000 U/vial), ethanol
(299.8%), lauric acid (98%), myristic acid (299%), palmitic acid
(>99%), linoleic acid (60—74%), 1-oleoyl-rac-glycerol (299%,

monoacylglycerols, MAGsS), dioleoylglygerol (299%,
diacylglycerols, DAGs), and glyceryl trioleate (299%,
triacylglycerols, TAGs) were delivered by Sigma-Aldrich,

2| J. Name., 2012, 00, 1-3
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Steinheim Germany. Butyrylcholinesterase (BChE, 2245 U/mg)
from equine serum was obtained from SERVA, Heidelberg,
Germany, and its substrate 1-naphthyl acetate (298%) from
AppliChem, Darmstadt, Germany. 2-Naphtyl-B-p-glucopyrano-
side (95%) and B-glucosidase from almonds (3040 U/mg) were
provided by ABCR, Karlsruhe, Germany. Sodium bicarbonate
(299.7%) and ammonium acetate (299%) were purchased from
Fluka, Sigma-Aldrich, Steinheim, Germany. Yeast extract
powder (for microbiology) and dichloromethane were delivered
by Th. Geyer, Renningen, Germany. 2-Naphtyl-a-p-glucopyrano-
side (99%) was from Fluorochem, Hadfield Derbyshire, United
Kingdom. Methanol, water (MS-grade), formic acid (99%), and
sodium chloride (NaCl, 299%) were from VWR, Darmstadt,
Germany. Ammonium carbonate (extra pure) was purchased
from Bernd Kraft, Duisburg, Germany. n-Butanol, diammonium
hydrogen phosphate ([NH4];HPO4, 299%), diethyl ether (99%),
and linolenic acid (99%) were obtained from Acros Organics,
Morris Plains, NJ, United States of America. Fast Blue B salt
(95%) was delivered by MP Biomedicals, Eschwege, Germany.
The culture medium preparation for the bioluminescent
Aliivibrio fischeri bacteria (DSM-7151, German Collection of
Microorganisms and Cell Cultures, Berlin, Germany), is listed
elsewhere.?2 Rhodamine 6G (100 * 3%) was delivered by Alfa
Aesar, Kandel, Germany. Double distilled water was prepared
by a Heraeus Destamat Bi 18E from Thermo Fisher Scientific,
Dreieich, Germany.

2.2. Standard and sample preparation

Capric, lauric, myristic, palmitic, stearic, oleic, linoleic, and
linolenic acid, 1-oleoyl-rac-glycerol (MAGs), dioleoylglygerol
(DAGs), and glyceryl trioleate (TAGs) were prepared as
10-mg/mL stock solutions in n-hexane and diluted to 1-mg/mL
working standards each.

Powdered MRPs in different flavours were purchased from
yfood Labs, Munich, Germany and prepared according to the
manufacturer's instructions. Briefly, 29 g of each powder were
solved in 100 mL double distilled water and homogenised by
manual shaking. Then, 5 g of each liquid nutrient (Table S1)
were mixed with 5 mL n-butanol, vortexed for 10 min, and
ultrasonicated (Sonores Digiplus, Bandelin, Berlin, Germany) for
15 min. After centrifugation at 3,000 x g for 5 min (Labofuge
400, Heraeus, Hanau, Germany), supernatants were filtered
through a 0.45 um cellulose acetate filter (VWR, Darmstadt,
Germany), and transferred into autosampler vials.

2.3. NP-HPTLC-nanoGIT*ctive—V/Vis/FLD-EDA workflow

The simulated intestinal fluid (SIF) was prepared?324 and the NP-
HPTLC—nanoGIT*actve—UV/Vis/FLD—EDA workflow was
performed?! as described. All HPTLC instruments were from
CAMAG, Muttenz, Switzerland, and controlled by visionCATS
software (version 3.1.21109.3) if not stated otherwise. In brief,
HPTLC silica gel 60 F,s4 MS-grade plates were prewashed twice
with methanol — water (4:1, V/V) in a Simultaneous TLC
Developing Chamber (Macherey-Nagel, Diren, Germany) and
dried at 110°C in a clean oven (Memmert, Schwabach,
Germany) for 20 min.25 Plates were stored wrapped in

This journal is © The Royal Society of Chemistry 20xx
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Fig. 1. Schematic ten-dimensional workflow and information obtained by streamlined hyphenation.

aluminium foil in a desiccator until use. n-Butanol extracts were
applied twice as 6-mm bands (5 uL/band) on pre-washed plates
with a track distance of 13.5 mm (Automated TLC Sampler 4).
The positive control (PC) rapeseed oil (1 mg/mL in n-hexane,
5 pL) and the negative control (NC) pancreatin solution (panc,
20 mU/pL in SIF with bile extract, 5puL) with respective
co-factors (CaCl,, 6 pmol/puL, 1 pL) were co-applied. The PC and
one sample track each were oversprayed with panc and CacCl,.
To simulate the digestion, the lower 2 cm of the plate were
moistened with 0.1 M sodium chloride solution (1.25 mL,
yellow nozzle, level 6). Thereby, the top 8 cm of the plate were
covered with a second plate, so that exclusively the 2-cm lower
application area was wetted.2® The stacked plates were placed
horizontally in a moistened polypropylene box (KIS,
26.5cmx16cm x 10 cm, ABM, Wolframs-Eschenbach,
Germany) and incubated for 1 h at 37 °C in an oven (Memmert,
Schwabach, Germany). The sample-loaded plate was dried for
4 min in a stream of cold air and chromatographed with
n-hexane — dichloromethane — methanol — water (40:50:10:1,
V/V/V/V) up to 70 mm in a twin trough chamber. Note that the
mobile phase consisted of almost 90% highly volatile organic
solvents, i.e. n-hexane and dichloromethane, necessitating an
absolutely tight development chamber. Documentation
followed at Vis, UV 254 nm, and FLD 366 nm (TLC Visualizer 3).
The selected enzyme-inhibition assays a-/B-glucosidase and
AChE/BChE as well as the A. fischeri bioassay were performed
as previously described.15 Functionality of the assays was
proven by the application of PCs on the upper plate edge. PCs
used were caffeine (1 mg/mL in methanol, 0.5, 1.5, and
3 pL/band) for A. fischeri bioassay, rivastigmine (0.1 mg/mL in
methanol, 2, 4, and 8 puL/band) for AChE and BChE inhibition
assays, acarbose (3 mg/mL in ethanol, 1, 3, and 6 pL/band) for
a-glucosidase, and imidazole (1 mg/mL, 3, 5, and 7 pL/band) for
B-glucosidase inhibition assay.

2.4. Heart cut-RP-HPLC-DAD-HESI-HRMS/MS

In a previous study, a 10D-workflow was established.2!

This journal is © The Royal Society of Chemistry 20xx

All instrumental settings concerning standalone pump,
autoTLC-MS interface, switching valve, desalting unit, LC, and
HRMS/MS parameters were adopted. Shortly, bioactive zones
were selected using the respective (bio)autogram, then
automatically eluted from the plate by an oval elution head
(2 mm x 4 mm), desalted by trapping on a pre-column and valve
switching, and further characterized by RP-HPLC—-DAD-HESI-
HRMS/MS.

3. Results and discussion

The 10D-hyphenation is a powerful tool to maximize the
information gained from a single run (Fig. 1).2! In a minimalistic
approach, pancreatic digestion was simulated through lipolytic,
amylolytic, and proteolytic activity in the GIT, and revealed
information about possibly present digestible lipids,
saccharides, or proteins present in the sample. NP-HPTLC
separation showed metabolic changes through digestion and
side-by-side comparison of non-digested and digested samples.
Further, HPTLC gave evidence about substance polarity via the
hRe value. Due to the different detection modes at Vis, UV
254 nm, and FLD 366 nm, chemical properties of sample
components, such as chromophores, UV absorption, and
natively fluorescent structure moieties, respectively, were
evaluated. Subsequent effect-directed analysis (EDA) revealed
antibacterial compounds against A. fischeri as well as inhibitors
of a-glucosidase, B-glucosidase, AChE and BChE. Tracking of
metabolic activation or deactivation was also embedded in the
workflow. Final heart cut-RP-HPLC—-DAD—HRMS/MS analysis of
the bioactive zone allowed a variety of information about
polarity (retention time in RP column), UV absorption (DAD),
exact mass (HRMS), and fragmentation (MS/MS), ultimately
leading to structure elucidation.

3.1. NP-HPTLC-nanoGIT*active—UV/Vis/FLD-EDA screening results

Effect-directed profiling showed bioactive zones in all five
assays (Fig. 2). Since the basic formulation of the six differently

J. Name., 2013, 00, 1-3 | 3
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Fig. 2. NP-HPTLC-nanoGIT**"e~UV/Vis/FLD-EDA profiles of five flavoured food

sul smutes Side-by-side comparison of non-digested (-) and enznmatlcally

digested (+) yfood products (5 uL/band, assignments in Table S1) with positive

control (PC, ra[peseed oil), and negative control (NC, pancreatic enzyme mix, and

bile salts) app ed on HPTLC plate silica gel 60 F. ONSI%I %roade, c‘!/e\‘//e |?erj with n-
tel

hexane—dict up to
70 mm and detected after A. fischeri bioassay witl bioluminescence epicted as a
rscale image (A), and under white light illumination after a- flucosmase (B),
i cosidase (C), acetylcholmesterase &'), and butyrylcholinesterase (| )
inhibition assays. Heart-cut eluted zones which were further characterized with
RP-HPLC-DAD-HRMS/MS were marked with Roman numbers.

flavoured MRPs is very similar or even the same (Tables S1 and
2), an observed similar effect-profile across the different MRPs
pointed to active compounds which are ingredients of the basic
formulation. Non-digested (-) and digested (+) samples were
screened in parallel to visualize differences through pancreatic
digestion. Active zones of interest (marked I-XIl) were further
analysed via heart cut-RP-HPLC-DAD—HRMS/MS.

Antibacterial effects against the Gram-negative A. fischeri
bacteria were evident as dark zones on the bioluminescent
background (depicted as greyscale image, Fig. 2A). Compounds
with positive impact on the energetic cell metabolism are
brighter than the background. Zone I almost migrated to the
solvent front (hRr 99) and its bioactive response was hard to
distinguish from the solvent front. The amount of antimicrobial
substances increased through on-surface digestion (Fig. 2A),

4| J. Name., 2012, 00, 1-3
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especially in the upper hRe region (hRr 60—90, zones Il and Ill).
This effect was so strong that the substances even diffused to
the neighbouring tracks under aqueous bioassay conditions.
Since this effect was also observed in the PC (digested rapeseed
oil) and NC, albeit in an attenuated form, it was expected that
the substances must be lipids. The same holds for the
antibacterial zones at hR¢ 23 (zone X). Zones IV (hRr 50) and V
(hRr 35) also exhibited antibacterial properties against A.
fischeri. Both originated from metabolic digestion processes,
missing in the non-digested samples. Only in this bioassay, the
zone IV could be clearly differentiated from the blurred zones II
and 1ll. Some compounds enhancing the energetic cell
metabolism of the A. fischeri bacteria remained in the
application zone. At least in the digested samples (+), this effect
originated from the pancreatic enzyme, as it was also
recognized in the NC. Nevertheless, the non-digested (-) MRPs
also showed bright zones, which could not be explained by
pancreatic enzyme activity, since no panc was applied on the
left track of each sample. Minor antibacterial effects were
observed between hRr values <10 (zones XI and XIl) in all
samples, which were not affected by digestion.

Inhibitors of a- and B-glucosidase were evident as colourless
zones on a purple background (Fig. 2B/C). They only differed in
the inhibition intensity, which was apparently stronger towards
a-glucosidase. The ingredients of yfood are thus more potent in
inhibiting the cleavage of a-1,4- or a-1,6-linked polysaccharides
such as starch. In non-digested samples, a colourless inhibiting
zone was detected within the solvent front (hRr 99, zone 1),
especially in the MRP vanilla and choco. The chromatographic
behaviour of this substance suggested that it has apolar
properties since it did not interact with the polar silica gel plate.
This substance was suspected to be digested, missing in these
samples. Further inhibitory zones were detected at hRe 60-90
(zones Il and Ill) as in the A. fischeri bioassay. Exclusively for the
choco-flavoured MRP, another weak a-glucosidase inhibitory
zone (VI, hR¢ 27) was determined which was also apparent in
the AChE assay (Fig. 2D). The latter proved no metabolic
changes through digestion that were not obvious for the
a-glucosidase assay. At hRr 40-50, zone VIl was solely observed
in the glucosidase inhibition assay (Fig. 2B/C). The intensity of
the inhibitory zone increased through digestion in all samples.
The cholinesterase inhibition profiles (Fig. 2D/E) were similar
regarding the lipid part (zones I-lll) in the response and
intensity to the glucosidase inhibition (Fig. 2B/C). This
highlighted the influence of lipids on different metabolic
processes. Screening for AChE inhibitors (Fig. 2D) revealed four
further zones (V, VI, VIII, and IX), one predominantly active in
varieties of choco (hRr 27, zone VI) and the other in coffee (hR¢
38, zone V) which were not influenced by pancreatic digestion.
These substances are assumed to originate from the yfood
sort-specific ingredients (Table S1), i.e., fat-reduced cacao and
coffee extract in choco- and coffee-flavoured MRPs,
respectively. Zone VIII (hRr 37) was only apparent in the AChE
inhibition assay for the digested samples except for coconut.
Since there is no response at the same hRevalue in non-digested
analogues, it was suggested, that the pancreatic digestion
provided new AChE inhibition properties to metabolites. At hRe

This journal is © The Royal Society of Chemistry 20xx
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. 3. NP-HPTLC-nanoGIT**ve—yV/Vis/FLD—EDA—heart cut—RP-HPLC-DAD-HRMS/MS results of zone Il (zones Il and IV with a similar profile but

Fi
differing emphasis). NP-HPTLC-nanoGIT*>"* profiles of the choco-flavoured MRP as in Fehler! Verweis:

uelle konnte nicht gefunden werden.(A).

Zones |-V were heart cut eluted, serarated on an RP-HPLC column, and detected via orbitrap HRMS/M! as schematically shown (B), resulting in a
3

chromatographic fatty acid profile (C|

and respective mass spectra (D). Related peaks and mass spectra were highlighted in the same colour.

48, a colourless zone (IX) was detectable in the non-digested
fruit-based MRPs berry, coffee, banana, and coconut, while this
response was missing in the flavours vanilla and choco. After
digestion, this effect was no longer detected. Modified chemical
properties of the digestion product compared to its educt,
resulted in either a change in the retention behavior on the NP
plate or the loss of interaction with the binding site of AChE. The
BChE inhibition profiles (Fig. 2E) showed the lipidic zones -1l
very similar in intensity to the a-glucosidase.

3.2. Heart cut-RP-HPLC-DAD-HRMS/MS non-target screening
results

Interesting active zones for elution were selected as
coordinates on the respective (bio)autogram. The fully
automated TLC-MS interface moves to the position selected,
puts down the elution head, and elutes directly from the
(bio)autogram one zone after the other.2’” Most bioactive
ingredients identified were not explicitly listed in the
ingredients list, but hidden behind super categories such as
vegetable oils, coffee extract, or cacao, which hindered a direct
assignment. The very apolar zone | (close to the solvent front,
not so prominent) did not provide a mass signal in the
heart cut-RP-HPLC-DAD-HESI-HRMS/MS  analysis. It was
assumed that triacylglycerols (TAGs) from animal fats and
vegetable oils (Table S1) migrated to the solvent front (hRg 99)
on the NP-HPTLC plate. This assumption was intensified as the
migration behaviour of lipidic standards was already
comprehensible in a comparable chromatographic system (Fig.
S1). The missing signals for TAGs originated from the setup of
the 10D hyphenation. The zone elution solvent consists of 90%
water and only 10% organic solvent. The aqueous solvent has
good elution strength on NP-HPTLC plates, but solubility for
TAGS is poor. The highly apolar TAGs could not be transferred
from the plate to be detected with HRMS/MS. In addition, the
installed HESI ionization source is not suited for ionisation of
apolar compounds. The most striking zones II-IV were detected

This journal is © The Royal Society of Chemistry 20xx

in all assays. After heart cut—RP-HPLC—-DAD—-HESI-HRMS/MS,
the benefit of the orthogonal separation (Fig. 3) was evident.
Seven fatty acids (Table 1, Fig. 3D) were detected at an hRr of
approx. 60-95. To cover the broad retardation range, three
independent elutions were performed (zones I11-1V). All
revealed comparable chromatograms with differing emphases
of the fatty acid profile. It was expected that all fatty acids
migrate to a similar hRe value in this chromatographic system.
This hypothesis was confirmed with the respective standards
and the A. fischeri bioassay (Fig. 4). Supposedly pure standards
of unsaturated fatty acids, i.e. C18:1, C18:2, and C18:3, were
prone to impurities and oxidized degradation products. Lipolytic
activity of pancreatic enzymes hydrolysed TAGs from milk
protein and vegetable oils to their respective free fatty acids.
Capric (€10:0) and lauric acid (C12:0) were cleavage products
from animal fats,28 while myristic (C14:0), palmitic (C16:0),
stearic (C18:0), oleic (C18:1), linoleic (C18:2), and linolenic acid
(C18:3) resulted rather from sunflower and rapeseed oil?.
According to the nutritional values list of the tested MRPs (Table
S2), the overall amount of fat is indicated as 18.17 + 0.37 g per
300 mL shake, of which only 2.42 + 0.09 g are saturated. C12:0
is reported to interrupt the membrane integrity of
Gram-positive and Gram-negative bacteria, inducing its
antibacterial effect.3° Weaker antimicrobial properties are
described for the saturated €10:0, C16:0, and C18:0.3° Despite
the antimicrobial activity, the fatty acids, particularly n-3
(omega-3) polyunsaturated fatty acids, do not destroy the
natural intestinal microbiome but help to establish a balance
between the main bacterial genera Firmicutes and
Bacteroidetes.3132 Omega-3 fatty acids are reported to exhibit
AChE inhibitory activities.?3 Of the detected fatty acids (Table 1),
only C18:3 belongs to the omega-3 family. Since the AChE
inhibition signal is very broad, it was assumed that other fatty
acids also contribute to the overall inhibitory capacity. In a
previous study, standards of C14:0, C16:0, C18:0, and C18:1
were also found to inhibit AChE as well as BChE, although the
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Table 1. ive HRMS signal i for six fl i food substitutes. NP-HPTLC-nanoGIT**!—UV/Vis/FLD-EDA~heart cut—-RP-HPLC-DAD-HESI-HRMS/MS signals of
bioactive zones as in Fig. 2.

Zone hRe ta [min] Molecular lon species Precursor am/z Mms? Amax Tentative assignment Lit.
(£1) formula [m/z] [ppm] [m/z] [nm]
| 99 n.d.
n 60— 8.32 C10H2002 [M-H]" 171.1390 0.49 no - capric acid a
mn 95 fragments
v
8.68 C12H2402 [M-H] 199.1703 0.42 no = lauric acid 2
fragments
8.78 Ci1sH3:03 [M-H]~ 297.2436 -0.24 no - unknown
[M+Cl]~ 333.2204 -0.64 fragments
[M+HCOO0]" 343.2492 -0.47
9.00 C1aH2:02 [M-H]~ 227.2019 -0.95 no - myristic acid a9
[2M-H]- 455.4112 -1.37 fragments
9.00 CisH3002 [M-H]" 277.2174 -0.49 no = linolenic acid 2
fragments
9.21 CisH3:02 [M-H] 279.2330 -0.13 no = linoleic acid =
[2M-H]~ 559.4735 -0.65 fragments
9.43sh Ci6H3202 [M-H]" 255.2331 -0.65 no - palmitic acid 2
[2M-H]" 511.4734 -0.46 fragments
9.43 CigH340; [M-H]- 281.2486 -0.09 no - oleic acid 2
[2M-H]- 563.5048 -0.49 fragments
9.68 CisH3602 [M-H]~ 283.2644 -0.34 no - stearic acid 29
[2M-H]" 567.5364 -1.03 fragments
v 38 5.50 CsH1002N4 [M+H]* 195.0879 -1.48 138.0664 205, caffeine 2B
110.0718* 275
A 27 4.45 C7HsO2N4 [M+H]* 181.0720 0.23 163.0615* 205, theobromine 35,
[M+NH.]* 198.0989 -1.81 138.0663* 275
[M+Na]* 203.0539 0.08 110.0717*
[M+K]* 219.0278 0.29
Vil 48 6.63 C12H2.05 [M-H]~ 245.1395 -0.37 171.1028 = unknown
[M+Cl]~ 281.1164 -0.86 173.1168"
[M+HCOO0]~ 291.1453 -1.31 155.1063*
[M+H3C-COO]~ 305.1609 -0.92 109.1012*
[M-H20+H]* 229.1427 3.12 67.0549"
[M+NHJ]* 264.1797 3.10
[M+Na]* 269.1349 4.04
[M+K]* 285.1089 3.62
7.37 CisH260s [M-H]" 285.1710 -0.88 211.1337° - unknown
[M+Cl]~ 321.1476 -0.54 187.1337°
[M+HCOO0]- 331.1765 -0.82
[M+HsC-COO]~ 345.1921 -0.64
[M-H,0+H]* 269.1746 0.51 247.0965"
[M+H]* 287.1852 0.53 215.0703"
[M+NH.]* 304.2117 0.49 187.0754*
[M+Na]* 309.1670 0.73
[M+K]* 325.1410 0.56
Vil 37 6.12 CisH3107N [M-H]~ 348.2031 -0.95 274.1662° = unknown
[M+CI]- 384.1800 -1.36 226.1450°
[M+HCOO]~ 394.2086 -0.97 208.1344
[M+H3C-COO0]~ 408.2243 -1.03
[M+H]* 350.2174 -0.11 104.0711*
[M+Na]* 372.1994 -0.23
[M+K]* 388.1733 -0.18
IX 48 6.95 C10H1104N [M-H]" 208.0616 -0.18 151.0275° 215, unknown (fruit based
121.0295° 275, powders)
360
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Zone hRe tz [min] Molecular lon species Precursor Am/z ms? Amax Tentative assighment Lit.
(+1) formula [m/z] [ppm] [m/z] [nm]
X 23 8.07 CasH3304 [M-H]~ 389.2702 -1.25 373.27417 ] Bile acid
[M+Cl]- 425.2468 -1.01 355.2634* (7-Ketolithocholic
[M+HCOO0]" 435.2756 -0.88 337.2517* acid)
[M+HsC-COO0]- 449.2914 -1.10 319.2416%
[2M-H]- 779.5474 -0.79 159.1170*
[2M+Na-2H]~ 801.5300 -1.66
[2M+Cl] 815.5245 =132
[2M+HCOO]~ 825.5545 -2.70
[2M+H3C—C00]~ 839.5697 -2.20
[M-2H0+H]* 355.2634 -0.63
[M-H,0+H]* 373.2741 -0.99
[M+H]* 391.2847 -0.98
[M+NHa]* 408.3111 -0.75
[M+K]* 429.2405 -0.80
[2M+H]* 781.5623 =127
[2M+NH.]* 798.5888 -1.23
[2M+Na]* 803.5444 -1.48
[2M+K]* 819.5184 -1.44
XI 15 8.10, C2sHao0a [M-H]" 391.2859 -1.27 no - Bile acids 2y
8.46 [M+Cl]~ 427.2623 -0.56 fragments (hyodeoxycholic acid,
[M+HCOO]~ 437.2913 -1.02 ursodeoxycholic acid,
[M+HsC—C00]~ 451.3070 -1.03 chenodeoxycholic
[2M-H]" 783.5789 -1.14 acid, deoxycholic
[2M+Na-2H]- 805.5609 -1.09 acid)
[2M+Cl]~ 819.5561 -1.63
[M-2H,0+H]* 357.2789 -0.35
[M=H,0+H]* 375.2894 0.06
[M+NHa]* 410.3266 -0.33
[M+Na]* 415.2817 0.41
[M+K]* 431.2558 0.06
[2M+H]* 785.5927 -0.13
[2M+NHa]* 802.6190 0.13
[2M+Na]* 807.5749 -0.40
[2M+K]* 823.5485 0.03
Xl 7 5.73 C12H190:Clz [M-H]" 395.0072 0.20 359.0308~ 210 sucralose <
[M+Cl]- 430.9840 -0.19 323.0538 (sweetener)
[M+HCOO]~ 441.0126 0.36
[M+H3C-CO0]~ 455,0285 -0.20
[M+NHa]* 414.0488 -1.02
[M+K]* 434.9779 -0.46

hRg: 100-fold retardation factor on NP-HPTLC, tg: retention time on RP-HPLC column, n.d.: not detected, sh: shoulder

inhibition of the latter was weaker.>* Further, a- and
B-glucosidase inhibition properties for those four fatty acids
were determined.3* The intense response of zones -1V through
all (bio)assays resulted from additive effects of the single fatty
acids, impossible to separate on NP-HPTLC plates (Fig. 4), but on
the RP-HPLC column (Fig. 3). Furthermore, MRP
product-specific bioactive compounds were identified as
caffeine (zone V, Table 1 and Fig. 2A/D) in coffee and
choco-flavoured MRP, and theobromine (zone VI, Table 1 and
Fig. 2B/D) only in the choco-flavoured shake. Both substances
were not influenced by pancreatic digestion. Theobromine is
known to have a stronger AChE (about 39%) inhibition capacity
compared to BChE (about 4%),3° confirming the presented assay
results (Fig. 2D versus E). Inhibitory activity of caffeine against

This journal is © The Royal Society of Chemistry 20xx

AChE in vivo was already proved by Souza et al.3® This confirms
that the on-surface methodology is suited to study highly
efficiently complex samples and preselect active compounds
with potential impact in vivo.

The bioactive zones VII-IX (Fig. 2A-D) revealed HRMS mass
signals that were used to calculate possible molecular formulae
(Table 1), but were not assigned to individual substances. In
zone VI, two polyphenols were assumed, while alkaloids were
suspected in zones VIl and IX.

Zones X and Xl in the A. fischeri bioautogram (Fig. 2A) were
assigned to 7-ketolithocholic acid and hyodeoxycholic,
ursodeoxycholic, chenodeoxycholic, or deoxycholic acid3’
(Table 1) as constituents of the porcine bile salts added to the
panc enzyme mixture. Since those antibacterial effects were not
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Fig. 4. NP-| HPTLC-AInwbno{lschen bioautogram of eight faty acids (C10:0-C18:3)

monoacvlglycerol MAGs), diacylglycerols (DAGs), and trlacylglycerols (TAGS,
S pg/ban pl|ed on HPTLC plate silica gel 60 F,5. MS-grade, developed with n-
exane—dmh loromethane—methanol —water 40:50: 10:1, V/ V/\f\/) up to
70 mm and detected after A. fischeri bioassay wit| bioluminescence lepicted as a
greyscale image.

observed in the NC (only porcine bile salt, panc, and CaCly), it
was initially suspected that these antimicrobial effects
originated from yfoods, however, the identified compounds are
not explainable by the list of ingredients. Based on the absence
of any signal in the 7D—10D of the hyphenation, the substance
exhibiting the bioactivity against A. fischeri bacteria does not
have UV-absorption properties and is not ionizable, and was
therefore not detected.

The isotope pattern of the unknown substance found in
zone XlI, indicated a trichlorinated compound. The precursor
ion was obtained as 27:27:9:1 quadruplet at m/z 395.0071,
397.0041, 399.0010, and 400.9976. HRMS signals revealed a
molecular formula of C1,H15083°Cl3 for m/z 395.0071. Further
evidence of a trichlorinated compound is provided by the
fragmentation spectrum, where two times chlorine split-off was
observed (Table 1). According to spectral data and in
accordance with the ingredients list, the sweetener sucralose
was identified. Besides the antibacterial effect against A. fischeri
(Fig. 2A), the synthetic sweetener has also been shown to have
antimicrobial properties against other Gram-negative bacteria
such as different Escherichia coli strains (HB101 and K-12).38
Further, sucralose altered the gut microbiome concerning the
phyla Firmicutes and Bacteroidetes.3®

4. Conclusions

The applied 10D-hyphenation provided information about
bioactive ingredients and activities of food constituents that are
not directly listed as such on the packaging, as not regulated.
The highly streamlined workflow was able to analyse six
samples in parallel at a minimum of time (2.5-4.0 h depending
on the assay) and material costs of 2.90 € per sample plus 0.15 €
per substance elution to RP-HPLC-DAD-HESI-HRMS/MS. The
health benefits of MRPs claimed by manufacturers were rapidly
verified. Additionally, information about bioavailability and
bioactivity after digestion of highly processed food was gained.
Besides the advertised balanced diet, the analysed MRPs
demonstrated further health-beneficial properties in form of
bioactivity. The bioprofiling was exemplarily focused on
detecting antibacterial compounds and inhibitors of
glucosidases and cholinesterases, but other mechanisms can be
studied in future. Depending on the processing, potential
bioactive compounds from MRPs were stable against
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mechanical, physical, or chemical influences and had bioactive
properties even after intestinal digestion, also demonstrating
biological stability. The obtained results showed that food and
its digestion products inhibited the main enzymes involved in
the development of hyperglycaemia and cognitive decline, i.e.
glucosidases and cholinesterases, respectively. Remedies
packaged in food for the treatment of diabetes and Alzheimer's
disease could ease the daily lives of some patients. The famous
quote by Hippocrates "Let food be thy medicine, and let
medicine be thy food", summarises the results of the present
work.
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Table S1. Flavour, expiration date, ingredients, and sample weights (W), extracted with 5 mL

n-butanol and filtered through a 0.45 um cellulose acetate filter.

Sample
flavor

Best before

Ingredients

Widl

Vanilla

03/19/2022

milk protein, vegetable oils (sunflower, rapeseed),
chicory root fibre, coconut milk, gluten-free oat fibre,
vitamins (A, C, D, E, K, B1, B3, B5, B6, folic acid, biotin),
minerals (potassium, magnesium, iron, zinc, copper,
manganese, selenium, chromium, molybdenum,
chloride, iodine), modified starch, maltodextrin,
sweetener sucralose; natural flavourings.

5.00

Choco

03/19/2022

milk protein, vegetable oils (sunflower, rapeseed),
fat-reduced cocoa 7.3%, chicory root fibre, coconut milk,
gluten-free oat fibre, vitamins (A, C, D, E, K, B1, B3, B5,
B6, folic acid, biotin), minerals (potassium, magnesium,
iron, zinc, copper, manganese, selenium, chromium,
molybdenum, chloride, iodine), modified starch,
maltodextrin, sweetener sucralose; natural flavourings.

5.00

Berry

03/19/2022

milk protein, vegetable oils (sunflower, rapeseed),
chicory root fibre, coconut milk, gluten-free oat fibre,
raspberry puree 0.2%, dried strawberries 0.2%, vitamins
(A, C, D, E, K, B1, B3, B5, B6, folic acid, biotin), minerals
(potassium, magnesium, iron, zinc, copper, manganese,
selenium, chromium, molybdenum, chloride, iodine),
modified starch, maltodextrin, sweetener sucralose;
colouring beetroot concentrate; acidity regulator citric
acid; natural flavourings.

5.09

Coffee

03/11/2022

milk protein, vegetable oils (sunflower, rapeseed),
chicory root fibre, coffee extract 3.2%, coconut milk,
gluten-free oat fibre, vitamins (A, C, D, E, K, B1, B3, B5,
B6, folic acid, biotin), minerals (potassium, magnesium,
iron, zinc, copper, manganese, selenium, chromium,
molybdenum, chloride, iodine), modified starch,
maltodextrin, sweetener sucralose; natural flavourings.

5.02

Banana

03/11/2022

milk protein, vegetable oils (sunflower, rapeseed),
chicory root fibre, coconut milk, gluten-free oat fibre,
banana powder 0.2%, vitamins (A, C, D, E, K, B1, B3,
B5, B6, folic acid, biotin), minerals (potassium,
magnesium, iron, zinc, copper, manganese, selenium,
chromium, molybdenum, chloride, iodine), modified
starch, maltodextrin, sweetener sucralose; natural
flavourings.

5.04

Coconut

03/19/2022

milk protein, vegetable oils (sunflower, rapeseed),
chicory root fibre, gluten-free oat fibre, coconut milk
0.4%, vitamins (A, C, D, E, K, B1, B3, B5, B6, folic acid,
biotin), minerals (potassium, magnesium, iron, zinc,
copper, manganese, selenium, chromium, molybdenum,
chloride, iodine), modified starch, maltodextrin,
sweetener sucralose; natural flavourings.

5.10

S-3
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Table S2. Nutritional values of the six investigated MRPs.

Nutritional values
Calories [kcal]
Carbohydrates [g]
of which sugars [g]
Protein [g]

Fat [g]

of which saturated fats [g]
fiber [g]

salt [g]

Vitamins

Vitamin A [ug]
Vitamin D [ug]
Vitamin E [mg]
Vitamin K [ug]
Vitamin C [mg]
Thiamin [mg]
Riboflavin [mg]
Niacin [mg]
Vitamin B6 [mg]
Folic acid [ug]
Vitamin B12 [ug]
Biotin [ug]
Pantothenic acid [mg]
Minerals
Potassium [mg]
Chloride [mg]
Calcium [mg]
Phosphorus [mg]
Magnesium [mg]
Iron [mg]

Zinc [mg]

Copper [mg]
Manganese [mg]
Selenium [ug]
Chromium [ug]
Molybdenum [ug]
lodine [ug]

*

400.00+0
30.33 £ 0.47
15.17 £ 0.69
25.00+0
18.17 £ 0.37
242 +0.09
6.62 + 0.47
053+0

241000
1.50+0
3600
23.00+0
2400+0
0.33+0
0.70+0
480+0
0420
60.40 £ 0
1200
20.00+0
1.80+0

633.33 + 74.54
240.00+0
722.67 +2.98
498.83 + 13.04
119.17 £ 13.79
455+0.78
3.00+0

0.34 £ 0.09
0.60+0
17.00+0
12.000
15.00+0
45.22 £ 0.04

*data were calculated as mean * standard deviation per portion (300 mL)
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Fig. S1. NP-HPTLC-Rhodamine 6G—FLD of eight faty acids (C10:0-C18:3), monoacylglyce-
rols (MAGs), diacylglycerols (DAGs), and triacylglycerols (TAGs) (10 pg/band) applied on
HPTLC plate silica gel 60 F2s4 MS-grade, developed with n-hexane — diethyl ether — formic
acid (70:30:2, VIVIV) up to 60 mm and detected after chemical derivatisation with

rhodamine 6G (0.1% in ethanol).
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ARTICLE INFO ABSTRACT

Hormonal active compounds affecting health by altering the hormonal system are present in food. The planar
yeast antagonist androgen screen (pYAAS) bioassay is a powerful tool to detect individual hormonal active
compounds in complex samples separated by high-performance thin-layer chromatography (HPTLC). Previous
methods lacked cither detection sensitivity or zone sharpness. To overcome diffusion caused by long bioassay
incubation on the normal-phase (NP) plate, zone fixation (™) was achieved with a new polyisobutyl methac-

Dedicated to the 70th birthday of Prof. Dr.
Wolfgang Schwack, University of Hohenheim,
Stuttgart, Germany.

Keywords:

Agonist rylate coating, leading to enhanced zone sharpness. The exclusion of false-positive antagonists was integrated in
Antagonist the workflow, which allowed the verification (V) of true antagonists, apart from the detection of synergists. With
Synergist the new multiplex bioassay providing information on 4 activities, 68 different botanicals were screened and

False-positive

Planar yeast antagonist androgen screen
(pYAAS) bioassay

Zone diffusion reduction

hormonal active zones were identified by elution from the bioautogram to orthogonal reversed-phase high
performance liquid chromatography with diode array detection and high-resolution mass spectrometry including
fragmentation, resulting in the 12D hyphenation NP-HPTLC™-UV/Vis/FLD-pYAVAS-FLD-heart cut-RP-

HIPLC-DAD-TIRMS/MS.
High-performance thin-layer chromatography &

coupled with high-resolution mass spectron-
etry (HPITLC-HRMS)

1. Introduction

The consumption of plant-based food is known to be good for human
health, as botanicals contain various bioactive compounds that have for
example antidiabetic or antibacterial properties (Schreiner, Sauter, Friz,
Heil, & Morlock, 2021), but there are also adverse effects. Substances
that interfere with the human endocrine system are attracting increased
attention (Riegraf et al., 2019; Klingelhofer, Hockamp, & Morlock,
2020; Mertl et al., 2014). Such endocrine-disrupting chemicals mimic or
alter the activity of steroid hormones (Mertl et al., 2014; Lee, Lee, Kwon,
& Lee, 2003). Testosterone-like substances bind the human androgen
receptor (hAR) and can act as androgens by receptor activation or act in
an antiandrogenic way by blocking the binding site of the receptor
(Azhagiya Singam, Tachachartvanich, La Merrill, Smith, & Durkin,
2019). Especially antiandrogens can cause male developmental disor-
ders. One of the first studied antiandrogens is the dicarboximide
fungicide vinclozolin, which has long been shown to affect mammalian

* Corresponding author.
E-mail address: Gertrud.Morlock@uni-giessen.de (G.E. Morlock).

https://doi.org/10.1016/j.foodchem.2022.133610

reproduction (Gray, Ostby, & Kelce, 1994). Effects on the reproductive
system have also been demonstrated for esters of 4-hydroxybenzoic acid
(parabens), which are known for their antiandrogenic properties (Oishi,
2001; Chen et al., 2007). There are also many phytochemicals that act as
antiandrogens by binding the hAR (Singh, Baruah, & Sharma, 2017).
Antiandrogenic activity has been proven especially for phytoestrogens
(Singh et al., 2017) such as apigenin (Mbachu et al., 2020). As natural
plant-based compounds can have antiandrogenic effects, it is likely that
edible plants also contain such substances (Kuroyanagi et al., 1996;
Zierau et al., 2003; Schleich, Papaioannou, Baniahmad, & Matusch,
2006).

Several bioassays were developed to detect endocrine-disrupting
chemicals in food (Bovee et al., 1998; Bowens et al., 2009; Bovee
et al., 2009). The yeast androgen screen (YAS) uses genetically modified
Saccharomyces cerevisiae containing the hAR and is usually performed in
microtiter plates, whereby only a sum parameter (sum effect) can be
obtained for a complex sample or multi-component mixture (Sohoni &

Received 29 January 2022; Received in revised form 29 May 2022; Accepted 28 June 2022
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0308-8146/© 2022 Elscvier Ltd. All rights reserved.
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Sumpter, 1998). A combination with a chromatographic separation is,
therefore, eligible (Mertl et al, 2014; Schonborn et al., 2017;
Klingelhofer et al., 2020). High-performance thin-layer chromatography
(HPTLC) is well suited for complex samples due to its matrix robustness
(Morlock, Morlock, & Lemo, 2014; Morlock & Prabha, 2007). Matrix-
rich samples can be used almost in their native form and separated
with virtually no loss of substance, in contrast to high-performance
liquid chromatography (HPLC), which requires more complex sample
preparation (Morlock, 2021; Schick & Schwack, 2017). The hyphen-
ation of planar chromatography with biological detection led to the
planar YAS (pYAS) bioassay, which allowed detecting straightforwardly
individual substances in a complex mixture (Klingelhofer et al., 2020).
Separated androgens activated the hAR, leading to the production of
B-galactosidase in the zone (Schick & Schwack, 2017). By the applica-
tion of the substrate 4-methyl umbelliferyl-p-n-galactopyranoside
(MUG), its galactose moiety was enzymatically cleaved by the YAS-
reporter f-p-galactosidase, releasing the blue fluorescent 4-methyl
umbelliferone (MU) recorded at 366 nm by fluorescence light detec-
tion (FLD). Hence, an androgen present in the sample was detected as a
blue fluorescent zone. In contrast, an antiandrogen, blocking the binding
site of the hAR, was indirectly detected as a fluorescence-reducing zone,
when an agonist-stripe was overlaid orthogonally along each sample
track after chromatography (Klingelhofer et al., 2020). Thus, on the
planar format, the additional detection of the opposite antagonistic ef-
fect was easily performed via an overlaid stripe of testosterone (T),
which is the most common androgen or agonist. As water has almost no
elution power on wettable reversed-phase HPTLC plates (RP-18 W),
almost no desorption and diffusion of compounds occurred during the
applied bioassay (despite long incubation times and a polar bioassay
medium), preserving the sharpness of the zones which is especially
important for complex mixtures (Klingelhofer & Morlock, 2014). This
multiplex planar yeast antagonist androgen screen (pYAAS) bioassay
was recently demonstrated (I{lingelhofer et al., 2020).

The application of this bioassay on normal-phase (NP)-HPTLC plates
would improve detectability as well as multiplex functionality and
reduce plate costs, but a major disadvantage is the strong diffusion
(Schonborn et al., 2017) caused by the combination of a polar layer and
an aqueous bioassay during long incubation times. Hence, for the first
time, the reduction of diffusion on the NP-HPTLC plate was investigated
by coating the layer with different fixation agents. A substance fixation
(™) and resulting zone sharpness would especially improve the evalu-
ation of hormonal compounds in complex samples. First, this sharpness
would also allow extending the workflow pattern by another stripe to
include the detection and exclusion of false-positive antagonistic re-
sponses. The overlay of the end product MU as additional stripe could
prove true antagonists leading to their verification (V). The assay con-
ditions on NP, such as incubation time, agonist-stripe amount, and end-
product-stripe amount, had to be studied. The resulting NP-
HPTLC™-UV/Vis/ FLD-pYAVAS-FLD bioassay tailored for the detection
of androgens, antiandrogens, false-positive antiandrogens, and syner-
gists in complex mixtures was intended to provide more efficiency and
profound information compared to status quo methods. Bioactive zones
are to be eluted straightforwardly from the bioassay plate to orthogonal
reversed-phase high-performance liquid chromatography with diode
array detection and high-resolution mass spectrometry including frag-
mentation (heart cut-RP-HPLC-DAD-HRMS/MS).

2. Materials and methods
2.1. Chemicals and materials

Double-distilled water was prepared using a Destamat Bi 18E, Her-
aeus, Hanau, Germany. Saccharomyces cerevisiae BJ1991, genetically
modified to contain the hAR, was purchased from Xenometrix, Allsch-

wil, Switzerland. Ethyl acetate (HPLC grade) was from Th. Geyer,
Renningen, Germany. n-Hexane (HPLC grade) was purchased from
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Honeywell, Seelze, Germany and ethanol (HPLC grade), methanol (LC-
MS grade), and water (LC-MS grade) from Fisher Scientific, Schwerte,
Germany. Wettable reversed-phase HPTLC plates silica gel 60 RP-18 W
and silica gel 60 Fys4 MS-grade (NP), as well as i-tyrosine (for
biochemistry), sodium chloride (NaCl, >99%), citric acid monohydrate
(>99.5%), and 1-arginine (>99%) were obtained from Merck, Darm-
stadt, Germany. Testosterone (T, >99%), p-(+)glucose (99.5%), L-glu-
tamic acid (99%), 1-serine (99%), L-valine (99%), i-leucine (99%), L-
methionine (98%), 1-aspartic acid (99.5%), i-threonine (for laboratory
use), L-isoleucine (99%), L-glycine (99%), copper (II) sulfate pentahy-
drate, yeast nitrogen base without amino acids (p. a.), 4-methyl
umbelliferone (MU, >98%), ethyl 4-hydroxybenzoate (ethyl paraben,
ethyl ester, EE, 99%), and ammonium formate (LC-MS grade, >99%)
were delivered by Sigma-Aldrich Fluka, Steinheim, Germany. 1-Lysine
and 1-histidine (both p. a.) were provided by Serva, Heidelberg, Ger-
many. L-Phenylalanine (99%) was delivered from Bachem, Bubendorf,
Switzerland. t-Adenine (>99%) was purchased from TCI Deutschland,
Eschborn, Germany. Formic acid (>98%), 4-methyl umbelliferyl-f3-p-
galactopyranoside (MUG, for biochemistry), dimethyl sulfoxide
(>99.8%), sodium hydroxide (>99%), disodium hydrogen phosphate
(>99%), and toluene (HPLC grade) were obtained from Carl Roth,
Karlsruhe, Germany. Methanol (HPLC grade) was from VWR, Darm-
stadt, Germany. Degalan® P 28 N (Degalan), former Plexigum P 28, was
obtained from Rohm, Darmstadt, Germany. Purity grades were listed
when available. Dried botanical powders (Table S1) were obtained from
Martin Bauer Group, Vestenbergsgreuth, Germany.

2.2. HPTLC plate pre-treatment

To improve layer stability, RP-18 W plates were heated at 120 °Cina
clean oven (Memmert, Schwabach, Germany) for 1 h, then prewashed
up to approx. 90 mm, first with methanol and second with ethyl acetate
in a Simultaneous TLC Developing Chamber (Macherey-Nagel, Diiren,
Germany). NP plates were prewashed twice with methanol — water (4:1,
V/V) and dried at 110 °C in the oven for 20 min (Morlock, 2014). All
plates were stored wrapped in aluminum foil in a desiccator.

2.3. Preparation of yeast cell medium and culture

A minimal medium was prepared in double-distilled sterilized water.
Through sterile filtration (mixed cellulose ester syringe filter, <0.22 um,
Merck, Darmstadt, Germany) 6.8 g/L yeast nitrogen base without amino
acids, 5 g/L p-(+)-glucose, and 14 amino acids (20 mg/L r-adenine, 20
mg/L 1-arginine, 100 mg/L r-aspartic acid, 100 mg/L 1-glutamic acid, 20
mg/L r-histidine, 30 mg/L r-isoleucine, 100 mg/L r-leucine, 30 mg/L L-
lysine, 20 mg/L r-methionine, 50 mg/L r-phenylalanine, 400 mg/L L-
serine, 200 mg/L 1-threonine, 30 mg/L i-tyrosine, and 150 mg/L 1-
valine) were added. A 1 mL cryostock Saccharomyces cerevisiae BJ1991
(modified to contain the hAR, Purvis et al., 1991) was diluted in 39 mL
minimal medium in a 100 mL plastic baffled flask. The inoculated me-
dium was incubated (Cultura M Incubator 70700, Almedica, Giffers,
Switzerland) overnight (18-19 h) at 30 °C and 75 rpm on an orbital
shaker (Edmund Biihler, Hechingen, Germany). The cell number was
determined with a hemocytometer (Brand, Wertheim, Germany) out of a
1:20 dilution (50 pL cell suspension and 950 pL 0.9% (W/V) NaCl in
double-distilled water). To adjust the cell number to 0.8 x 108 cells/mL,
the respective volume of cell suspension was centrifuged (centrifuge
5702, Eppendorf, Hamburg, Germany) at 2,500 x g for 5 min. The su-
pernatant was discarded, while the sedimented cells were resuspended
in 2 mL or 4 mL fresh medium with 150 uM copper sulfate (Klingelhofer
et al., 2020).

2.4. Standard solutions

A standard solution of the agonist T was prepared as dilution from a
1 mg/mL methanolic stock solution to a concentration of 1.5 pg/mL. The
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antagonist EE solution was prepared as a 1 mg/mL solution in methanol.
For detection of false-positive antagonistic responses, 1 mg of the fluo-
rescent end product MU was dissolved in 1 mL methanol and diluted to
100 pg/mL with methanol.

2.5. Sample preparation

Each botanical sample (500 mg, Table S1) was dissolved in 5 mL
methanol to prepare 10% (W/V) extract solutions. Extraction was per-
formed by ultrasonication (Sonorex Digiplus, Bandelin, Berlin, Ger-
many) for 30 min and centrifugation (Labofuge 400, Heraeus, Hanau,
Germany) at 3,000 x g for 15 min. Turbid extracts were additionally
filtered through polytetrafluoroethylene syringe filters (0.45 pm,
Macherey-Nagel, Diiren, Germany, marked* in Table S1) before being
transferred into autosampler vials. Extracts were stored at —20 “C.

2.6. Investigation of assay parameters and layer coating

If not stated otherwise, HPTLC instrumentation was from CAMAG,
controlled by Freemode option of winCATS software (version
1.4.7.2018) and visionCATS software (version 3.1.21109.3). Band pat-
terns and orthogonal stripes were sprayed (Freemode, Automated TLC
Sampler 4) on NP MS-grade plates and dried for 4 min (stream of cold
air, hair dryer). Optimization of the assay parameters and first attempts
on diffusion reduction are provided in the supplementary information
(Text S1). To investigate the reduction in zone diffusion via Degalan on
an NP plate, EE was applied two times as four stacked 6-mm bands of 1
pg/band and four times as four stacked 10-mm bands of 1.5 pg/band,
and still on the same plate, the sample kola (no. 31) was applied as two
6-mm bands (4 pL each). The plate piece with the kola sample was cut (5
cm x 10 ecm) and developed ina 10 cm x 10-cm twin trough chamber (as
in 2.7). All tracks or patterns were oversprayed orthogonally with T
either as 1 mm x 70-mm stripe (6 pg/area) or 2 mm x 70-mm stripe (12
ug/area). The larger 10-mm EE-bands were additionally oversprayed
orthogonally with MU (1 mm x 70 mm, 500 ng/area). The plate was cut
to obtain 2.5 cm x 10-cm pieces. From each plate piece with two
identical applications, one was used as control reference and the other
for Degalan coating before the bioassay application.

2.7. NP-HPTLC™_Uv/ Vis/FLD-pYAVAS-FLD workflow

Less sample volume had to be sprayed on the thinner-coated NP MS-
grade plates (80-120 pm layer thickness), if compared to the RP-18 W
plates (150-200 pm layer thickness). The extracts (as 6-mm bands, 4 pL
on NP or 8 pL on RP-18 W, and as 12-mm bands, 8 pL on NP) were
applied bandwise (Automated TLC Sampler 4). As mobile phase ethyl
acetate - toluene — formic acid - water (16:4:3:2, V/V/V/V) was used up
to a migration distance of 70 mm (Kriiger, Hiisken, Fornasari, Scainelli,
& Morlock, 2017; Schreiner et al., 2021) in a twin trough chamber (20
cm x 10 cm). After plate drying, T was applied as a partially overlaid
area along each track (1 mm x 70 mm; 6 ng/area on NP; 2 mm x 70 mm;
12 ng/area on NPﬁ"; 3 mm x 66 mm; 230 ng/area on RP-18 W). Addi-
tionally, a MU area (1 mm x 70 mm; 500 ng/area) was applied on each
right track side. The HPTLC chromatograms were recorded (TLC Visu-
alizer 2) at 254 nm (UV), white light illumination (Vis), and 366 nm
(FLD). For neutralization of the acidic layer, citrate phosphate buffer (6
g/L citric acid monohydrate and 10 g/L disodium hydrogen phosphate
in double-distilled water, adjusted to pH 12 by solid sodium hydroxide)
was piezoelectrically sprayed onto the plate (1.4 mL on NP or 2.8 mL on
RP-18 W, yellow ultra nozzle, level 2, Derivatizer), followed by plate
drying. For fixation, NP plates were coated with Degalan solution
(0.25% (W/V) in n-hexane; 250 mL in a crystallizing dish) for 10 min
and then dried. The prepared yeast cell culture was piezoelectrically
sprayed onto the plates (1.4 mL on NP or 2.8 mL on RP-18 W, red nozzle,
level 6, Derivatizer). The planar chromatogram was placed in a poly-
propylene box (KIS 26.5 cm x 16 cm x 10 cm, ABM, Wolframs-
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Eschenbach, Germany; pre-moistened with water for 30 min) and
incubated at 30 °C for 4 h, followed by drying. The substrate solution (2
mg MUG in 100 pL dimethyl sulfoxide and 3 mL citrate buffer) was
piezoelectrically sprayed (1.5 mL on NP or 2.3 mL on RP-18 W, yellow
ultra nozzle, level 2, Derivatizer). The plate was incubated at 37 °C for 1
h, dried, and documented at FLD 366 nm. Digital evaluation was carried
out by generating a videodensitogram out of the image at FLD 366 nm
using quanTLC (Fichou & Morlock, 2018).

2.8. Heart cut-RP-HPLC-DAD-HRMS/MS workflow

Dionex Ultimate HPLC system was equipped with a binary pump
(HPG-3200SD), an autosampler (WPS-3000TXRS), a column oven (TCC-
3000RS), and a diode array detector (DAD-3000RS, all Dionex Softron,
Germering, Germany) and connected to a Q Exactive Plus Hybrid
Quadrupole-Orbitrap (Thermo Scientific, Bellefonte, PA, United States).
Ion-Max HESI-II probe operated according to the following conditions:
sheath gas 20 AU, aux gas 10 AU, spray voltage 3.5 kV, capillary tem-
perature 320 °C, probe heater temperature 350 °C, S-lens RF level 50
AU).

Verified antiandrogens and compounds with synergistic effects were
heart-cut eluted from the HPTLC plate with the fully automated
autoTLC-MS interface (Mehl, Schwack, & Morlock, 2021; Habe & Mor-
lock, 2020) equipped with an oval elution head (2 mm x 4 mm). Elution
solvent (water — methanol, 9:1 V/V, with 4 mM ammonium formate and
0.1% formic acid) was provided by an HPLC standalone pump
(MX010PFT, Teledyne SSI, State College, PA, United States) at a flow
rate of 0.1 mL/min. Analytes were guided to a two-position six-port
switching valve (MXT series, PD715-000, Rheodyne, IDEX Health &
Science, Rohnert Park, CA, United States) on which a 50-uL sample loop
and a desalting cartridge (Accucore RP-MS, 10 mm x 2.1 mm, 2.6 pm,
Thermo Scientific) were installed. By switching after 40 s elution time,
HPLC gradient flushed the cartridge and transferred analytes to the main
column (Accucore RP-MS 100 mm x 2.1 mm, 2.6 pm, thermostated at
40 °C, Thermo Scientific) (Schreiner & Morlock, 2021). Mobile phase A
was water, while mobile phase B was methanol, both with 4 mM
ammonium formate and 0.1% formic acid. Gradient started at 5% B ata
flow rate of 0.3 mL/min for 1 min (elution), then increased to 50% B
(1-2 min) and to 95% B (2-6 min). Gradient composition was held for 2
min (6-8 min) followed by 2 min equilibration time resulting in a 10-
min gradient. After orthogonal column separation, analytes were
detected with DAD (wavelength scan 200-400 nm, and at specific
wavelengths, i.e. 240 nm, 280 nm, and 320 nm) and HRMS/MS in po-
larity switching full-scan data-dependent MS? (ddMS?) mode. MS in-
strument performed a full scan event at a mass range of m/z 100-1100,
with a resolving power of 70,000 full width at half-maximum (FWHM)
and automated gain control (AGC) target 3e6, followed by a Top5 ddMs?
fragmentation without inclusion list at a mass range of m/z 80-1000,
resolution of 17,500 FWHM, AGC target 1e6, and normalized stepped
collision energy of 20, 40, and 60 eV. External mass calibration was
performed weekly with Pierce TM LTQ Velos ESI positive/negative ion
calibration solution. The instrument was controlled by Xcalibur 3.0.63.3
with Foundation 3.0.152 under DCMS link 2.14 (all Thermo Scientific).

3. Results and discussion

For thorough evaluation of a sample, four microtiter plate assays are
currently needed for differentiation of agonistic, antagonistic, false-
positive, and synergistic effects, whereby the latter are difficult to
detect. For the analysis of sample mixtures (non-separated extracts),
only the sum of the activity of all contained substances (sum parameter)
can be determined via in vitro microtiter plate assays. In a mixture, in-
dividual opposing effects and thus opposing signals can cancel each
other out and give a false sum result. Therefore, a planar multiplex
bioassay was sought because it would provide due to the separation and
effect differentiation more in-depth information about complex
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Fig. 1. Diffusion reduction via Degalan
coating for NP-HPTLC™-pYAVAS. Applica-
tion scheme and pYA(V)AS bioassay of ethyl
paraben (A; 6-mm band, 1 ug/band; B and C;
10-mm band, 1.5 pug/band) and the sample
kola (D; 6-mm band, 4 uL, separated with
| ethyl acetate — toluene — formic acid — water

D —_

|

- testosterone (T)
=== 4-methyl umbelliferone (MU)
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mixtures than the status quo. However, the reduction of zone diffusion
was a prerequisite and critical to the success of this planar multiplex
bioassay.

3.1. Tailoring the assay parameters, integrating the fixation @) and
verification (V)

Status quo pYAAS assays on RP-18 W- and NP-HPTLC plates (the
latter without diffusion reduction) either have insufficient sensitivity or
are prone to diffusion. RP and NP plates differ in their ability to adsorb
and desorb substances in the aqueous bioassay buffer. A reduced
sensitivity on RP-18 W plates is caused and explained as follows. After
application and development, the molecules are mainly inside the
porous layer. Since the microorganism are only applied to the upper
surface layer (cells are too big to penetrate through the 6-nm particle
pores), there is limited interaction between molecules and microor-
ganism, since aqueous buffers have almost no elution strength and can
hardly desorb the molecules from the RP-18 W-layer. In contrast, due to
the opposite high elution strength of aqueous buffers on NP layers,
molecules tend to diffuse here, enhancing interaction between sub-
stances and microorganism, resulting in higher sensitivity but diffuse
zones.

Most comparable results to RP-18 W regarding T-stripe broadening
and signal intensity were given on NP for 6 ng T (Fig. 51). The applied 1-
mm T-stripe on the NP plate broadened to 3 mm during the long incu-
bation with the aqueous bioassay, whereas the 3-mm stripe on the RP-18
W plate kept the same size. However, the diffusion complicated the
evaluation of the bioautograms, especially for the intended multiplex
bioassay and multicomponent sample mixtures arranged close together
for side-by-side screening on the same plate. Parameters to overcome
diffusion were studied based on an applied band pattern. Thus, results
were obtained faster, as for integrating a development step. The applied
band pattern of the antagonist EE was oversprayed by an agonist stripe
to assess the influence on the antiandrogenic effect in the bioautogram.
First attempts to reduce diffusion were carried out by varying the second
incubation time for the substrate MUG. A 15-min incubation was too
short, whereas a 30-min incubation was already found to be sufficient in
the response (Fig. S2B). Hence, a 30-min incubation was selected for
further experiments.

A zone fixation agent could reduce diffusion and improve the bio-
autogram evaluation. To the best of our knowledge, studies on the
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16:4:3:2, V/V/V/V, up to 70 mm) on silica
gel 60 Fy54 MS-grade plates. Testosterone (T)
was overlaid as 1 mm x 70-mm (A and B; 6
ng) or 2 mm x 70-mm (C and D; 12 ng) area
and 4-methyl umbelliferone (MU, 500 ng) as
1 mm x 70-mm area (B and C). For cach

| approach, one plate piece was coated with
Degalan (0.25% W/V in n-hexane; 10 min)
and the other one was carried as a control
reference 1o check diffusion reduction at FLD
366 nm.

reduction of zone diffusion on NP-HPTLC bioautograms have not been
published to date, which is however, precondition for the analysis of
multi-component mixtures. To fixate substances on the NP-HPTLC plate,
the application of a polymer solution could be useful. Poly-p-lysine and
polyethylene glycol seemed to be a good choice, as they are biocom-
patible and have already been used for experiments with cells (Kim,
Baek, Han, Chung, & Jung, 2011; Alcantar, Aydil, & Israelachvili, 2000).
Another method that can be taken into account is immersing the plate
into Degalan, a polymerizing agent made of polyisobutyl methacrylate.
It was reported to fixate the silica gel layer and thus overcome layer
detachment during immunoassay applications (Brockhaus et al., 1981).
The fixation of the silica gel layer could also lead to a fixation of the
substances in the layer and thus a reduction in the observed zone
diffusion.

The investigation and comparison of the different diffusion reduction
agents mentioned showed that only Degalan had a positive influence on
the sharpness of the bands (Fig. $3). A 10-min immersion in a 0.25% (W/
V) Degalan solution in n-hexane was suited best. However, the auto-
mated immersion caused streaks upon plate withdrawal, especially for
high T amounts. Hence, the plates were placed horizontally in a glass
dish filled with Degalan. The robustness of the method was confirmed
based on the usage of different glass dishes and inter-day and intra-day
precisions (Fig. S4). Additionally, a one-month-old Degalan solution was
used. All led to comparable results.

Optimal parameters regarding T amount and incubation time for the
diffusion-reduced bioassay workflow on the NP plate were studied using
EE-band patterns overlaid with a 2-mm T-stripe. The applied amounts
were 0.2-fold, 2-fold, and 20-fold compared to the usually applied 6 ng
onto a 1-mm broad area on the unfixated NP plate (Fig. S5A). The best
results were achieved with 12 ng T per area and a cell incubation time of
4 h at 30 °C (Fig. S5B). A 37-°C incubation temperature was tested to
simplify the workflow as the substrate incubation temperature was also
37 °C, which is the optimal temperature for substrate conversion by
f-galactosidase (Purvis et al., 1991) but led to slightly poorer sensitivity
with higher diffusion (Fig. S5C). So the 30-°C incubation for the cells
was kept, as specified by the manufacturer.

Fluorescence reduction, obtained in the T-stripe of a sample track,
may also be caused by physico-chemical quenching properties of a
substance, which would lead to a false-positive antagonistic response.
The identification and thereby exclusion of false-positive antagonists
was newly integrated in the same workflow via overlay of a stripe of the
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Fig. 2. Scheme of the new NP-HPTLC™-UV/Vis/FLD-pYAVAS-FLD workflow.
The individual steps are listed for profiling of twelve samples on a 20-em x
10-cm plate.

end product MU. If a dark zone was caused by fluorescence quenching
and not by an antiandrogenic response, the fluorescence would similarly
be reduced in this MU-stripe. In other words, an uninterrupted, homo-
geneous MU-stripe would verify a true antiandrogenic response. The
conditions for the MU-stripe amount and area had to be studied to
integrate the exclusion of false-positive antiandrogens and thus the
verification (V) of true antiandrogens in complex mixtures. In reference
to the example of kola (no. 31), which showed an antiandrogenic zone,
the new pYAVAS-FLD bioassay protocol was developed. Different
amounts from 10 ng to 5 pg of the 1 mm x 70-mm MU-stripe (Fig. S6A)
were investigated to determine the equivalent fluorescent response as
the 12-ng T-stripe, applied as reference on each plate. With decreasing
amount of MU, the natural fluorescence decreased, already evident after
application (Fig. S6B). After bioassay application, for MU-stripe
amounts of 1-5 pg (500-ng interval), the fluorescence intensity was
too bright and no stripe matched to the T-stripe intensity (Fig. S6C).
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With regard to MU-stripe amounts of 100-500 ng (50-ng interval), a
comparable fluorescence intensity to the T-stripe was achieved for the
highest amount of MU (500 ng). For MU-stripe amounts of 10-50 ng (5-
ng interval), fluorescence intensities were too low in comparison to the
T-stripe in the bioautogram. After this fine-tuning of the relevant stripe
amounts, the overlay of the two stripes made it a multiplex bioassay that
provided biological signals of agonists and antagonists as well as
physico-chemical signals of false-positives from the same sample in the
same planar assay.

With the Degalan coating, the bioautogram revealed sharper T-
stripes and EE-bands compared to the control reference plate without
fixation. This proved a successful zone fixation (Fig. 1A). Using the same
geometry of 1 mm x 70 mm for both stripes, the 6-ng T-stripe remained
thinner than the MU-stripe (Fig. 1B). This was explained by the lower
substance amounts of T (6 ng) versus MU (500 ng) and that the fluo-
rescence of T was biologically produced on the plate (first upon reaction
with the receptor) later than MU (present from the very beginning of the
incubation and thus having more time for diffusion). Doubling the T
width and volume resulted in comparable stripe intensities and geom-
etries, which were equivalent in the fluorescence response (Fig. 1C).

In conclusion, the optimal assay parameters were found to be a T-
stripe (2 mm x 70 mm, 12 ng) for antiandrogen detection, a MU-stripe
(1 mm x 70 mm, 500 ng) for its verification, an integrated Degalan
coating (0.25% W/V in n-hexane, 10 min) for diffusion reduction, as
well as 4-h cell and 30-min substrate incubations. As proof, the devel-
oped zone fixation protocol (ﬁ") was applied to the sample kola (no. 31),
which showed successfully a reduced diffusion on the NP plate (Fig. 1D).

3.2. Screening of 68 different botanicals for hormonal active substances
and comparison to the status quo

The newly developed NP-HPTLC“"—UV/Vis/FLD—pYAVAS—FLD pro-
tocol (Fig. 2) was applied to the effect-directed analysis of 68 different
botanical samples and a solvent blank. The chromatograms at UV 254
nm, Vis, and FLD 366 nm provided additional information on how to
interpret the bioassay (Fig. S7, Schreiner et al., 2021). Pigments have
been reported to cause false-negative antiandrogenic responses
(Klingelhofer et al., 2020). UV-active substances could also reduce the
fluorescence at FLD 366 nm. The very good reproducibility of the
analysis is exemplarily given for the FLD 366 nm chromatogram
(Fig. S7C versus Fig. 3A repeated after 6 months). A comparison of the
images at FLD 366 nm before and after the bioassay is always recom-
mended (Fig. 3A versus B). Natively blue fluorescent zones at FLD 366
nm may interfere with the biologically produced MU-blue fluorescence
response. The native fluorescence could shine through after the bioassay
and lead to false-positive androgenic responses, whereas a fluorescence
quenching property could lead to false-positive results for anti-
androgenic responses.

The bioautograms (Fig. 3B) showed MU-blue fluorescent bands in
elder berry (no. 21), orange peel (no. 41), and lemon peel (no. 67)
indicating androgens. One or more fluorescence-reducing zones indi-
cating possible antiandrogens were detected for eucalyptus (no. 9),
guarana (no. 16), kola (no. 31), orange peel (no. 41), licorice (no. 55),
grape seeds and leaves (nos. 58 and 61), and hawthorn samples (nos.
62-64). Droplet formation caused by Degalan fixation was observed on
some application zones (nos. 1, 4, 12, 15, 21, 41, 56, and 65) and whole
tracks (nos. 16 and 37). However, such substance-dependent influences
on the Degalan coating did not interfere with the result interpretation.
The analysis of the 68 botanicals was compared with two status-quo
methods to highlight the achieved progress. Firstly, the performance
of the same workflow but without zone fixation showed highly diffused
zones, which complicated the evaluation of the bioautogram (Fig. 3C,
NP) and underlined the importance of fixation on the NP plate. In the
samples nos. 6 and 15, and less in sample no. 37, some substances at a
lower hRg diffused more strongly and thereby bent the neighbouring T-
stripes. This spreading effect was explained by substance structures
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Fig. 3. NP-HPTLC™ UV /Vis/FLD-pYAAS analysis of 68 botanicals compared 1o status quo on NP and RP-18 W. Botanical samples (4 pL, 6-mm bands, nos. 1-68
assigned in Table S1 and solvent blank B for comparison) separated with ethyl acetate — toluene — formic acid - water (16:4:3:2; V/V/V/V) up to 70 mm on silica gel
60 Fos4 MS-grade plates and RP-18 W. Chromatograms (A) and pYAAS bioautograms of NP-HPTLC™ (B; 12 ng testosterone (T) per 2 mm x 70-mm area and coating
with Degalan 0.25% W/V in n-hexane; 10 min). The bioautograms were compared with the status-quo bioautograms (C) on NP (6 ng T per 1 mm x 70-mm area, as
studied (Schreiner et al., 2021) and RP-18 W plates (230 ng 'I' per 3 mm x 66-mm area). All detected at FLD 366 nm.

highly prone to diffusion when getting in contact with the bioassay salts.
In contrast, this spreading effect was effectively hindered via the
Degalan coating (Fig. 3B), resulting in bioautograms with accurate T-
stripes and sharp-bounded zones. Secondly, the performance of the re-
ported workflow on RP-18 W plates (Klingelhofer & Morlock, 2014) led
to hardly detectable antagonistic zones (Fig. 3C, RP-18 W). Conse-
quently, higher sample amounts need to be applied. Note that the hRp
values are only partially comparable between the NP and RP-18 W
separations. The comparison to both status-quo methods clearly
confirmed that the developed NP-HPTLCﬁ"—UV/Vis/FLD—pYAVAS—FLD
protocol was more sensitive and led to sharper bands. The new bioassay
was repeated several times and the good reproducibility and outcome
were confirmed. This achievement was very helpful for the evaluation of
complex mixtures. Especially presumed antagonistic zones near the
solvent front were clearly detectable, as for ginger (no. 25), garlic (no.
30), star anise (no. 54), and chicory (no. 65). The best of two worlds, i. e.
the sensitivity in detection on the NP and the zone sharpness on the RP-
18 W, were combined in the new approach.

Twelve out of the 68 botanical samples showed a fluorescence
reduction (Fig. 3B, nos. 4, 6, 9, 16, 25, 30, 31, 41, 54, 55, 65, and 66).
These were applied again with increased band length to verify the
antiandrogenic effect via the added MU-stripe (Fig. 4A). After separa-
tion, the samples revealed blue fluorescence in the chromatogram at FLD
366 nm (Fig. 4B). The T-stripe was not fluorescent after application,
while the MU-stripe was already natively fluorescent. First in the bio-
autogram, both stripes exhibited fluorescence (Fig. 4C). True antago-
nistic activity was observed as fluorescence reduction of the T-stripe,
whereas the MU-stripe had to be fluorescent at this position. This was
given for several zones (Fig. 4C, marked*), i. e. in globe artichoke (no.
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4), eucalyptus (no. 9), ginger (no. 25), garlic (no. 30), kola (no. 31), star
anise (no. 54), chicory (no. 65), and cinnamon bark (no. 66). Digital
evaluation of the antiandrogenic activity in the bioautogram at FLD 366
nm was exemplarily shown for garlic (no. 30) and kola (no. 31) using the
open-source software quanTLC (Fichou & Morlock, 2018). Note that the
inversion of negative peaks in case of a fluorescence reduction was not
possible by the visionCATS software. Fenugreek (no. 6), guarana (no.
16), orange peel (no. 41), and licorice (no. 55) revealed a fluorescence
reduction in both stripes. These were false-positive antiandrogenic zones
and excluded as hits. Additionally, some substance zones (Fig. 4C,
marked”) enhanced the fluorescence of the T-stripe, which was inter-
preted as synergistic effect. This slight synergistic effects from the
intensified signal response (>1) by combining a non-observed-effect
compound (0) and an effect compound (1), i e. 0 + 1 > 1, were
observed in various botanicals (Fig. 3B and 4C). After the bioassay, some
samples revealed MU-blue fluorescent zones, which seemed to be
androgenic (Fig. 4C). As they already fluoresced after chromatography
(Fig. 4B), it had to be determined whether this fluorescence is generated
by the biological response in the pYAVAS bioassay or shines through
despite the bioassay treatment. The same workflow was repeated
without cells in the medium. Since one zone showed a fluorescence on
the plate without cells, this zone was proven not to be androgenic
(Fig. 4D, marked™). For samples rich in such natively blue fluorescent
substance zones, the exchange of the substrate is recommended. Fluo-
rescein-di-B-n-galactopyranoside is suited, which generates the green
fluorescent end product fluorescein. Then, the workflow needs not to be
repeated without cells, as the natively blue fluorescent compounds can
directly be differentiated from the green fluorescent androgens.

In conclusion, several antiandrogenic zones have been unequivocally
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Fig. 4. NP-IIPTLCH-UV/Vis/I'LD-pYAVAS-I'LD as multiplex planar assay. Botanical samples assumed to have antiandrogenic effects (8 uL, 12-mm bands, separated
with ethyl acetate — toluene — formic acid — water (16:4:3:2; V/V/V/V) up to 70 mm on silica gel 60 F,54 MS-grade) were overlaid with testosterone (T, 12 ng, 2 mm
% 70 mm) and 4-methyl umbelliferone (MU, 500 ng, 1 mm x 70 mm) according to the plate design (A). The native {luorescence pattern (B; UV and Vis images not
shown) and the IIl"l‘L(J'ix—pYAVAS bioautogram (C; fixation with Degalan coating, 0.25% W/V in n-hexane; 10 min) were recorded at I'LD 366 nm. Antiandrogenic
zones reduced the fluorescence signal in the overlaid T-stripe (marked*), whereas synergistic zones enhanced it (marked?). One fluorescent zone (marked™) was
excluded to be an androgen, as its native fluorescence (B) was proven to be present after bioassay treatment without cells (D). Videodensitometric evaluation was

exemplarily shown for garlic (no. 30) and kola (no. 31).

verified by this powerful multiplex bioassay that have not been previ-
ously reported in the literature. It is of general interest to elucidate the
structures of these naturally occurring antiandrogens, which were
observed for the first time in this study.

3.3. Identification of hormonal active substances via HRMS/MS

The combination with nuclear magnetic resonance spectroscopy
could be an option for structure elucidation of the detected hormonal
active substances (Azadniya, Goldoni, Bandiera, & Morlock, 2020).
However, the recently reported 8D hyphenation for effect-directed non-
target screening with automated zone elution and on-line
HPLC-DAD-HRMS/MS (Schreiner & Morlock, 2021; Schreiner et al.,
2021; Mehl et al., 2021) was found to be more straightforward. The
selected botanicals were separated and evaluated with regard to UV-
absorbing (Fig. 5A), native fluorescent (Fig. 5B), and bioactive

compounds (Fig. 5C). The correct position of each zone elution was
successfully proven via the bioassay performance after heart cut elution
(Fig. 5D). Since most of the antiandrogenic zones were near the solvent
front and therefore many analytes were assumed at the same hRy values,
the eluted zone was orthogonally separated via an RP-HPLC column and
detected by DAD-HRMS/MS to obtain pure mass and fragmentation
spectra for structure elucidation (Fig. SE). The information gained by
heart cut-RP-HPLC-DAD-HRMS/MS measurement led to the tentative
assignment of analytes, possibly responsible for the observed hormonal
activity (Table S2). Proposed fragmentation pathways of most of these
analytes are provided in Supplementary Schemes S1-S19. Spectral in-
formation for selected antiandrogenic compounds is exemplarily shown
(Fig. 5F). Together with the exact monoisotopic masses, fragment pro-
files, and UV absorbance spectra the following compounds were iden-
tified to possess antiandrogenic potential. Apigenin (m/z 269.0457 [M
— H] ) was found in artichoke (no. 4, zone b). In a previous study
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Fig. 5. NP-HPTLC™-UV/Vis/FLD-pYAAS-FLD heart cut-RP-HPLC-DAD-HRMS/MS of synergistic and antiandrogenic zones. Chromatograms of botanical samples
with antiandrogenic effects (4 pl., 6-mm bands, separated with ethyl acetate — toluene — formic acid — water (16:4:3:2; V/V/V/V) up to 70 mm on silica gel 60 Fy54
MS-grade) at UV 254 nm (A), FLD 366 nm (B), and pYAAS bioautogram at FLD 366 nm (C). After heart cut elution of certain zones (D), RP-HPLC-DAD-HRMS/MS
measurement was performed (E). Structure elucidation is exemplarily shown for apigenin in artichoke (no. 4. zone b), [6]-gingerol in ginger (no. 25, zone e),

matairesinol in garlic (no. 30, zone g), and protocatechuic acid in cinnamon (no. 66, zone p) based on HRMS/MS and UV spectra (F).
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(Schreiner et al.,, 2021), an apigenin standard was co-chromatographed
under the same conditions, confirming its migration to the solvent front.
Further studies proved, that this well-known phytoestrogen (Mbachu
et al., 2020) also binds to the hAR (Singh et al., 2017). Ms? fragments
(Scheme S2) at m/z 117.0345 [M — H] and 151.0035 [M — H] orig-
inated according to Retro-Diels-Alder fragmentation mechanisms. The
signal at m/z 107.0135 [M — H]~ was formed by a neutral CO5-loss,
matching with literature (Fabre, Rustan, de Hoffmann, & Quetin-
Leclercq, 2001; Troalen, Phillips, Peggie, Barran, & Hulme, 2014).
Another identified compound was [6]-gingerol (m/z 295.1899 [M +
H] ") in ginger (no. 25, zone e). The obtained fragment ion at m/z
177.0909 [C1oH1102]" resulted from dehydration (-H,0) and partial
elimination of the oxidized alkyl chain (Scheme S4). Other fragments
and the UV spectrum were consistent with literature (Asamenew et al.,
2019). Except antiandrogenic properties, versatile bioactivities were
described for [6]-gingerol, e. g., antioxidant (Dugasani et al., 2010), anti-
inflammatory (Dugasani et al., 2010; Young et al., 2005), and analgesic
(Young et al., 2005) activities. Besides [6]-gingerol, gingerenone A, [4]-
gingerol, and [6]-shogaol (Table S2) were also found in this anti-
androgenic zone, so it is not certain from which of these compounds the
observed bioactivity actually originates. Zone g from garlic (no. 30)
revealed two distinct signals: a highly abundant signal with a sulfuric
isotope pattern and exact mass of allicin and a second one with spectral
properties of matairesinol (m/z 359.1489 [M + H]"). Allicin was not
assumed to bind to the hAR due to structural properties, whereas mat-
airesinol was proven to interact with the hAR (Selvaraj et al., 2021).
Positve fragment ions of m/z 137.0598, 163.0752, and 341.1383
(Mornar et al., 2020) confirmed matairesinol (Scheme S7). The latter
fragment originated from dehydration, while others were adapted from
common proposed lignan fragmentation pathways (Eklund, Backman,
Kronberg, Smeds, & Sjoholm, 2008). In cinnamon bark (no. 66, zone p),
the hydroxylated benzoic acid derivate protocatechuic acid was found as
the most abundant signal. Experimental spectral data with a precursor
ionatm/z153.0193 [M — H] ", a product ion at m/z 109.0294 [M — H] ~
(Ali et al., 2021), and the UV-absorbance maxima (Robbins, 2003) are
consistent with theoretical data. The small benzoic acid derivate
revealed only one fragment through the neutral loss of carboxylic acid
(COy, Scheme S12). Androgen antagonistic effects for protocatechuic
acid are not described. Only its interaction with the estrogenic steroid-
hormone receptor was reported (Hu et al., 2014), which makes its
binding also to the hAR plausible (Sohoni & Sumpter, 1998). Zone p
incorporated hydroxybenzoic acid, cinnzeylanine, and anhy-
drocinnzeylanine (Table S2). Each of the analytes could be responsible
for the observed antiandrogenic effect, what still needs to be confirmed
with standards.

Complex mixtures were thoroughly analyzed by this 12D hyphen-
ation from crude extract to the identification of individual hormonally
active compounds. Each spectral/chromatographic information ob-
tained from the same chromatographic run on the same surface about
the sample is considered as one dimension (D) of hyphenation (Morlock
& Schwack, 2010; Schreiner et al., 2021). The here developed 12D hy-
phenation provided information on substance polarity and hRy value via
chromatographic separation (1), on UV/Vis/FLD responses (2-4), on
agonistic, antagonistic, false-positive, and synergistic effects (5-8), on
coeluting compounds via orthogonal separation (9), on its individual
signal responses via DAD (10) and HRMS (11) with fragmentation (12).
For identification of a responsible compound with regard to the hor-
monal effect, all this information is important to find a reasonable data-
supported match. The more information obtained from the sample zone,
the easier it is to assign and prove identity.

4. Conclusions
For the first time, the developed workflow for a planar bioassay was

shown to provide sharp zones on a normal phase plate. The achieved
multiplex bioassay provided information on agonists, antagonists, false-
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positives, and synergists from the same sample in the same planar
bioassay. The powerful NP-HPTLC'™-UV/Vis/FLD-pYAVAS-FLD
method allowed, for the first time, unambiguous and accurate screening
for androgens, verified antiandrogens, and synergists in the 68 botani-
cals. The innovative workflow is considered a milestone and transferable
to other planar bioassays with long incubation times. Substantial im-
provements were achieved compared to state of the art bioassays. The
hormonal activity of separated substances was detected with improved
sensitivity compared to RP-18 W and with enhanced zone sharpness
compared to NP due to the new Degalan coating technique HPTLC™,
Integrating the identification of false-positive antagonistic responses
verified the detection of antiandrogens. For the first time, true anti-
androgenic substances were found in globe artichoke, eucalyptus,
ginger, garlic, kola, star anise, chicory, and cinnamon. Synergistic ef-
fects that have not yet been described before were also discovered with
this method in several samples. The presented generic screening is
suitable for complex mixtures, although it is not possible to separate all
analytes. An orthogonal column separation confirmed the co-elution of
several substances in bioactive zones, and if so, an additional experi-
ment has to be made to determine which analyte is responsible for the
observed effect. Via HRMS/MS known phytochemicals such as apigenin
and matairesinol were found in synergistic or antiandrogenic zones and
for some of these substances hormonal activity has been described
(considered as method proof). So these can be responsible for the effect,
but for some identified compounds no interaction with the hAR has been
described so far, which needs further in-depth studies for confirmation.
To investigate bioactive analytes in individual samples in more detail, a
2D development on HPTLC could be used. The here demonstrated
generic workflow of the developed 12D hyphenation NP-HPTLC™*-UV/
Vis/FLD-pYAVAS-FLD-heart cut-RP-HPLC-DAD-HRMS/MS can be
transferred to other planar assays to gain in-depth knowledge and un-
derstanding of the actual effects in complex samples.
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Text S1. Materials and methods
Chemicals and materials

Methyl 4-hydroxybenzoate (methyl paraben, 299%), polyethylene glycol (PEG) 2000
(molecular weight 1,800-2,200 Da), and PEG 8000 (molecular weight 7,300-9,000 Da) were
obtained from Carl Roth, Karlsruhe, Germany. Propyl 4-hydroxybenzoate (propyl paraben,
>99%) and poly-D-lysine hydrobromide (lyophilized, molecular weight 70,000-150,000 Da)
were delivered by Sigma-Aldrich Fluka, Steinheim, Germany Butyl 4-hydroxybenzoate (butyl

paraben, >99.0%) were purchased from TCI Deutschland, Eschborn, Germany.

Standard solutions

Additional standard solutions of T were prepared as dilution series to concentrations of
50 pg/mL, 10 uyg/mL, and 150 ng/mL. The EE solution was further diluted to 100 ug/mL and

MU was further diluted to 50 pg/mL, 10 pg/mL, and 5 pg/mL.

Investigation of assay parameters and layer coating

EE (1 pg/band) was applied four times as four stacked 6-mm bands on a 2 cm x 10-cm plate
and oversprayed orthogonally with a 1 mm x 70-mm area of T (6 pg/area). The dried plate was
cut into four 2 cm x 10-cm pieces and the bioassay was performed as in 2.7 without fixation

and verification and with MUG incubation times of 15—-60 min.

Band patterns of T were applied as four stacked 6-mm bands in ascending amounts of 5, 10,
20, and 50 ng/band on 2 cm x 10-cm plate pieces. The pYAAS bioassay was performed (as in
2.7) on one plate piece without fixation agent as control. On another plate piece, the
poly-D-lysine hydrobromide solution (0.01% in ethanol, W/V) was piezoelectrically sprayed
(1 mL, yellow nozzle, level 6, Derivatizer), followed by plate drying for 1 min. For Degalan
coating, plates were immersed in 0.25% or 0.5% Degalan solution (each W/V in n-hexane;
each 40 mL in a 10 cm x 10-cm glass chamber of TLC Chromatogram Immersion Device) for
5-15 min, followed by plate drying for 1 min. After poly-D-lysine or Degalan application, the

bioassay was performed, whereas PEG 2000 and 8000 (each 40% aqueous, W/V) were

S-5
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applied during the bioassay either in the cell suspension or in the substrate. For preparation of
the PEG-containing cell suspensions, the cells were prepared each in medium containing 5%
(1.75 mL medium and 250 pL PEG) and 10% PEG (1.5 mL medium and 500 pL PEG), instead
of 2 mL pure medium. The bioassay was performed as described in 2.7. For preparation of the
PEG-containing substrate solutions, the substrate was dissolved in 3 mL citrate buffer
containing 5% (2.613 mL buffer and 387 uL PEG) and 10% PEG (2.225 mL buffer and 775 uL
PEG), instead of pure citrate buffer. These substrate solutions were sprayed (red nozzle, level
6) on the incubated plates. The PEG 8000 had to be further diluted by another 750 L of citrate
buffer because of its viscosity, resulting in a PEG 8000 concentration of only 8% and a lower

amount of MUG.

Degalan fixation was further analyzed by applying band patterns of T as four stacked 6-mm
bands in descending amounts of 0.5, 1, 2, and 5 ng/band on 2 cm x 10-cm plate pieces. On
one plate piece, the pYAAS bioassay was performed without fixation as control. The other
plates were coated with Degalan by placing them horizontally in the 0.25% Degalan solution
(WIV in n-hexane) for 10 min in a crystallizing dish (23 cm x 10 cm; Schott, Mayence,
Germany) covered with aluminium foil or in a rectangular deco glass tank
(21 cm x 11 cm x 4 cm) covered with a rectangular glass plate (27 cm x 13 cm). Experiments

were repeated on another day.

To optimize the parameters for a bioassay with Degalan fixation, a band pattern of EE was
applied as four stacked 6-mm bands in ascending amounts of 0.1, 0.2, 0.5, and 1 pg/band on
two 20 cm x 10-cm plate. EE was oversprayed with 2 mm x 70-mm T-stripes of 1.2, 12, and
120 ng/area. The plate was coated with Degalan (0.25% W/V in n-hexane, 10 min, 250 mL
filled in a crystallizing dish, 23 cm x 10 cm Schott, Mayence, Germany) and cut into 7 pieces
to investigate different bioassay incubation times of 2-5 h at temperatures of 30 °C and 37 °C.
The sample kola (no. 31) was applied 30-times on three 10 cm x 10-cm plates, developed in
a 10 cm x 10-cm twin trough chamber (as in 2.7) and oversprayed orthogonally with
descending amounts of MU (5-10 ng/area) on nine tracks each and one T-stripe of 12 ng/area.

Plates were coated with Degalan and bioassay was performed as described.
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Table S1. List of the 68 investigated botanicals: Botanical name, plant part, and sample weights

(W), extracted with 5 mL methanol (*marked: filtered through 0.45 um syringe PTFE filter).

No, Common name Botanical name Plant part W [mg]
1 | Acerola Malpighia glabra L [Malphighiaceae]. fruits 501.5
2 | Horehound, white Marrubium vulgare L. [Lamiaceae] herb 500.1
3 | Apple* Malus sylvestris (L.) Mill. [Rosaceae] peel 500.7
4 | Artichoke, globe Cynara cardunculus subsp. scolymus (L.) leaves 501.3
[Asteraceae]

5 | Basil Ocimum basilicum L. [Lamiaceae] herb 500.6
6 | Fenugreek Trigonella foenum-graecum L. [Fabaceae] seeds 499.9
7 | Stinging nettle* Urtica dioica L. [Urticaceae] leaves 501.5
8 | Blackberry Rubus fruticosus L. [Rosaceae] leaves 500.6
9 | Eucalyptus Eucalyptus globulus Labill. [Myrtaceae] leaves 499.7
10 | Fennel Foeniculum vulgare Mill. [Apiaceae] fruits 499.9
11 | Fruit tea, yellow not available unknown 501.3
12 | Fruit tea, red not available unknown 502.6
13 | Galangal Alpinia officinarum Hance. [Zingiberaceae] roots 501.8
14 | Ginkgo Ginkgo biloba L. [Ginkgoaceage] leaves 502.7
15 | Ginseng Panax ginseng C.A.Mey. [Araliaceae] roots 502.3
16 | Guarana Paullinia cupana Kunth [Sapindaceae] seeds 498.8
17 | Dog rose Rosa canina L. [Rosaceae] fruits 501.0
18 | Blueberry, European | Vaccinium myrtillus L. [Eriaceae] fruits 501.2
19 | Hibiscus Hibiscus rosa-sinensis L. [Malvaceae] blossoms 499.6
20 | Raspberry Rubus idaeus L. [Rosaceae] juice concen- 503.0

trate from fruits
21 | Elder berry Sambucus nigra L. [Adoxaceae] fruits 501.4
22 | Elder flower Sambucus nigra L. [Adoxaceae] blossoms 502.5
23 | Honeybush* Cyclopia genistoides (L.) R.Br. [Fabaceae] leaves, 499.3

branches,

blossoms
24 | Hop Humulus lupulus L. [Cannabaceae] blossoms 502.1
25 | Ginger Zingiber officinale Roscoe [Zingiberaceae] roots 499.0
26 | Jasmine* Jasminum officinale L. [Oleaceae] blossoms 499.2
27 | Cassis Ribes nigrum L. [Grossulariaceae] juice 500.7

concentrate

from fruits
28 | Chamomile Matricaria chamomilla L. [Asteraceae] blossoms 499.3
29 | Cardamom* Elettaria cardamomum (L.) Maton fruits 499.6

[Zingiberaceae]
30 | Garlic Allium sativum L. [Amaryllidaceae] bulbs 499.9
31 | Kola* Cola nitida (Vent.) Schott & Endl. [Malvaceae] seeds 500.8
32 | Coriander Coriandrum sativum L. [Apiaceae] fruits 501.3
33 | Caraway Carum carvi L. [Apiaceae] fruits 500.0
S-7
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No| Common name Botanical name Plant part W [mg]
34 | Lovage Levisticum officinale W.D.J.Koch [Apiaceae] roots 499.6
35 | Marjoram Origanum majorana L. [Lamiaceae] herb 502.4
36 | Yerba mate* llex paraguariensis A.St.-Hil. [Aquifoliaceae] leaves, roasted 499.6
37 | Yerba mate llex paraguariensis A.St.-Hil. [Aquifoliaceae] leaves 500.2
38 | Lemon balm Melissa officinalis L. [Lamiaceae] leaves 500.6
39 | Clove’ Syzygium aromaticum (L.) Merr. & L.M. Perry flower buds 501.9
[Myrtaceae]
40 | Orange Citrus % aurantium L. [Rutaceae] blossoms 499.7
41 | Orange Citrus x aurantium L. [Rutaceae] peel 501.1
42 | Oregano Origanum vulgare L. [Lamiaceae] herb 501.5
43 | Passionflower Passiflora incarnata L. [Passifloraceae] blossoms 501.1
44 | Peppermint Mentha x piperita L. [Lamiaceae] leaves 500.3
45 | Rooibos* Aspalathus linearis (Burm.f.) R. Dahlgren leaves 500.7
[Fabaceae]
46 | Rosemary* Salvia Rosmarinus Spenn. [Lamiaceae] leaves 500.9
47 | Sage Salvia officinalis L. [Lamiaceae] leaves 499.9
48 | Sea buckthorn Hippophae rhamnoides L. [Elaeagnaceae] fruits 501.9
49 | Horsetail Equisetum arvense L. [Equisetaceae] herb 499.3
50 | Yarrow* Achillea millefolium L. [Asteraceae] herb 501.6
51 | Celeriac Apium graveolens L. [Apiaceae] bulb 501.3
52 | Coneflower Echinacea angustifolia DC. [Asteraceae] herb and roots 499.1
63 | Plantain Plantago lanceolata L. [Plantaginaceae] leaves 500.5
54 | Star anise lllicium verum Hook.f. [Schisandraceae] fruits 500.3
65 | Licorice Glycyrrhiza glabra L. [Fabaceae] roots 500.3
56 | Siberian ginseng Eleutherococcus senticosus (Rupr. & Maxim.) roots 503.4
Maxim. [Araliaceae]
§7 | Thyme Thymus vulgaris L. [Lamiaceae] herb 499.6
58 | Grape*® Vitis vinifera L. [Vitaceae] seed 499.9
59 | Grape Vitis vinifera L. [Vitaceae] peel 499.7
60 | Juniper Juniperus communis L. [Cupressaceae] fruits 501.5
61 | Grape Vitis vinifera L. [Vitaceae] leaves 501.2
62 | Hawthorn Crataegus sp. [Rosaceae] leaves and 499.7
blossoms
63 | Hawthorn leaves Crataegus sp. [Rosaceae] leaves 501.8
(Batch 1)
64 | Hawthorn leaves Crataegus sp. [Rosaceae] leaves 499.9
(Batch 2)
65 | Chicory Cichorium intybus L. [Asteraceae] roots 501.1
66 | Cinnamon Cinnamomum verum J.Presl| [Lauraceae] bark 501.5
67 | Lemon Citrus x limon (L.) Osbeck [Rutaceae] peel 500.7
68 | Lemon verbena Aloysia citridora Palau [Verbenaceae] leaves 500.4
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NP MS-grade  RP-18 W
vs.

~butyl paraben
_—propyl paraben
——ethyl paraben

“methyl paraben

butyl paraben-_
propyl paraben-_lu
ethyl paraben— 2
methyl paraben

i

- testosterone (6 ng/area, 1 mm x 70 mm)
==m testosterone (230 ng/area, 3 mm x 70 mm)
= parabens (1 pg/band)

Fig. S1. Comparison of two stripes of the agonist testosterone applied on different
phases. pYAAS bioautograms at FLD 366 nm of parabens overlaid with testosterone on the
NP silica gel 60 F2s4 MS-grade plate (6 ng, 1 mm x 70 mm) compared to the less sensitive but

more sharp response on the RP-18 W plate (230 ng, 3 mm x 70 mm).
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198

A B MUG incubation time [min]
15 30 45 60

pYAAS
bioassay

- testosterone (6 ng/area)
- ethyl paraben (1 pg/band)

Fig. S2. Determination of substrate incubation time. Application scheme (A) and pYAAS
bioassay recorded at FLD 366 nm (B) of ethyl paraben (1 ug/band) overlaid with testosterone
(6 ng, 1 mm x 70 mm) on silica gel 60 F2s4 MS-grade plate cut into four 2 cm x 10-cm pieces.

4-Methyl umbelliferyl-B-D-galactopyranoside (MUG) incubation time varied from 15-60 min.
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<]

T Degalan® ) eqa an
[ng] P28 N P28 N
0.5
i
2
2

Fig. S4. Robustness of fixation with Degalan. pYAAS bioautograms at FLD 366 nm of 0.5—
5 ng per 6-mm band testosterone (T) on silica gel 60 F2s4 MS-grade. A plate without fixation was
used as control and the others were coated with freshly prepared Degalan P 28 N (0.25% W/V
in n-hexane; 10 min) in a crystallizing dish or a rectangular deco glass bowl. For one plate, a

one-month-old (1M) Degalan solution was used.
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Fig. S5. Experimental determination of testosterone amount and incubation time for NP-
HPTLC™—-pYAAS. Ethyl paraben (EE; 1 ug/band, 6-mm bands) was overlaid with different
amounts of testosterone (T, 1.2-120 ng/area, 2 mm x 70 mm) on silica gel 60 Fzs4 MS-grade
according to plate design (A). Comparison of fluorescence intensity after Degalan coating
(0.25% WIVin n-hexane; 10 min) and performing the pYAAS bioassay at 30 °C (B) versus 37 °C

(C), studying a 2-5 h of incubation period; resulting bioautogram detected at FLD 366 nm.
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202

A testosterone (T) — 4-methyl umbelliferone (MU) botanical sample (kola; no. 31)
MU [ug/area]  Tlarea ; MU [ng/area] . Tlarea : MU [ng/area] Tlarea
45 4 35 3 25 2 15 1 12ng 500 450 400 350 300 250 200 150 100 12ng 50 45 40 35 30 25 20 15 10 12ng

kola
(31)

Cc
- * *

Fig. S6. Experimental determination of MU reference area for NP-HPTLC™—pYAVAS. Kola

(no. 31, 4 yL, 6-mm bands, separated with ethyl acetate — toluene — formic acid — water
(16:4:3:2; VIVIVIV) up to 70 mm on silica gel 60 Fas4 MS-grade) was overlaid with 4-methyl
umbelliferone (MU, 10-5000 ng/area, 1 mm x 70 mm) and testosterone (T, 12 ng/area,
2 mm x 70 mm) according to plate design (A). Application (B) and the HPTLC™-pYAVAS
bioautogram (C; fixation with Degalan coating, 0.25% W/V in n-hexane; 10 min) were recorded
at FLD 366 nm. The fluorescence intensity of the MU-stripes was compared to the T-stripe

containing an antiandrogenic zone (marked*).
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Scheme S3. Proposed fragmentation pathway of eucalyptone.
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Scheme S12. Proposed fragmentation pathway of protocatechuic acid.
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Scheme S14. Proposed fragmentation pathway of 5-hydroxymethylfurfural.
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Scheme S15. Proposed fragmentation pathway of ferulic acid.
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Scheme S16. Proposed fragmentation pathway of hydroxytyrosol O-glucoside.

S-35

219



Publication 5

0
OH deglycosylation
e} _— >
o__0 O
HO -
HO
HO OH
OH

miz 459.1508

Oﬁz o
miz 165.0552

Scheme S17. Proposed fragmentation pathway of apipaeonoside.
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Scheme S18. Proposed fragmentation pathway of cinnzeylanine.
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Scheme S19. Proposed fragmentation pathway of anhydrocinnzeylanine.
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ARTICLE INFO ABSTRACT

Background: Phytoestrogens are found in many plants used in traditional medicines. Increasingly, plant extracts
(botanicals) are also being added to foods or marketed as dietary supplements. Especially such powder formu-
lations are susceptible to adulteration and falsification, given the global processing chain. To detect estrogen-like
compounds in such multicomponent mixtures, non-target screening for hormonally active or endocrine dis-

Dedicated to the 75th birthdays of Elke Hahn-
Deinstrop and Dr. Heinz Hauck, Germany.

K¢ Is: : & 7 g 2

BZ{:K;‘:IS rupting compounds in plant products is becoming more important. Unfortunately, the current planar yeast es-
Fonie dibtisiog trogen screen (pYES) is prone to zone diffusion on the normal-phase high-performance thin-layer
Planar yeast antagonist estrogen screen chromatography (NP-HPTLC) plate due to long incubation times in the aqueous bioassay.

Synergistic effects Purpose: The present study aimed to reduce zone diffusion on NP plates, which provides the basis for extending
12D Hyphenation PYES to a multiplex bioassay, offering 4 different biological activity principles, followed by targeted identifi-
High-resolution mass spectrometry cation of active zones.

Study design and methods: The reduction of substance diffusion via a polyisobutyl methacrylate polymer coating
was studied. After successful zone fixation (™), a multiplex bioassay was developed, in which a 17p-estradiol-
strip was applied along each sample track to detect synergists and antagonists (A), and for verification (V), a 4-
methyl umbelliferone-strip to exclude false-positives. After multiplex bioassay screening of 68 botanicals, the
zones with hormonal activities were heart-cut eluted to reversed-phase high-performance liquid chromatogra-
phy—diode array detection—high-resolution tandem mass spectrometry (RP-HPLC-DAD-HESI-HRMS/MS).
Results: The separated substances were successfully fixed by the chromatogram coating. The zone sharpness
(achieved after the bioassay) made it possible to add two strips, the 17p-estradiol-strip for antagonistic and
synergistic, and the 4-methyl umbelliferone-strip for false-positive effect detection, resulting in a multiplex
bioassay. Using the 12D hyphenation NP-HPTLC™-UV/Vis/FLD-pYAVES-FLD heart-cut RP-HPLC-DAD-HESI-
HRMS/MS, it was possible to obtain information on estrogens, antiestrogens, false-positives, and synergists, and
(tentatively) assign 17 hormonally active compounds, of which only 7 have been known to affect the human
estrogen receptor, while another 4 had structural similarity to common phytoestrogens and antiestrogens.
Conclusions: The streamlined 12D hyphenation including a multiplex bioassay has been shown to differentiate
hormonal effects, leading to new insights and better understanding. It can generally be used to identify unknown
hormonally active compounds in complex samples.

List of Abbreviations: A, antagonist; AGC, automated gain control; DAD, diode array detection; ddMS?, data-dependent tandem mass spectrometry; E2, 17p-
estradiol; F, fluorescein; FDG, fluorescein-di-(p-p-galactopyranoside); % fixated; FLD, fluorescence detection; FWHM, full width at half-maximum; (h)ER, (human)
estrogen receptor; (IDESI, (heated) electrospray ionization; hiRy, retardation factor multiplied by 100; HRMS/MS, high-resolution tandem mass spectrometry; MU, 4-
methyl umbelliferone; MUG, 4-methyl umbelliferyl-p-p-galactopyranoside; NP-HPTLC, normal-phase high-performance thin-layer chromatography; pYES, planar
yeast estrogen screen; RP-HPLC, reversed-phase high-performance liquid chromatography; RP-18 W, wettable reversed-phase; UV, ultra violet; V, verification; Vis,
visible.
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Introduction

There are a wealth of traditional medicines and many of them are
based on plants such as ginkgo, ginseng, or Siberian ginseng (Kaufmann
et al., 2016). In addition, plant-based extracts (botanicals) are increas-
ingly used as food supplements due to their characteristic bioactive in-
gredients. Health effects are often claimed for both dietary supplements
and plant-based medicines, despite different quality control standards
for food and medicine. Due to country-specific term definitions, regu-
latory frameworks, and legal systems, a consensus on standardized
quality control for the different types of health-promoting food products
is not available (Dwyer et al., 2018). As health claims require scientific
evidence, there is a need for better analytical techniques to ensure the
product quality of plant-derived food supplements (Working group
Fragen der Ernahrung, Society of Food Chemistry, Germany 2022; Jobst
et al., 2021). The combination of physico-chemical separation of plant
extracts by planar chromatography and biological effect detection using
an on-surface bioassay is capable to prioritize important active com-
pounds in multicomponent mixtures (Morlock, 2021). Non-target planar
(bio)assay imaging has recently been used to compare 68 different bo-
tanicals with regard to their potential effects on human metabolism,
microbiome, enzymatic processes, and endocrine system (Schreiner
et al., 2021).

In particular, the hormonally active ingredients of plants and envi-
ronmental samples have gained much interest in recent decades. Many
bioassays which are commonly used for the detection of estrogens or
antiestrogens are employing estrogen reporter organisms, such as
chemically activated luciferase expression (CALUX) (Sonneveld et al.,
2005; van der Linden et al., 2008), MELN (Balaguer et al., 1999), or
yeast estrogen screen (YES) (Routledge and Sumpter, 1996; Murk et al.,
2002) cell lines. These sum parameter assay methods, typically per-
formed in the microtiter-plate or centrifuge-tube format, either address
target estrogens only (Balaguer et al., 1999; Sonneveld et al., 2005) or
cannot differentiate individual effects in complex mixtures, as the es-
trogenic potency is often determined as 17f-estradiol equivalents (Murk
et al., 2002; van der Linden et al., 2008). Contributions of unknown
compounds, opposing effects, or effects deriving from mixtures are
neglected by these methods (Houtman et al., 2007), which could lead to
false results.

The planar yeast estrogen screen (pYES) is an easy and fast alterna-
tive to screen for estrogenic substances in complex mixtures (Morlock,
2021). It combines the separation of complex samples via
high-performance thin-layer chromatography (HPTLC) with the bio-
logical detection of estrogen-like substances via the human estrogen
receptor (hER) containing yeast (Miiller et al., 2004). Right from the
beginning, there was a problem with zone diffusion on normal-phase
(NP) HPTLC plates for long incubation times due to the polar layer
and aqueous bioassay medium. Diffuse bioautogram zones made it
difficult to interpret correctly complex sample mixtures (Buchinger
et al., 2013; Schonborn and Grimmer, 2013). In contrast, zone sharp-
ening was achieved on wettable reversed-phase HPTLC plates (RP-18
W), but depending on the analytes led to a more or less lower detect-
ability (Klingelhofer and Morlock, 2014). The use of automated spray-on
technology instead of automated immersion resulted in sharper zones on
NP with improved sensitivity (Schonborn et al., 2017; Azadniya and
Morlock, 2019). However, although diffusion was reduced, the zones
did not achieve the same sharpness as with RP-18 W. Especially for
complex mixtures like botanicals, many substance zones often only
present in small quantities are close to each other, and thereby sharp
zones are indispensable.

Consequently, the planar pYES bioassay was sought to be improved
in terms of sensitivity and sharpness. Polymerizing agents such as
polyisobutyl methacrylate had already been used to fixate silica gel
layers for immunoassay detection (Brockhaus et al., 1981). Studying
such polymerizing agents for planar bioassays could lead to a substance
fixation and thereby sharper zones with reduced diffusion. A fixation
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step (ﬁ") can easily be integrated into the workflow. The achieved zone
sharpness would in turn allow the extension of the pYES workflow by
applying along each sample track a 17p-estradiol-strip for antagonistic
effects (A) and a control-strip for verification (V). The resulting multi-
plex bioassay method NP-HPTLC™-UV/Vis/FLD-pYAVES-FLD would
provide information on estrogens, antiestrogens, and false-positive an-
tiestrogens. In addition, an enhanced fluorescence of the agonist strip
would imply a fortified activation of the hER and thereby indicate
synergistic effects. For traditional medicines in particular, synergistic
effects have been widely explored but are difficult to identify (Zhou
et al., 2016). Synergistic activation of the hER has been suspected for
phytochemicals, but could not be proven so far (Arnold et al., 1996;
Graumann et al., 1999). To further investigate zones of interest in the
bioautogram, orthogonal separation is useful, especially in case of
possible co-elution, followed by spectroscopic and mass spectrometric
detections. In particular, high-resolution mass spectrometry (HRMS)
and fragmentation (HRMS/MS) are useful for structural assignment to
molecules described in the literature (Schreiner et al., 2021).

Materials and methods
Chemicals and materials

Double-distilled water was prepared with a Destamat Bi 18E,
Heraeus, Hanau, Germany. Saccharomyces cerevisiae BJ3505 was
genetically modified to contain the hERa (McDonnell et al., 1991). Silica
gel 60 HPTLC plates, silica gel 60 Fy54 MS-grade plates, L-tyrosine (for
biochemistry), sodium chloride (>99%), citric acid monohydrate
(>99.5%), magnesium sulfate heptahydrate (MgSO4 e 7 H,0, 99.5%),
and L-arginine (>99%) were obtained from Merck, Darmstadt, Germany.
t-Phenylalanine (99%) was delivered by Bachem, Bubendorf,
Switzerland, and L-histidine monohydrochloride monohydrate (for cell
culture) was provided by Alfa Aesar, Karlsruhe, Germany. L-Lysine and
t-histidine (both p. a.) were obtained from Serva, Heidelberg, Germany.
L-Adenine (>99%) was purchased from TCI Deutschland, Eschborn,
Germany. L-Aspartic acid (99.5%), L-glutamine (99%), 1-glycine (99%),
i-isoleucine (99%), i-leucine (99%), i-methionine (98%), L-serine
(99%), L-threonine (for laboratory use), L-valine (99%), p-(+)-glucose
(99.5%), yeast nitrogen base without amino acids (p. a.), 4-methyl
umbelliferone (MU, >98%), resazurin sodium salt, fluorescein sodium
salt (F), fluorescein-di-(ff-p-galactopyranoside) (FDG, >98%),
menadione (analytical standard), sodium bicarbonat (>99.7%), and
ammonium acetate (LC-MS grade, >99%) were from Sigma-Aldrich
Fluka, Steinheim, Germany. Sodium hydroxide (>99%), disodium
hydrogen phosphate (NapHPO4, >99%), 4-methyl umbelliferyl-p-o-
galactopyranoside (MUG, for biochemistry), potassium dihydrogen
phosphate (KH2PO4, >99%), potassium chloride (KCl, 98.5%), dimethyl
sulfoxide (DMSO, >99.8%), formic acid (>98%), acetic acid (Rotipuran
Supra, 100%), and toluene (HPLC grade) were obtained from Carl Roth,
Karlsruhe, Germany. Ethyl acetate (HPLC grade) was delivered by Th.
Geyer, Renningen, Germany and n-hexane (HPLC grade), methanol
(LC-MS grade), and copper (II) sulfate pentahydrate (>99%) by
Honeywell, Seelze, Germany. Ethanol (HPLC grade) and water (LC-MS
grade) were purchased from Fisher Scientific, Schwerte, Germany.
Methanol (HPLC grade) was from VWR, Darmstadt, Germany.
17p-Estradiol (E2, 98.5%) was delivered by Dr. Ehrenstorfer, Augsburg,
Germany. Degalan® P 28 N (Degalan) was provided by Rohm,
Darmstadt, Germany. Daidzein was delivered by Cayman Chemicals,
Ann Arbor, MI, United States. Dried botanical powders (Table S1) were
obtained from Martin Bauer Group, Vestenbergsgreuth, Germany. Purity
grades were listed when available.

Preparation of standard solutions, buffers, and samples

A methanolic E2 standard solution (2 ng/ml) was prepared as
1:500,000 dilution from a methanolic stock solution (1 mg/ml). For
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dose-response-curves, further E2 standard solutions (200 ng/ml, 100
ng/ml, 20 ng/ml) were required. Daidzein standard solutions were
prepared as 1 mg/ml stock solutions in methanol and diluted in a linear
descending series to concentrations of 100 ug/ml, 10 pg/ml, 1 pg/ml,
and 100 ng/ml. The fluorescent end product MU (1 mg) was dissolved in
1 ml methanol. The alternative end product F was prepared as a 1-mg/
ml stock solution in methanol and diluted 1:100 and 1:1000. Citrate
buffer consisted of 6 g/l citric acid monohydrate and 10 g/l NayHPO, in
double-distilled water, adjusted to pH 12 by solid sodium hydroxide
(Klingelhofer and Morlock, 2014). Phosphate buffer was prepared by
dissolving 40.8 g/1 KH,P04, 42.6 g/1 Na;HPO,, 1.2 g/1 MgSO, o 7 H,0,
and 3.7 g/1 KCl in double-distilled water, adjusted to pH 7 with solid
sodium hydroxide (Schick and Schwack, 2017). Sodium bicarbonate
solution (2.5%, W/V) was prepared in double-distilled water. Botanical
samples (Table S1) were prepared as 100 mg/ml methanolic extracts
according to (Schreiner et al., 2021).

Preparation of yeast cell medium and culture

Minimal medium and yeast cell culture were prepared via a modified
version of Klingelhofer and Morlock, 2014. For the medium,
double-distilled water was sterilized. Through sterile filtration (mixed
cellulose ester syringe filter, <0.22 pm, Merck, Darmstadt, Germany) 10
g/1 p-(+)-glucose, 6.8 g/1 yeast nitrogen base without amino acids, and
14 amino acids (200 mg/] L-adenine, 200 mg/l L-arginine, 1,000 mg/1
L-aspartic acid, 1,000 mg/] L-glutamic acid, 200 mg/1 1-histidine, 300
mg/l L-isoleucine, 1,000 mg/l r-leucine, 300 mg/1 i-lysine, 200 mg/1
L-methionine, 500 mg/l1 i-phenylalanine, 4,000 mg/1 i-serine, 2,000
mg/] -threonine, 300 mg/l L-tyrosine, and 1,500 mg/l i-valine) were
added. A 1-ml cryostock (-80 °C) yeast suspension was diluted in 29 ml
minimal medium in a 100 ml glass baffled flask. The inoculated medium
was incubated (Cultura M Incubator 70700, Almedica, Giffers,
Switzerland) overnight (18-19 h) at 30 °C and 75 rpm on an orbital
shaker (Edmund Biihler, Hechingen, Germany). The cell number was
determined with a fluidlab R-300 (anvajo, Dresden, Germany) out of a
1:20 dilution (50 pl cell suspension and 950 ul 0.9% sodium chloride in
double-distilled water, W/V). To adjust the cell number to 0.8 x 10°
cells/pl, the respective volume of cell suspension was centrifuged
(centrifuge 5702, Eppendorf, Hamburg, Germany) at 2,500 x g for 5
min. The supernatant was discarded, while the sedimented cells were
resuspended in 2 ul fresh medium with 150 uM copper (II) sulfate. For
cytotoxicity testing, 1 mg resazurin sodium salt was added to the 2 pl
resuspended cells as 50 pl of a 20 mg/ul resazurin solution in
double-distilled water.

NP-HPTLC™-UV/Vis/ FLD-pYAVES-UV/Vis/FLD workflow

Experiments were carried out on silica gel 60 Fo54 MS-grade plates,
except for those with FDG substrate. Since the FDG response is evaluated
at UV 254 nm, silica gel 60 plates without fluorescence indicator were
used. Both plate types were prewashed twice with methanol — water
(4:1, V/V) in a Simultaneous TLC Developing Chamber (Macherey-
Nagel, Diiren, Germany) and dried at 110 °C in a clean oven (Memmert,
Schwabach, Germany) for 20 min (Morlock, 2014). The plates were
stored wrapped in aluminum foil in a desiccator. HPTLC instrumenta-
tion was from CAMAG, Muttenz, Switzerland, controlled by visionCATS
software (version 3.1.21109.3). Applications were performed using an
Automated TLC Sampler 4. Sample extracts were applied as 6-mm bands
(4 pl, pYES) or 10-mm bands (6.7 pl, pYAVES) and separated with ethyl
acetate — toluene — formic acid - water (16:4:3:2, V/V/V/V) up to a
migration distance of 70 mm (Kriiger et al., 2017; Schreiner et al., 2021)
in a twin trough chamber (20 cm x 10 cm). Plates were dried for 4 min
(stream of cold air, hairdryer, if not stated otherwise). Strips were
partially overlaid along each track using Freemode option of winCATS
software (version 1.4.7.2018). The E2-strip was applied on NP (1 mm
% 70 mm; 10 pg/area) or on Npfix (2mm x 70 mm; 20 pg/area), and
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the MU strip (1 mm x 70 mm; 5 pg/area) was applied to the right of
each. Alternatively to MU-strips, F-strips (1 mm x 70 mm; 10 ng/area)
were applied. The planar chromatograms were recorded (TLC Visualizer
2) at 254 nm (UV), white light illumination (Vis), and 366 nm (FLD).

To neutralize the acidic layer, buffering (all sprayed with yellow
nozzle, level 2, Derivatizer) was substrate-specific. For MUG substrate,
citrate buffer was piezoelectrically sprayed onto the plate (1.4 ml). For
FDG substrate, 2.8 ml sodium bicarbonate buffer was used. For resazurin
substrate, the plate was buffered twice with 1.4 ml sodium bicarbonate
buffer. All buffering steps were followed by plate drying. For fixation,
plates were coated according to Schreiner et al. (2022) with Degalan by
placing them horizontally in 400 ml of a 0.25% Degalan solution in
n-hexane (rectangular deco glass tank of 21 ecm x 11 em x 4 cm
covered with a rectangular glass plate of 27 cm x 13 c¢m) for 10 min and
then dried.

The prepared yeast cell culture was piezoelectrically sprayed onto
the plates (1.4 ml, red nozzle, level 6), placed in a polypropylene box
(KIS 26.5cm x 16 cm x 10 cm, ABM, Wolframs-Eschenbach, Ger-
many; pre-moistened with water for 30 min), and incubated at 30 °C for
3 h, followed by drying. Two different substrate-solutions were tested,
which were piezoelectrically sprayed (yellow nozzle, level 4): MUG
substrate (1.5 ml citrate buffer and 50 pl of 20 mg/ul MUG in DMSO) or
FDG substrate (1.4 mL phosphate buffer and 25 pl of 5 mg/ul FDG in
DMSO). The plate was incubated at 37 °C for either 15 min (FDG) or 30
min (MUG), dried, and documented at UV 254 nm (FDG), FLD 366 nm
(MUG), or white light illumination (resazurin). To ensure functionality
of the assays, 10 pg E2 were applied onto each upper plate part above
the solvent front as positive control, whereas menadione (1, 1.5, and 2
ug) was used to prove the cytotoxicity assay. For pYAVES experiments
the E2-strip acts as a positive control. For the evaluation of dose-
response curves, plates were additionally scanned (TLC Scanner 3) at
366 nm to generate peak profiles for integration (visionCATS). Dose-
response curves were generated using the online tool ICsq calculator
from AAT Bioquest, Sunnyvale, CA, United States.

Heart cut-RP-HPLC-DAD-HESI-HRMS/MS

The Dionex Ultimate HPLC system (Dionex Softron, Germering,
Germany) consisted of a binary pump (HPG-3200SD), an autosampler
(WPS-3000TXRS), a column oven (TCC-3000RS), and a diode array
detector (DAD-3000RS). It was connected to a Q Exactive Plus Hybrid
Quadrupole-Orbitrap, equipped with an Ion-Max HESI-II probe (both
Thermo Scientific, Bellefonte, PA, United States). Ionization settings
were: sheath gas 20 AU, aux gas 10 AU, spray voltage 3.5 kV, capillary
temperature 270 °C, probe heater temperature 200 °C, S-lens RF level
50 AU.

Verified antiestrogens were heart-cut eluted from the HPTLC plate
with water — methanol (9:1, V/V), using a fully automated autoTLC-MS
interface (Habe and Morlock, 2020; Mehl et al., 2021) with oval elution
head (4 mm x 2 mm). An eluent flow of 0.1 ml/min was provided by an
HPLC standalone pump (MX010PFT, Teledyne SSI, State College, PA,
United States). On a two-position six-port switching valve (MXT series,
PD715-000, Rheodyne, IDEX Health & Science, Rohnert Park, CA,
United States), a 50-ul sample loop and a desalting cartridge (Accucore
RP-MS, 10 mm x 2.1 mm, 2.6 pm, Thermo Scientific) were installed
(Schreiner and Morlock, 2021). After 40 s elution time, the valve was
switched and HPLC gradient flushed the cartridge, transferring the
analytes to the main column (Accucore RP-MS 100 mm x 2.1 mm, 2.6
pm, thermostated at 40°C, Thermo Scientific). Eluent A was water with
2.5 mM ammonium acetate (pH adjusted to 4.5 with acetic acid), eluent
B was methanol and the flow rate was set to 0.4 ml/min. The 12-min
gradient started at 2% B for 2 min (elution), then increased to 100% B
(2 min-7 min), was held for 3 min (7 min-10 min), followed by 2 min
equilibration time. Analytes were detected with DAD (wavelength scan
200-400 nm and at specific wavelengths A;=240 nm, 2,=280 nm, and
73=320 nm) and HRMS/MS in polarity switching full-scan
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data-dependent MS? (ddMS?) mode. Full scan at a mass range of m/z
100-1100 had a resolving power of 70,000 full width at half-maximum
(FWHM) and automated gain control (AGC) target 3e6, which was fol-
lowed by a Top5 ddms? fragmentation at a mass range of m/z 80-1000,
resolution of 17,500 FWHM, AGC target 1e6, and collision energy of 40
eV. External mass calibration was performed weekly with Pierce TM
LTQ Velos ESI positive/negative ion calibration solution. The instru-
ment was controlled by Xcalibur 3.0.63.3 with Foundation 3.0.152
under DCMS link 2.14 (all Thermo Scientific).

Results and discussion

A multiplex bioassay format was developed offering 4 different
biological activity principles to evaluate estrogenic agonists, antago-
nists, synergists, and false-positives in complex botanical samples. The
reduction of diffusion through Degalan fixation on NP planar chro-
matograms was a critical step to provide multiplex conditions. The
Degalan-fixated bioautograms were compared to the status quo without
fixation for estrogenic responses (pYES) and by overlaying an E2-strip
for antiestrogenic responses (pYAES). The overlayed E2-strip also
revealed synergists. Adding a strip of the substrate cleavage product led
to the detection of false-positive antiestrogens and thereby the verifi-
cation of true antiestrogenic responses (pYAVES). Several bioactive
zones were further analyzed using HPLC-DAD-HESI-HRMS/MS.

Screening of 68 botanicals via HPTLC™ ~UV/Vis/FLD—pYES and
comparison to status quo

The HPTLC—UV/Vis/FLD—pYES bioautograms revealed many more
blue-fluorescent zones on the plate with fixation agent (Fig. S1B) than
the status quo without fixation (Fig. S1C, Schreiner et al., 2021). Since
zone response can be caused by excessive native fluorescence, the bio-
autogram at FLD 366 nm always has to be compared to the chromato-
gram at FLD 366 nm (Fig. S1A). With the status-quo method, estrogenic
substances were found in botanical sample nos. 1, 13, 24, 28, 35, 41, 42,
55, 59, 60, 62-64, and 67 (Schreiner et al. 2021). Fixating the substances
led to a bioassay with sharper zones, and additional estrogenic sub-
stances were found in botanical sample nos. 8, 14, 16, 22, 38, 45, and 54.
The fluorescent zone at hRy 40 appeared in many samples (nos. 4, 8, 11,
12, 19, 22, 33, 34, 36, 37, 50, 53, 56, 62-64, and 68) but derived from
the native fluorescence of chlorogenic acid, as described for nos. 4, 12,
19, 22, 37, 50, and 56 in Schreiner et al., 2021. Estrogenic zones in
sample nos. 24, 28, 55, and 59 disappeared with the Degalan fixation
and were investigated again (Fig. S2). The estrogens in 24 and 59 were
not detectable in the repetition even on the unfixated plate despite the
botanicals were freshly extracted. The age of the plant powders could
have an influence, as the first unfixated bioautograms were from a
previous study. Estrogens in the middle hRp area of 28 and 55 were
missing after fixation, whereby the estrogenic responses in the solvent
front were detected. This was explained by the fact that Degalan fixation
could compromise the sensitivity of the assay. The dose-response-curves
of E2 of a fixated and an unfixated bioautogram led to comparable re-
sults, whereby the dose-response curves of the phytoestrogen daidzein
differed (Fig. S3). Hence, the fixation may have an influence on the
estrogenic response but is substance-specific.

Screening of 68 botanicals via HPTLC™ —UV/Vis/FLD—pYAES and
comparison to status quo

The improved sharpness via the Degalan coating was particularly
noticeable in the HPTLCﬁx—UV/Vis/FLD—pYAES bioautograms, as the
E2-strips were less diffuse and the interruptions were more distinct
(Fig. 1A) compared to plates with unfixated substances (Fig. 1B,
Schreiner et al., 2021). Additionally, a bending of the neighboring
E2-strips was observed in the status quo for the samples nos. 6, 15, and
37 at lower hRp values, presumably caused by strongly diffusing
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substances. This problem was prevented by the respective HPTLC"™
workflow. The status-quo bioassay revealed many enhancements of the
E2-strip fluorescence (compared to the blank B), implying synergistic
effects, and some fluorescence reductions indicating antiestrogens
(Schreiner et al. 2021). With fixation, the fluorescence of the E2-strip
was less detectable indicating a loss of sensitivity exemplarily
observed for sample nos. 7 and 29, but the profiles and meaning of the
described effects could be reproduced and sharpened, assigning the ef-
fects even more precisely to certain zones. For example, botanical
sample no. 47 revealed many small interruptions of the fluorescence, not
seen in the status-quo bioassay (unfixated). The detection of
non-fluorescent zones and thus possible antiestrogens was also
improved, as shown by the example of botanical sample no. 53.

Screening of 13 selected botanicals via HPTLC™-uvyvis/
FLD—pYAVES—UV/Vis/FLD

Selected botanical samples with presumed antiestrogenic com-
pounds (nos. 16, 22, 24, 34, 37, 41, 43, 53, 55, 58, 61, 67, and 68) were
subjected to the newly developed HPTLCﬁ"—UV/Vis/FLD—pYAVES
method. To also investigate the multiplex bioassay with another sub-
strate than MUG, FDG was used and the amount of end product F was
adjusted to the fluorescence of the E2-strip, whereby 10 ng seemed to be
the most suitable (Fig. S4). Native fluorescence of the botanical samples
at 254 nm (Fig. 2A) or 366 nm (Fig. 2C) complicated the bioassay
evaluation. Using MUG as substrate, the bioautogram (Fig. 2D) showed
less native fluorescence than the one with the FDG-substrate (Fig. 2B).
The response of the Vis-evaluable substrate resorufin-p-p-galactopyr-
anoside was pH sensitive and not usable with the acidic mobile phase
despite testing of various buffers. The multiplex pYAVES bioautograms
confirmed and verified many antiestrogenic effects by the reduced
fluorescent E2-strip and at the same time remaining fluorescent F- or
MU-strip in this antiestrogenic zone (Fig. 2B/D). Except for botanical
sample nos. 58 and 61, all investigated samples contain true antiestro-
gens. To ensure, that the antiestrogenic effect was not a cytotoxic effect,
cell viability staining with resazurin was performed (Fig. 2E). As positive
control menadione was used detected as colorless zone (concentration-
dependent halos) on a purple background. No cytotoxic effects were
observed in any of the zones, further verifying the antiestrogens. The
estrogenic effects in botanical sample nos. 41, 55, and 67 were also
detected. Contrarily, the estrogen-like substances detected in sample
nos. 16 and 22, still seen in pYAES were not detectable in the pYAVES
bioautogram (Fig. S5A). The reason for this could be that the chroma-
tography is slightly shifted upwards, as can be seen in the chromato-
grams at UV 254 nm (Fig. S5B) and FLD 366 nm (Fig. S5C), whereby
fluorescence-quenching substances were moved over the estrogenic
zone.

With the new NP-HPTLC™-UV/V is/FLD-pYAVES workflow, 13
samples were simultaneously analyzed for four different effects (Fig. 3).
Estrogens were detected as MU-blue fluorescent zones, whereas anties-
trogens caused a fluorescence reduction of the overlaid E2-strip. False-
positive antiestrogens were identified by fluorescence reduction of the
MU-strip at the same horizontal zone position where the E2-strip was
interrupted. An enhanced E2-strip indicated synergistic effects. Often it
cannot be distinguished between synergistic and additive effects (Zhou
et al., 2016), but with the presented multiplex approach, both phe-
nomenons could be detected simultaneously. According to the termi-
nology (Roell et al., 2017, Rajapakse et al., 2002) slightly modified as 0
+ 1 > 1, synergy is raised from the intensified signal response (>1) by
combining a non-observed-effect compound (0) and an effect-compound
(1) (Fig. 3) . Contrarily, additive effects are described as the sum of two
individually active compounds (1), when applied in combination,
amplifying to more intense signals (1 + 1 = 2, Seeger et al,, 2016).
Studying all these effects for 13 samples on one plate was only possible
with the sharpening due to the fixation with Degalan. The four bioassay
responses were merged on the same plate and obtained in parallel,
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A NP-HPTLC®™*-—pYAES-FLD

B NP-HPTLC-pYAES-FLD

Fig. 1. NP-HPTLC™-pYAES-FLD analysis of 68 botanicals compared to status quo without fixation. Botanical samples (4 pl, 6-mm bands, nos. 1-68 as
Table S1 and solvent blank B for comparison) separated on HPTLC plates silica gel 60 Fys4 MS-grade with ethyl acetate — toluene — formic acid — water (16:4

signed in
v/v/

V/V) up to 70 mm. NP-HPTLC™-pYAES bioautograms at FLD 366 nm (A, with 20 pg E2-strip of 2 mm x 70 mm and Degalan coating) compared with respective
status-quo bioautograms (B, 10 pg E2-strip of 1 mm x 70 mm, Schreiner et al., 2021).

which saves time and costs, and makes the multiplex bioassay highly
reliable and less error-prone.

NP-HPTLC™-UV/Vis/ FLD-pYAVES-heart cut-RP-HPLC-DAD-HESI
HRMS/MS

Selected bioactive zones (marked as lowercase letters in Fig. 2D)
were eluted directly from the fixated pYAVES bioautogram and sub-
jected to RP-HPLC-DAD-HESI-HRMS/MS (Fig. 4A). Mass spectrometric
results of the recorded zones a-n were summarized in Table 1. Out of 28
mass signals detected, 17 were identified, six of which are known to
possess estrogenic (antagonistic) activity, and four which could affect an
estrogen-like response due to structural similarity. Zone a in guarana
(no. 16, hRy 75) was divided into three signals by orthogonal separation.
First, theophylline (Fig. 4B), which was distinguished from the related
theobromine based on its fragment spectrum (Bartella et al., 2019),
highlighted the benefit of MS/MS measurement. The two other signals
were assigned to procyanidin B2 and caffeine since their UV spectra,
mass spectra, and fragmentation pattern were consistent with literature
(Bartella et al., 2019). All of them are known to be contained in guarana
(Cynara de Oliveira Salles et al., 2022) but none of them is known for
antiestrogenic activity. Since procyanidin B2 structurally originates of
two catechin subunits, and catechin is known to have effects on
ER-regulated estrogenic activity (Kuruto-Niwa et al., 2000), the dimer
could be responsible for the detected antiestrogenic effect. This
assumption has to be verified with a standard. Zone b of elder flower
(no. 22, hRy 21) indicated the presence of icariside F2, which fragments
in ESI-negative mode are consistent with literature (Amessis-Ouche-
moukh et al., 2014, Fig. 4C). Its estrogenic activity was already pre-
sumed in parsley by Yoshikawa et al. (2000) but was never proved.
Besides, in the presented case an estrogen antagonistic effect is

postulated. Hop (no. 24) revealed two different antiestrogenic zones at
hRy 47 (zone c¢) and 76 (zone d), both with two distinct mass signals. At
lower hRy value, m/z 379.1763 [M—H] was assigned to 4'-hydrox-
yallo-(cis-)cohumulinone, and m/z 393.1925 [M—H] to 4'-hydrox-
yallo-humulinone, either in cis-conformation or as ad- or n-isomers,
respectively (Taniguchi et al., 2015). Since they were only described as
hop constituents, they were only assumed to cause antiestrogenic ac-
tivity. In the upper zone, none of the mass signals were found as com-
pounds comprised in hop, nor as estrogenically active. Zone e in lovage
(no. 34, hRy 86) did not show any mass signals differing from the plate
and assay background. The phytohormone abscisic acid, found in yerba
mate (no. 37, hRy 98, zone f), is known to play an important role in
signaling pathways when the plant is exposed to drought (Acevedo et al.,
2019). Its effects on the human endocrine system and affinity to hERs
have not been discovered so far. Its identification is certain, since UV
spectrum (Gao et al., 2016) and fragmentation spectrum (Durgbanshi
et al., 2005) are consistent with literature (Fig. 4D). In orange peel (no.
41, hRy 40, both zone g), the well-documented phytoestrogens naringin
(Fig. 4E) and hesperidin were found (Favela-Hernandez et al., 2016;
Puranik et al., 2019). Zone h in passionflower (no. 43, hRy 72, Fig. 4F)
contained (iso)vitexin, also called (6-)8-glycosyl-apigenin. The aglycon
apigenin is known to bind the hER (Mbachu et al., 2020) and affects an
estrogenic response. Often glycosylated molecules and their aglycones
exhibit contrary effects, e.g. naringin and naringenin, hesperidin and
hesperetin, or genistin and genistein. Plantain (no. 53) contained two
antiestrogenic zones i (hRy 45) and j (hRy 85) both comprising a single
mass signal, which could not be assigned to known substances found in
plantain, nor to antagonistic phytoestrogens. At least the molecular
formulae of C;9H3401¢ (i) and C;5H180¢ (j) were determined. In licorice
(no. 55) an antiestrogenic zone (hRg 36, zone k) and an estrogenic zone
(hRg 96, zone 1) were found. The estrogenic zone revealed four distinct
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A NP-HPTLC-UV 254 nm

NP-HPTLC'—pYAVES-UV 254 nm (FDG

NP-HPTLC—FLD 366 nm

Fig. 2. NP-HPTLC™-UV/FLD-pYAVES of 13 selected botanicals. Chro-
matogram at UV 254 nm (A) and FLD 366 nm (C) of botanical samples (nos.
assigned in Table S1, 6.7 pul, 10-mm bands) with tentative antiestrogenic effects
separated on HPTLC plate silica gel 60 F,54 MS-grade with ethyl acetate

toluene — formic acid — water (16:4:3:2; V/V/V/V) up to 70 mm, overlaid with

E2-strip (20 pg, 2 mm x 70 mm) and fluorescein (10 ng) or 4-methyl
umbelliferone (5 pg) strips (1 mm x 70 mm). NP-HPTLCF"‘-pYAVF.S bio-
autograms with FDG-substrate at UV 254 nm (B) or MUG-substrate at FLD 366
nm (D). Marked zones a-n were analyzed via heart cut-RP-IIPLC-DAD-TIESI-
HRMS/MS (Figs. 4 and 5). Planar cytotoxicitiy assay with YES cells and resa-
zurin staining at white light illumination with menadion as positive control (E).

signals assigned to formononetin (Fig. 4G), liquiritigenin, daidzein (both
Fig. 5), and calycosin (not displayed) identified according to published
UV and fragmentation spectra (Xu et al., 2013; Zhang et al., 2013;
Vlaisavljevic et al., 2018). The estrogenic activity for daidzein (Nishi
hara et al., 2000) and liquiritigenin (Boonmuen et al., 2016) is already
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Fig. 4. NP-HPTLC™-pYAVES-FLD-heart cut-RP-HPLC-DAD-HESI-HRMS/MS. Schematic overview of the fully automated heart cut elution, orthogonal sepa-

ration, diode array detection and high-resolution tandem mas

spectrometry (A). UV and fragmentation spectra shown for theophylline in guarana (no. 16, B),

icariside F2 in elder flower (no. 22, C), abscisic acid in yerba mate (no. 37, D), naringin in orange peel (no. 41, E), isovitexin in passionflower (no. 43, F), and

formononetin in licorice (no. 55, G).
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described. The estrogen antagonistic zone was caused by liquiritin
apioside (Fig. 5) which was confirmed via a standard in a previous study
(Schreiner et al., 2021). The two antiestrogenic zones m and n are un-
known, and further structure-elucidating techniques are needed.

Conclusions

The developed multiplex planar bioassay method NP-HPTLC™_UV/
Vis/FLD-pYAVES enabled the sophisticated non-target screening for
hormonal activity. For the first time, sharp zones were obtained after the
PYES bioassay on normal-phase HPTLC plates due to substance fixation
with Degalan coating. Both estrogen- and antiestrogen-like substances
were unambiguously detected, and in addition, false-positives and
synergists. Further information was obtained on polarity (hRy on NP-
HPTLC), chromophores (Vis), UV absorbance (UV 254 nm), fluo-
rophores (FLD 366 nm), and due to hyphenation with RP-
HPLC-DAD-HESI-HRMS/MS, on polarity (retention time on RP-HPLC),
UV/Vis absorbance, molecular formulae and structures. Several botan-
ical compounds were identified by their exact masses, fragmentation
patterns and UV absorbance. The versatile information obtained by the
12 D hyphenation from a single plate for many samples in parallel
provides straightforward evaluation of complex sample mixtures.
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Tab. S1. List of the 68 investigated botanicals. Botanical name, plant part, and sample weights

(W), extracted with 5 mL methanol (*marked: filtered through 0.45 um syringe PTFE filter).

No| Common name Botanical name Plant part W [mg]
1 | Acerola Malpighia glabra L [Malphighiaceae]. fruits 501.5
2 | Horehound, white Marrubium vulgare L. [Lamiaceae] herb 500.1
3 | Apple* Malus sylvestris (L.) Mill. [Rosaceae] peel 500.7
4 | Artichoke, globe Cynara cardunculus subsp. scolymus (L.) leaves 501.3
[Asteraceae]

5 | Basil Ocimum basilicum L. [Lamiaceage] herb 500.6
6 | Fenugreek Trigonella foenum-graecum L. [Fabaceae] seeds 499.9
7 | Stinging nettle* Urtica dioica L. [Urticaceae] leaves 501.5
8 | Blackberry Rubus fruticosus L. [Rosaceae] leaves 500.6
9 | Eucalyptus Eucalyptus globulus Labill. [Myrtaceae] leaves 499.7
10 | Fennel Foeniculum vulgare Mill. [Apiaceae] fruits 499.9
11 | Fruit tea, yellow not available unknown 501.3
12 | Fruit tea, red not available unknown 502.6
13 | Galangal Alpinia officinarum Hance. [Zingiberaceae] roots 501.8
14 | Ginkgo Ginkgo biloba L. [Ginkgoaceae] leaves 502.7
15 | Ginseng Panax ginseng C.A.Mey. [Araliaceae] roots 502.3
16 | Guarana Paullinia cupana Kunth [Sapindaceae] seeds 498.8
17 | Dog rose Rosa canina L. [Rosaceae] fruits 501.0
18 | Blueberry, European | Vaccinium myrtillus L. [Eriaceae] fruits 501.2
19 | Hibiscus Hibiscus rosa-sinensis L. [Malvaceae] blossoms 499.6
20 | Raspberry Rubus idaeus L. [Rosaceae] juice concen- 503.0

trate from fruits
21 | Elder berry Sambucus nigra L. [Adoxaceae] fruits 501.4
22 | Elder flower Sambucus nigra L. [Adoxaceae] blossoms 502.5
23 | Honeybush* Cyclopia genistoides (L.) R.Br. [Fabaceae] leaves, 499.3

branches,

blossoms
24 | Hop Humulus lupulus L. [Cannabaceae] blossoms 502.1
25 | Ginger Zingiber officinale Roscoe [Zingiberaceae] roots 499.0
26 | Jasmine* Jasminum officinale L. [Oleaceae] blossoms 499.2
27 | Cassis Ribes nigrum L. [Grossulariaceae] juice 500.7

concentrate

from fruits
28 | Chamomile Matricaria chamomilla L. [Asteraceae] blossoms 499.3
29 | Cardamom* Elettaria cardamomum (L.) Maton fruits 499.6

[Zingiberaceae]
30 | Garlic Allium sativum L. [Amaryllidaceae] bulbs 499.9
31 | Kola* Cola nitida (Vent.) Schott & Endl. [Malvaceae] seeds 500.8
32 | Coriander Coriandrum sativum L. [Apiaceae] fruits 501.3
33 | Caraway Carum carvi L. [Apiaceae] fruits 500.0
S—4
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34 | Lovage Levisticum officinale W.D.J.Koch [Apiaceae] roots 499.6
35 | Marjoram Origanum majorana L. [Lamiaceae] herb 502.4
36 | Yerba mate* llex paraguariensis A.St.-Hil. [Aquifoliaceae] leaves, roasted | 499.6
37 | Yerba mate llex paraguariensis A.St.-Hil. [Aquifoliaceae] leaves 500.2
38 | Lemon balm Melissa officinalis L. [Lamiaceae] leaves 500.6
39 | Clove’ Syzygium aromaticum (L.) Merr. & L.M. Perry flower buds 501.9
[Myrtaceae]
40 | Orange Citrus % aurantium L. [Rutaceae] blossoms 499.7
41 | Orange Citrus x aurantium L. [Rutaceae] peel 501.1
42 | Oregano Origanum vulgare L. [Lamiaceae] herb 501.5
43 | Passionflower Passiflora incarnata L. [Passifloraceae] blossoms 501.1
44 | Peppermint Mentha x piperita L. [Lamiaceae] leaves 500.3
45 | Rooibos* Aspalathus linearis (Burm.f.) R. Dahligren leaves 500.7
[Fabaceae]
46 | Rosemary* Salvia Rosmarinus Spenn. [Lamiaceae] leaves 500.9
47 | Sage Salvia officinalis L. [Lamiaceae] leaves 499.9
48 | Sea buckthorn Hippophae rhamnoides L. [Elaeagnaceae] fruits 501.9
49 | Horsetail Equisetum arvense L. [Equisetaceae] herb 499.3
50 | Yarrow* Achillea millefolium L. [Asteraceae] herb 501.6
51 | Celeriac Apium graveolens L. [Apiaceae] bulb 501.3
52 | Coneflower Echinacea angustifolia DC. [Asteraceae] herb and roots 499.1
63 | Plantain Plantago lanceolata L. [Plantaginaceae] leaves 500.5
54 | Star anise llicium verum Hook.f. [Schisandraceae] fruits 500.3
65 | Licorice Glycyrrhiza glabra L. [Fabaceae] roots 500.3
56 | Siberian ginseng Eleutherococcus senticosus (Rupr. & Maxim.) roots 503.4
Maxim. [Araliaceae]
§7 | Thyme Thymus vulgaris L. [Lamiaceae] herb 499.6
58 | Grape* Vitis vinifera L. [Vitaceae] seed 499.9
59 | Grape Vitis vinifera L. [Vitaceae] peel 499.7
60 | Juniper Juniperus communis L. [Cupressaceae] fruits 501.5
61 | Grape Vitis vinifera L. [Vitaceae] leaves 501.2
62 | Hawthorn Crataegus sp. [Rosaceae] leaves and 499.7
blossoms
63 | Hawthorn leaves Crataegus sp. [Rosaceae] leaves 501.8
(Batch 1)
64 | Hawthorn leaves Crataegus sp. [Rosaceae] leaves 499.9
(Batch 2)
65 | Chicory Cichorium intybus L. [Asteraceae] roots 501.1
66 | Cinnamon Cinnamomum verum J.Pres| [Lauraceae] bark 501.5
67 | Lemon Citrus % limon (L.) Osbeck [Rutaceae] peel 500.7
68 | Lemon verbena Aloysia citridora Palau [Verbenaceae] leaves 500.4
S-5
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24 24" 28 28

Fig. S2. Investigation of estrogenic zones missing after Degalan fixation in the
bioautogram. Estrogenic profiles of botanical samples nos. 24, 28, 55, and 59 were compared
with Degalan fixation (™) and without fixation after separation with ethyl acetate — toluene —
formic acid — water (16:4:3:2, V/V/V/V) up to 70 mm on silica gel 60 Fzss MS-grade plates, and
documentation at UV 254 nm (A), FLD 366 nm (B) and as pYES bioautogram at FLD 366 nm

(C).
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Fig. S3. Comparison of dose-response-curves with Degalan fixation (red) and without
fixation (blue) of the xenoestrogen 17B-estradiol (E2) and the phytoestrogen daidzein.
Standards were applied in different amounts as 6-mm band and chromatographed with ethyl
acetate — toluene — formic acid — water (16:4:3:2, V/V/V/V) up to 70 mm. Fluorescence was

measured at 366 nm.
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Fig. S4. Experimental determination of fluorescein reference area for NP-HPTLCfx-
PYAVES. Glycyrrhizic acid (5 pg, 6-mm bands, separated with ethyl acetate — toluene — formic
acid — water (16:4:3:2; V/VIVIV) up to 70 mm on silica gel 60) was overlaid with fluorescein (F,
1-75 ng/area, 1 mm x 70 mm) and 17B-estradiol (E2, 20 pg/area, 2 mm x 70 mm) according
to plate design (A). Application (B) and the HPTLC™-pYAVES bioautogram (C; fixation with
Degalan coating, 0.25%; 10 min) were recorded at UV 254 nm. The fluorescence intensity of

the F-strips was compared to the E2-strip.
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Fig. S5. Comparison of the pYES, pYAES, and pYAVES bioautograms. Botanical samples
(4 pL, 6-mm bands for pYES and pYAES and 6.7 pL, 10-mm bands for pYAVES, nos. 16 and
22, assigned in Table S1) separated on silica gel 60 F2s4 MS-grade plates with ethyl acetate —
toluene — formic acid — water (16:4:3:2; V/V/V/V) up to 70 mm and coated with Degalan. HPT-
LC™—pYES, pYAES, and pYAVES bioautograms at FLD 366 nm (A) and corresponding chro-

matograms at UV 254 nm (B) and FLD 366 nm (C).
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Summary

8. Summary

Most NTS strategies for food focus on adulterations to maintain the food quality and
safety. Considering thousands of unknown compounds therein, data processing is
necessary to properly handle the huge amount of data. If most features of the analysed
food are rationalized by processing, how can we evaluate it as safe? Therefore, new NTS
strategies should prioritise bioactive compounds which is only possible by
interdisciplinary hyphenation of analytical chemistry and biology. As metabolic processes
can alter the bioactivity of compounds absorbed into the human body, incorporating
metabolomics would provide an utmost holistic approach. The developed
multi-hyphenated eight-, ten-, and twelve-dimensional workflows proved to be excellent
analysis tools for the identification of new bioactive compounds from complex matrices.
The more information one could gain within a comprehensive highly-streamlined
workflow, the easier the elucidation of an emerging bioactive unknown is. The basic
screening procedure consisted of NP-HPTLC, multi-imaging, (bio)assay, heart cut elution,
online-desalting, RP-HPLC, DAD, and mass spectrometric detection (8D). Information
provided by this workflow includes polarity, chromophores, UV absorption capability,
native fluorescing properties, bioactivity, absorbance, and mass spectra. Extensions were
introduced with the nanoGIT+active system and HRMS with fragmentation option (10D).
Further dimensions were feasible through multiplexed assay formats (12D) after the
diffusion susceptibility of substances in the silica gel layer was reduced with a
polyisobutyl methacrylate coating. Multiplexed assays for hormonally active compounds
were capable to screen for agonists, antagonists, synergists, and false-positives within a
single run. Combined with the previous dimensions, comprehensive information about an
unknown structure is gained, ultimately leading to structure elucidation. In conclusion,
the newly developed multi-dimensional workflows are applicable both, in routine and
research. They could fuel drug discovery and pharmaceutical industry, and they can serve

as quality control tools to ensure food safety and prevent food fraud.
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Zusammenfassung

9. Zusammenfassung

Die meisten NTS-Strategien fiir Lebensmittel konzentrieren sich auf Kontaminanten, um
die Lebensmittelqualitat und -sicherheit zu erhalten. Bei Tausenden von unbekannten
Verbindungen in Lebensmitteln ist eine computergestiitzte Verarbeitung der riesigen
Datenmengen erforderlich. Wenn einige dieser Daten durch die Verarbeitung verloren
gehen, wie konnen wir die Lebensmittel dann als sicher bewerten? Neue NTS-Strategien
sollten daher den Fokus auf bioaktive Verbindungen legen, was nur durch eine
interdisziplindre Verknilipfung von analytisch-chemischen und biologischen Methoden
moglich ist. Da Stoffwechselprozesse im menschlichen Korper die Bioaktivitit von
Verbindungen verandern konnen, wiirde die Einbeziehung der metabolischen Aktivitat
den Analyse-Ansatz vervollstindigen. Die entwickelten acht-, zehn- und
zwolfdimensionalen Arbeitsabldufe erwiesen sich als gutes Analysewerkzeug fiir die
Identifizierung neuer bioaktiver Verbindungen aus komplexen Matrizes. Je mehr
Informationen im Rahmen eines umfassenden Arbeitsablaufs gewonnen werden kénnen,
desto einfacher ist es, eine unbekannte bioaktive Substanz zu identifizieren. Das
grundlegende Screening-Verfahren bestand aus NP-HPTLC, Mehrfach-Bildgebung,
(Bio)Assay, Zonen-Elution, Online-Entsalzung, RP-HPLC, DAD und massenspektro-
metrischer Detektion (8D). Zu den Informationen, die dieser Arbeitsablauf liefert,
gehoren Polaritdit, Chromophore, UV-Absorptionsvermdgen, native Fluoreszenz-
eigenschaften, Bioaktivitat, Absorptions- und Massenspektren. Erweiterungen wurden
mit dem nanoGIT+active-System und HRMS mit Fragmentierungsoption (10D) eingefiihrt.
Weitere Dimensionen wurden durch Multiplex-Assay-Formate moglich (12D), nachdem
die Diffusionsanfalligkeit der Kieselgelschicht mit einer Polyisobutylmethacrylatbe-
schichtung unter Kontrolle gehalten wurde. Multiplex-Assays fiir hormonell wirksame
Verbindungen waren in der Lage, Agonisten, Antagonisten, Synergisten und falsch-
positive Ergebnisse in einem einzigen Durchgang zu ermitteln. In Kombination mit den
vorhergehenden Dimensionen werden umfassende Details iiber eine unbekannte
Struktur gewonnen, was letztlich zur Strukturaufklarung fiihrt. Zusammenfassend lasst
sich sagen, dass die neu entwickelten multidimensionalen Arbeitsablaufe sowohl in der
Routine als auch in der Forschung anwendbar sind. Sie kdnnten die Arzneimittel-
forschung und die pharmazeutische Industrie voranbringen und als Qualitats-
sicherungsinstrument zur Kontrolle der Lebensmittelsicherheit und zur Verhinderung

von Lebensmittelbetrug dienen.
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