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The inhibition of the b-glucuronidase released from gut bacteria is associated with specific health-related
benefits. Though a number of b-glucuronidase inhibition assays are currently in use, none of them can
directly measure the relevant activity of each single constituent in a complex mixture, without prior
separation and tedious isolation of the pure compounds. Thus, the hyphenation of the high performance
thin layer chromatography (HPTLC) technique with a b-glucuronidase inhibition assay was investigated
and successfully demonstrated for the first time. A colorimetric as well as fluorometric detection of the
inhibitors was achieved using 5-bromo-4-chloro-3-indolyl-b-D-glucuronide as a substrate. Hence, b-
glucuronidase inhibitors were detected as bright zones against an indigo blue or fluorescent background.
The established method was optimized and validated employing the well-known inhibitor D-saccharic
acid 1,4-lactone monohydrate. As proof of concept, the suitability of the new workflow was verified
through analysis of two botanical extracts, Primula boveana and silymarin flavonolignans from Silybum
marianum fruits. The found inhibitors were identified by spectroscopic methods; one of them, 3ʹ-O-(b-
galactopyranosyl)-flavone, is here described as a newly isolated natural compound. The new hyphen-
ation HPTLC-UV/Vis/FLD-b-glucuronidase inhibition assay-HRMS covers four orthogonal dimensions, i.e.
separation, spectral detection, biochemical activity and structural characterization, in a highly targeted
time- and material-saving workflow for analysis of complex or costly mixtures.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

A large number of xenobiotics are eliminated from the body by
glucuronidation, which is a fundamental phase II metabolic reac-
tion. Compounds or intermediate metabolites harboring functional
groups, like OH, COOH, or NH2 on their structures, are normally
marked for elimination via the glucuronidation pathway [1].
Nevertheless, this detoxification process could be hampered in the
intestine by the reverse deglucuronidation reaction, mediated by
the b-glucuronidase from opportunistic enterobacteria, e.g. E. coli
[2,3]. This retroverted process was defined as the underlying cause
of several diseases, e.g. irinotecan-induced severe diarrhea and
NSAID-associated serious intestinal injury [4,5]. Also, the aggra-
vated deleterious effects of many food-borne carcinogens like
G.E. Morlock).
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heterocyclic amines [6] are due to this deglucuronidation process, a
prominent example is the enhanced genotoxicity of 2-amino-3-
methylimidazo[4,5-f]quinolone [7]. The bacterial b-glucuronidase
has also been linked to the increased incidence of the colon cancer
[8] and Crohn’s disease [9]. Crystal structure analysis of the com-
plexes between inhibitors and b-glucuronidase from E. coli revealed
that the bacterial b-glucuronidase encompasses a unique loop that
is missing in the mammalian one. The emerged selective inhibitors
of the bacterial ortholog preferentially bind to this loop [10]. Defi-
ciency, and in deed inhibition, of the human b-glucuronidase
correlated with health risks, e.g. Sly syndrome or mucopoly-
saccharidosis type VII disease [11]. Thus, it becomes obvious that
inhibition of the gut bacterial b-glucuronidase, rather than the
mammalian ortholog, would carry diverse health benefits.
Recently, many research trendlines have been focusing on the
development of drug molecules capable of inhibiting solely the
bacterial b-glucuronidase, but not the mammalian ortholog [12,13].
The b-glucuronidase inhibition has also been linked to some
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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hepatoprotective activities of some plants [14,15]. A strong clue of
the hepatoprotective potential of b-glucuronidase inhibitors has
also been determined for the lactic acid bacteria, a potent inhibitor
of b-glucuronidase of the intestinal microflora [16].

Principally, the detection and evaluation of the b-glucuronidase
activity depends on the potential of the enzyme to selectively hy-
drolyze a number of readily available chromogenic [17e19] or flu-
orogenic [20] substrates. Nevertheless, when applied to complex
mixtures [14,15,21,22], these assays could only point to the activity
of the entire mixture without instantaneous reference to the ac-
tivity of individual constituents, unless purified before. In most
cases, such assays follow extensive time-, chemicals- and
materials-consuming procedures. Bringing these concerns
together, the development and establishment of the b-glucuroni-
dase inhibition assay incorporated into a chromatographic
screening would allow a straightforward evaluation of complex
samples with regard to individual inhibitors.

So far, such a HPTLC-b-glucuronidase assay has not been re-
ported among the hyphenations of other biochemical hydrolase
assays (e.g., a- and b-glucosidase [23], acetyl- and butyr-
ylcholinesterase [24] and lipase [25] assays) with high performance
thin layer chromatography (HPTLC). The piezoelectric spraying of
bacterial and enzymatic assay solutions was recently reported and
discussed among others to need less volume of the enzyme solu-
tion, if compared to the currently used immersion technique [26].
HPTLC coupled to powerful structural elucidation methods, such as
high-resolution mass spectrometry (HRMS), UV/Vis/FLD detection
and FTIR spectroscopy, enabled the tentative compound assign-
ment by exploiting different orthogonal dimensions [27e29].

Inspired by all these considerations, we targeted to hyphenate
HPTLC with the b-glucuronidase inhibition assay, presented in this
study for the first time. Different options were discussed for the
detection of b-glucuronidase inhibitors. The HPTLC-b-glucuroni-
dase inhibitor assay was developed, optimized and verified using
extracts of Primula boveana and flavonolignans from Silybum
marianum fruit extract. The detected b-glucuronidase inhibitors
were identified by HPTLC-HESI-HRMS/MS and NMR analysis.

2. Materials and methods

2.1. Materials

HPTLC plates silica gel 60with andwithout F254 (20 cm� 10 cm)
were obtained fromMerck (Darmstadt, Germany). Primula boveana
Decne. ex Duby leaves were collected from Saint Catherine area in
Egypt. Solvents (HPLC grade) obtained from Thermo Fischer Sci-
entific (Schwerte, Germany). b-Glucuronidase type VII-A from
E. coli (5 kU) and silymarin flavonolignans subfraction powder (SF)
of Silybum marianum plant (fruit and root) were obtained from
Sigma Aldrich (Taufkirchen, Germany). 5-Bromo-4-chloro-3-
indolyl-b-D-glucuronide (X-Gluc) was purchased from Carbosynth
(Berkshire, UK) and D-saccharic acid-1,4-lactone monohydrate (SL)
was obtained from Santa Cruz Biotechnology (Heidelberg, Ger-
many). Bovine serum albumin (BSA, Albumin Fraction V), natural
product reagent (NP), polyethylene glycol (PEG), and potassium
phosphate buffer salts (K2HPO4 and KH2PO4) were from Carl Roth
(Karlsruhe, Germany). Distilled water was produced by the Heraeus
Destamat Bi-18E distillator (Thermo Fisher Scientific, Schwerte,
Germany).

2.2. Solutions and botanical extracts

Each of SL (1 mg mL�1) and X-Gluc (2 mg mL�1) were dissolved
in distilled water. b-Glucuronidase solution (25 U mL�1) was pre-
pared in potassium phosphate buffer (0.1 M, pH 7.0), containing
0.1% BSA. Extract of Primula boveanawas prepared by extracting 1 g
of the finely powdered, air-dried leaves with 80% methanol (1:10,
W/V) for 24 h. The resulting extract was filtered through a syringe
filter (0.45 mm, Chromafil, Carl Roth, Germany) and kept at �20 �C
until analysis. Flavone and 20-methoxyflavone were previously
isolated from the same plant and dissolved in methanol
(1 mg mL�1) [29]. As a ready-to-obtain mixture of the major fla-
vonolignans in the milk thistle (Silybum marianum) fruit, the
commercially available SF powder (250mg) was dissolved in 2.5mL
methanol by sonication for 10 min and diluted with methanol
(1:100, V/V), followed by membrane filtration of an aliquot into the
sampler vial (0.45 mm).

2.3. HPTLC-UV/Vis/FLD-b-glucuronidase inhibition assay

The SL solution (1 mgmL�1, 1.0 mL per band, i.e.1 mg per band) as
well as Primula boveana (100 mgmL�1, 0.5 or 1.0 mL per band, i.e. 50
or 100 mg per band) and Silybum marianum SF extracts (1 mg mL�1,
1.0 mL per band, i.e.1 mg per band) were applied as 8mm band using
the Automatic TLC Sampler (ATS 4, CAMAG, Muttenz, Switzerland).
All mobile phases used in this study are prepared in volumetric
ratios. The Primula boveana extract was separated using two
different mobile phases, n-hexane - ethyl acetate (7:3) and ethyl
acetate - methanol - water - formic acid (8:1:0.4:0.1). The Silybum
marianum SF extract was studied using two different mobile phases
either chloroform - acetone - formic acid (75:16.5:8.5) or toluene -
ethyl acetate - formic acid (9:6:0.4). The chromatogram was
documented under white light illumination, UV 254 nm and UV
366 nm using the TLC Visualizer (CAMAG). All assay solutions were
piezoelectrically sprayed using the green nozzle generating the
smallest droplet size (finest spray; nozzle mesh size 4e5 mm) and
using the shortest spraying time (fastest speed at spray level 6), if
not stated otherwise (TLC Derivatizer, CAMAG). Developed plates
were dampened (pre-wetted) by spraying with 0.5 mL potassium
phosphate buffer (0.1 M, pH 7.0). For plates developed in an acidic
mobile phase, neutralization was achieved by spraying 2.0 mL po-
tassium phosphate buffer (0.1 M, pH 7.8) after the pre-wetting step.
Afterwards, 3.0 mL of b-glucuronidase solution were sprayed and
plates were horizontally positioned in a humid box and incubated
at 37 �C for 15 min. After incubation, 1.5 mL of the X-Gluc substrate
solution (2 mg mL�1) were sprayed (red nozzle generating the
largest droplet size; nozzle mesh size 9e12 mm) and incubated at
37 �C for 1 h. The b-glucuronidase inhibition was documented
under white light illumination and UV 366 nm using the TLC
Visualizer (CAMAG). The UV/Vis absorbance spectrum was recor-
ded from 200 to 800 nm on the colored background, while the
colorless SL inhibition zone served as background reference. The
absorbance measurement was performed at 612 nm employing an
inverse scanning strategy (trick to avoid peak conversion to nega-
tive peaks by selecting the software parameter fluorescence mode
without optical filter; TLC Scanner 4, CAMAG).

2.4. Post-chromatographic derivatization via NP/PEG reagent

Developed plates were heated on the TLC Plate Heater III
(CAMAG) at 100 �C for 3 min. After cooling, plates were dipped in
the NP reagent (0.5% in ethyl acetate, immersion time 0 s, immer-
sion speed 5 cm s�1) using the Chromatogram Immersion Device).
After drying, plates were immersed in the PEG solution, (5% in
methylene chloride). The plateswere heated at 100 �C for 5min and
chromatograms were documented at UV 366 nm.

2.5. Isolation and identification of compound P3

Compound P3 was isolated from Primula boveana total extract
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by means of preparative HPLC. Separation was achieved on an RP-
column (250mm, ID 21mm, 5 mmNucleodur C18, Macherey-Nagel,
Düren, Germany) using the DeltaPrep chromatography system
equipped with a dual wavelength absorbance detector set to
254 nm and controlled by MassLynx V4.1 software (Waters, Mil-
ford, MA, USA). The extract was manually injected in aliquots of
200 mL (10 mg mL�1). Compound P3 was separated by isocratic
elution with 40% methanol in water pumped at 7.0 mL min�1.
Fractions containing P3were pooled and evaporated at 40 �C under
reduced pressure to afford P3 (6 mg) as yellowish brown powder.
The UV measurement was done on UV-2401PC spectrophotometer
(Shimadzu, Kyoto, Japan) and IR spectrum was collected on Bruker
Alpha IR spectrometer (Bruker, Hamburg, Germany). NMR data
were acquired on ECA500 spectrometer (JEOL, Tokyo, Japan).

2.6. Acid hydrolysis of compound P3

For determination of the hexose moiety of P3, acid hydrolysis
was performed [30]. P3 (1 mg) was dissolved in 1% sulphuric acid
(200 mL) and heated at 95 �C in a block heater for 1 h. Then, the
solution was partitioned twice with ethyl acetate (300 mL). The
aqueous layer, after separation of the organic layer, was neutralized
with sodium carbonate (1 M). The sugar was determined by co-
chromatographic TLC analysis with reference galactose
(1 mg mL�1 in water) and glucose (1 mg mL�1 in water).

2.7. Statistical analysis

Using the Minitab software (Minitab, State College, PA, USA),
collected data were subjected to analysis of variance and means
were compared through Fisher Pairwise Comparison (p � 0.05).

2.8. HPTLC-HRMS/MS

The plate was pre-washed withmethanol - formic acid 10:1, V/V,
then acetonitrile - methanol 2:1, V/V, and each time, dried at 100 �C
for 20 min [31]. After analysis of the Silybum marianum SF extract,
the b-glucuronidase inhibitors were marked at UV 254 nm. Target
bands were eluted with methanol (0.1 mL min�1) by the Plate Ex-
press interface (Advion, Ithaca, NY) into the QExactiveTM PlusHy-
brid Quadrupole-Orbitrap mass spectrometer (Thermo Fisher
Scientific, Dreieich, Germany) equipped with a heated electrospray
ionization source. The full scan HRMS data (m/z 100e1000) was
acquired in the negative ion mode with the following settings:
capillary voltage�3.0 kV, probe temperature 200 �C and resolution
280 000. Nitrogen was the sheath and aux gas. The HRMS/MS data
was obtained by selected reaction monitoring, for which the in-
clusion list was generated via the targeted precursor ions with an
isolationwindow ofm/z 0.4 at a resolution of 35 000 over a range of
collision energies (10e50 V). Data acquisition and processing were
controlled by Xcalibur 3.0.63 software.

3. Results and discussion

3.1. Development of a planar/in situ b-glucuronidase assay

The transfer of microtiter plate assays for b-glucuronidase in-
hibition to HPTLC and the optimization for its planar application
were investigated. After selection of the detection principle, the
detection wavelength, enzyme concentration, reaction time, and
the effect of using HPTLC plates with or without fluorescence in-
dicator were studied. For all of these parameters, the reaction
temperature for the b-glucuronidase was kept at 37 �C [32e34]. An
aqueous solution of the most widely used b-glucuronidase refer-
ence inhibitor SL was used. The peak areas of the inhibition zones
were used as a criterion for optimization of the experimental pa-
rameters. For the in situ detection on the plate, 5-bromo-4-chloro-
3-indolyl-b-D-glucuronide (X-Gluc) [32] was selected as substrate
for the b-glucuronidase (Fig. 1). A number of further substrates are
available at relatively lower prices, however, generate a weaker
contrast of the inhibition zone to the plate background (e.g., a
colorless inhibition zone on a yellow colored background for p-
nitrophenyl-b-D-glucuronide) and provide a single detection mode
only (e.g., either absorbance using naphthol b-D-glucuronide or
fluorescence using 4-methylumbelliferyl b-D-glucuronide). As the
detection can be interfered by natively colored/fluorescent com-
pounds (e.g., alkaloids and flavonoids), the indigo blue color for-
mation using the X-Gluc was found to be advantageously, as this
blue color nuance is normally not found in natural food.

The active inhibitors were detectable as colorless (white) spots
against an indigo blue background, permitting their colorimetric
detection. Although X-Gluc was used as chromogenic substrate for
detection by absorbance [35,36], its fluorometric detection is also
feasible due to the fluorescent intermediates formed during the
enzymatic reaction. Similarly to the acetylcholineesterase inhibi-
tion assay using indoxyl acetate as substrate [37], the X-Gluc sub-
strate provided a dual fluorometric/colorimetric readout of the
biochemical signal. All assay solutions were studied to be sprayed
piezoelectrically on the HPTLC plate for a material/cost-saving
workflow, as expensive enzymes cause high prices of enzymatic
assays. By doing so, 3.0 mL of b-glucuronidase solution (25 UmL�1)
were sufficient for covering a plate size of 20 cm � 10 cm. When
compared to the status quo, automated immersion required ca.
70 mL enzyme solution, although it was reusable for several times.

The visual evaluation and documentation were performed as
dual fluorometric/colorimetric readout. For densitometry, absor-
bance measurement was preferred to the more sensitive fluores-
cence measurement, as it was more selective with regard to the
natively colored/fluorescent compounds in the extracts. The opti-
mum detection wavelength was found to be in the broad absor-
bance maximum between 610 - 660 nm as deduced from the UV/
Vis spectrum (Fig. S-1). This optimum range was in agreement to
the visible detection of the indigo blue [38]. As a proof of the proper
detection wavelength selection, the plates were scanned at a lower
(612 nm) and a higher wavelength (650 nm). The statistical analysis
(p � 0.05) showed no significant difference between both
measured peak areas (n ¼ 3), indicating that any of these wave-
lengths in the plateau can be used as an optimum wavelength for
the densitometric measurement, as expected.

For determination of the optimum enzyme concentration, a
range of b-glucuronidase concentrations between 2 and 33 UmL�1

was investigated. By piezoelectric spraying of 3.0 mL enzyme so-
lution over a 200-cm2 area, the b-glucuronidase surface coverage
was between 0.03 and 0.5 U cm�2. The optimum b-glucuronidase
concentration was determined as 25 U mL�1, equal to a surface
coverage of 0.375 U cm�2 (Fig. 2A). This in situ assay required much
lower amounts of the enzyme, as 75 U were sufficient to spray on
an HPTLC plate (20 � 10 cm), on which, for example, 20 or 40
samples (bandwise or spotwise) can be separated in parallel
pointing to individual inhibiting compounds therein. If a chro-
matographic separation is not targeted for screening of single
compounds (applying the sample mixture as a whole), up to 120
samples can be applied (e.g., as 8-mm bands) using the FreeMode
option of the ATS4 device. In contrast, a wide range of enzyme
concentrations was reported for status quo in vitro assays, ranging
from 167 U (b-glucuronidase type B-1 from bovine liver) [22] and
99 U (b-glucuronidase from bovine liver) [15] to 2 U (b-glucuroni-
dase from E. coli) [34] for each microtiter plate well. If compared to
the lowest consumption per 96-well plate (192 U), the enzyme
consumption of 75 U per HPTLC plate is by 60% lower and even



Fig. 1. Enzymatic reaction of the b-glucuronidase using X-Gluc as a substrate.

Fig. 2. Effect of b-glucuronidase concentration (A), incubation time (B) and plate type (with fluorescence indicator F versuswithout NF; C) on peak areas of the reference inhibitor SL
(1 mg/band applied, n ¼ 3, absorbance measurement at 612 nm).

E. Mahran et al. / Analytica Chimica Acta: X 4 (2020) 1000394
much lower, if mixtures are separated by column chromatography
with each fraction or compound subjected to the assay.

With regard to the reaction time, 20, 40, 60 and 120 min were
studied (Fig. 2B), as most in vitro b-glucuronidase inhibition assays
used 0.5e1 h, terminated by alkali addition [14,15,21,33]. The re-
action time of 60min turned out to be a good compromise. The LOD
was found to be sufficient to detect middle to strong inhibitors.
Though the inhibition was also detectable at shorter reaction times
(i.e. 30 min), the contrast of the inhibition band to the background
was weaker. Although the response was still improved by a longer
reaction time of 120 min (statistically proven by p � 0.05), it was
decided against, for the sake of a short workflow. The addition of
pro-oxidants or oxidation catalysts, e.g. potassium ferricyanide, to
the reaction mixture could accelerate the rate of the colored end
product formation, however, needs to be studied first to avoid a loss
of the enzymatic activity.



E. Mahran et al. / Analytica Chimica Acta: X 4 (2020) 100039 5
The influence of the fluorescent indicator on the colorimetric
detection was studied using two types of the HPTLC plates, i.e.with
and without fluorescent indicator (Fig. 2C). The statistical com-
parison of the results showed a significantly increased signal of the
peak areas on HPTLC plates with fluorescent indicator. Hence,
HPTLC plates with fluorescent indicator were preferred for this
assay.

3.2. Validation of the new planar/in situ b-glucuronidase assay

The new planar b-glucuronidase inhibition assay was validated
with regard to the limit of detection (S/N � 3), working range and
specificity. Different volumes of the SL solution were applied
(0.75e2000 ng/band, n ¼ 3 plates, representative replicate in
Fig. 3). The peak area of the inhibition zone of each amount was
obtained after densitometric measurement at 612 nm. For the 62-
ng band of SL, a S/N 4.5 was achieved (mean peak area 374 ± 85
AU). Thus, the limit of detection of SL was below 62 ng/band. The
selected working range between 62 and 1000 ng per band led to a
second order polynomial equation (y¼ - 0.004x2 þ 8.400xþ 22.69,
R2 ¼ 0.993). The specificity of the b-glucuronidase to X-Gluc was
confirmed using a different substrate (2-naphthyl-b-D-glucopyr-
anoside), which carried a closely related but glycosyl moiety. Its
solution was piezoelectrically sprayed (2.0 mL, 0.1% ethanolic so-
lution mixed 9:1 with 10 mM aqueous sodium chloride solution),
followed by 0.75 mL of a 0.4% aqueous Fast Blue B salt solution.
After incubation, the absence of the indigo blue dye color
confirmed the specificity of the b-glucuronidase towards the X-
Gluc substrate.

3.3. Integration of the planar assay and application of the HPTLC-
UV/Vis/FLD-b-glucuronidase assay to two botanicals

The newly developed workflow for the planar b-glucuronidase
assay (in situ the adsorbent) was integrated into the HPTLC work-
flow (Fig. 4). As proof of principle and for verification of the newly
developed protocol, complex sample mixtures were targeted.
Plants accumulating numerous metabolites with variable physical
and chemical properties are regarded as indispensable source of
many potent therapeutic agents [39], and among these, Primula
boveana leaf extract and Silybum marianum SF extract were
selected, and after optimization of the chromatographic system,
Fig. 3. Limit of detection of the colorimetric planar b-glucuronidase assay for the referenc
measurement at 612 nm; final HPTLC-b-glucuronidase inhibition assay applied to Primula bov
white light illumination (reflectance mode).
successfully applied to the newly developedworkflow as illustrated
(Fig. 4).

The studied Primula boveana plant is rare and only a very low
extract volume was provided after the already performed effect-
directed analyses [29]. The newly developed HPTLC-UV/Vis/FLD-
b-glucuronidase inhibition assay was suited best, as other tech-
niques of effect-directed analysis (e.g., in the microtiter plate) were
not capable to cope with that low volume. By such an in situ assay
on a solvent-free chromatogram, the contact of all separated
compounds with the enzyme solution was ensured. Thus, an inef-
ficient dissolution of non-polar compounds that may occur in the
aqueous enzyme solution was excluded, which was also a crucial
aspect with regard to the costly extract. The Primula boveana extract
solution was applied on an HPTLC plate silica gel 60 F254 and
separated with n-hexane e ethyl acetate, 7:3 (Figs. 3B and 5). The
residual solvent traces were removed from the HPTLC plate using
the drying option of the ADC2 system for 20min. The neutralization
step was not performed, as it was only needed for acidic (or alka-
line) mobile phases. After application of the planar assay, two non-
polar metabolites (P1 and P2) distinctly inhibited the b-glucuron-
idase (Figs. 3B and 5A, tracks 4 and 5).

The Silybum marianum SF extract solution was applied on an
HPTLC plate silica gel 60 F254 (Fig. 4). The influence of two different
mobile phases on the result was studied. These two mobile phases
were previously shown to separate the flavonolignan constituents
of Silybum marianum [40,41]. The residual solvent traces were
removed from the HPTLC plate using the drying option of the ADC2
system for 20 min. For the given acidic mobile phases, the plates
were also studied with versus without prior neutralization. Upon
using a mixture of chloroform, acetone and formic acid as mobile
phase containing 8.5% formic acid (Fig. 6A), the assay did only work
when the plate was neutralized before (tracks 5 versus 6). In
contrast, on the plate developed with toluene, ethyl acetate and
formic acid containing 2.6% formic acid (Fig. 6B), the b-glucuroni-
dase inhibition signal was revealed in the autogram (track 6). As
observed for the separation of both plant samples, the current assay
can tolerate formic acid traces to a certain extent. Nevertheless, the
application of the neutralization step is recommended, as with
neutralization of the plate, the signal intensity was best (tracks 5).
Though the use of an acidic mobile phase was indispensable for a
good separation of the active metabolites, the acid was a serious
issue for the enzymatic assay hyphenated to planar
e inhibitor SL ranged 0.75e2000 ng/band (A; track patterns 1 and 2) and absorbance
eana leaf extract (B; 100 mg mL�1, 0.5 mL/band applied, n ¼ 3), both documented under



Fig. 4. Schematic representation of the newly developed workflow for the in situ HPTLC-b-glucuronidase inhibition assay as applied to Primula boveana leaf extract and Silybum
marianum SF extract.

Fig. 5. New HPTLC-b-glucuronidase assay for detection of inhibitors in Primula boveana leaf extract (100 mg mL�1) developed with n-hexane e ethyl acetate, 7:3 (A, 0.5 mL/band)
and ethyl acetate e methanol e water e formic acid, 8:1:0.4:0.1 (B, 1.0 mL/band), detected at UV 254 nm (1), 366 nm (2) and 366 nm after NP/PEG derivatization (3) as well as after
the assay, at UV 366 nm (4) and white light illumination without (5) and with prior neutralization (6). HPTLC-HESI-HRMS spectra of the newly found inhibiting compound P3 in the
negative (C) vs. positive (D) ionization mode as well as its respective HRMS/MS spectrum (E).

E. Mahran et al. / Analytica Chimica Acta: X 4 (2020) 1000396



Fig. 6. New HPTLC-b-glucuronidase assay for detection of inhibitors in Silybum marianum SF extract (1 mg mL�1; 1.0 mL/band) developed with chloroform e acetone - formic acid,
75:16.5:8.5 (A) and toluene - ethyl acetate e formic acid, 9:6:0.4 (B), detected at UV 254 nm (1), 366 nm (2) and after NP/PEG derivatization (3) as well as after the assay, at UV
366 nm (4) and white light illumination (5) and same without neutralization (6). HPTLC-HESI-HRMS spectrum of the found inhibitor SF1 (C) and its respective HRMS/MS spectrum
(D).
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chromatography. Despite extended plate drying after the devel-
opment (20 min), the residual acids remained on the plate. These
were difficult to remove with conventional drying techniques, e.g.,
using a hair dryer or the drying option of the ADC2 system. Hence,
when developed with an acidic mobile phase, the neutralization of
the chromatogram was crucial for the successful performance of
this newly developed assay. This recommendation was in accor-
dance with previous studies. For example, a phosphate buffer
(0.2 M, pH 7.8) ensured the optimum pH 7 of the plate for the
following microbial and enzymatic in situ assays [42]. Or, the plate
was neutralized by immersion into a 2% sodium hydroxide solution
for the successful enzymatic assay performance [43].

3.4. Characterization of b-glucuronidase inhibitors in Primula
boveana leaf extract by HESI-HRMS/MS and 1D/2D NMR analysis

The HPTLC-UV/Vis/FLD-b-glucuronidase assay revealed two
non-polar b-glucuronidase inhibitors (P1 and P2, Fig. 5A, tracks 4
and 5), which were identified as flavone compounds, namely,
flavone (P1) and 20-methoxyflavone (P2). Identification was per-
formed by co-chromatography of the respective reference com-
pounds on the HPTLC plate (Fig. S-2). These were previously
isolated from the same plant and then characterized by HPTLC-
HESI-HRMS and NMR [29]. Flavonoids are known to inhibit many
enzymes [44], and our findings demonstrate their potential activity
as b-glucuronidase inhibitors. In a previous study [33], scutellarein
and luteolin, two flavone-type flavonoids, were found as potent b-
glucuronidase inhibitors and their activity was defined as higher
than the reference inhibitor SL.

At the start zone, there was also observed a strong inhibition,
which was worth investigating. Therefore, a mobile phase of a
higher elution powerwas used, i.e. ethyl acetateemethanol - water
- formic acid (8:1:0.4:0.1). As an acidic mobile phase, the developed
plates were evaluated without versus with prior neutralization by
phosphate buffer (piezoelectric spraying of 2.0 mL, 0.1 M, pH 7.8).
Four major b-glucuronidase inhibitors (P3eP6) were observed
(Fig. 5B). The HPTLC-HRMS and -HRMS/MS data for compounds
P3eP6 were recorded in the negative ionization mode.

Compound P3 displayed a mass signal at m/z 435.08576
(Fig. 5C), indicating a molecular formula of C21H20O8 (calculatedm/
z 435.08522 for [MþCl]e). In HPTLC-MS, a chlorine adduct can be
caused by the surrounding atmosphere or from residual chlori-
nated solvent traces in the instrumental system (from prior users)
[45,46]. For confirmation of the molecular formula, the measure-
ment was performed in the positive ion mode (Fig. 5D), which
showed mass signals at m/z 423.10507 [MþNa]þ and 823.22089
[2 M þ Na]þ. In the HPTLC-HRMS/MS spectrum of P3 (Fig. 5E), a
single fragment ion at m/z 237.05571 indicated a loss of 162 Da
attributable to a hexose unit. So, the aglycone was suggested to be a
monohydroxyflavone (calculated m/z 237.05572 for [M-hexose-
H]e) and the structure of P3 as flavone-O-hexoside. A metabolite of
such structural formula has not been reported previously in any of
the Primula species. Therefore, priority was given to fully elucidate
the structure of this compound. After isolation, UV, IR, 1D and 2D
NMR measurements of P3 were acquired. UV (MeOH, Fig. S-3):
were at 218, 260 and 306 nm. The IR bands were at 3358, 2924,
1650, 1604, 1380 and 1075 cm-1 (Fig. S-4). For the 1D NMR ex-
periments, the spectra were first collected in CD3OD and DMSO‑d6
(Table 1) to avoid overlapping by the water signal and for better
determination of the coupling constants. The 1H, 13C, COSY, and
HSQC NMR spectra (Figs. S-5 to S-10) indicated that P3 is a flavo-
noid compound. The presence of a singlet proton at dH 7.0 (H-3)
attached to a carbon at dC 107.7 (C-3), confirmed that P3 is a
flavone-type flavonoid. The lack of ring-B symmetry as well as
observation of all proton/carbon signals of ring A (Table 1), sug-
gested that the sugar unit is positioned in ring B. The observed
chemical shifts for ring B of P3 were comparable to those reported
for 3ʹ-O-hexosyl-substituted flavonoids [47]. The acid hydrolysis
experiment confirmed that galactopyranosyl is the hexose sugar of
P3. It possessed a b-configuration from the coupling constants of its



Table 1
1H and13C NMR data of P3 collected in CD3OD and DMSO‑d6.

Position In CD3OD In DMSO‑d6

dH multiplicity (J in Hz) dC dH multiplicity (J in Hz) dC

2 e 163.9 e 162.8
3 6.93 s 106.6 7.02 s 107.7
4 e 179.4 e 177.6
5 8.13 dd (1.6, 8.1) 124.7 8.03 ddd (0.5, 1.6, 8.1) 125.3
6 7.51 ddd (1.1, 7.1, 8.1) 125.4 7.47 m 126.1
7 7.83 ddd (1.6, 7.1, 8.5) 134.4 7.81 m 134.9
8 7.76 ddd (0.5, 1.1, 8.5) 118.3 7.79 m 119.2
9 e 156.4 e 156.3
10 e 123.3 e 123.8
10 e 132.7 133.0
20 7.80 t (2.0) 114.5 7.71 m 114.5
30 e 158.5 e 158.5
40 7.34 ddd (1.0, 2.5, 8.3) 120.3 7.23 ddd (1.0, 2.5, 8.3) 120.5
50 7.4 t (8.2) 130.0 7.49 m 130.7
60 7.72 ddd (1.0, 2.0, 8.0) 120.2 7.72 m 120.4
100 4.90a 101.2 4.98 d (8.0) 101.1
200 3.49 m 73.6 3.29 m 73.8
300 3.53 m 76.6 3.26 m 77.2
400 3.38 m 70.1 3.10 m 70.4
500 3.50 m 77.1 3.41 m 77.8
6a00 3.93 dd (2.4, 12.0) 61.3 3.72 dd (2.1, 11.6) 61.4
6b00 3.70 dd (6.4, 12.0) 3.45 dd (6.4, 11.6)

a Overlapped.
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anomeric proton at dH 4.9 (1H, d, J100,200 ¼ 8.0, H-100). Also, the HMBC
cross peak (Fig. S-11) between this anomeric proton and dC 158.4
(C-3ʹ) confirmed that the b-galactopyranosyl moiety is being
attached to C-3ʹ. Thus, the structure of P3 was determined as 3ʹ-O-
(b-galactopyranosyl)-flavone, which is here reported as a newly
isolated natural compound.

Compounds P4eP6 were tentatively characterized as hexosyl-
O-dihydroxyflavone (P4), [hexosyl-deoxyhexosyl]-O-tetrahydroxy-
flavone (P5), and [hexosyl-deoxyhexosyl]-O-pentahydroxyflavone
(P6) based on HPTLC-HRMS and eHRMS/MS data (Figs. S-12 to S-
14) and/or co-chromatographic studies (Fig. S-15). Their HRMS
mass spectra showed either deprotonated or chlorinated adduct
signals as their molecular ion peaks. Also, HPTLC-HRMS/MS spectra
displayed diagnostic signals due to loss of hexose (P4) or
hexoseþ deoxyhexose (P5 and P6). Co-chromatographic analysis of
the Primula boveana extract with two reference standards,
kaempferol-3-O-rutinoside and rutin, confirmed that P6 is rutin,
which was previously identified in the genus [48].

3.5. Characterization of b-glucuronidase inhibitors in Silybum
marianum SF extract by HESI-HRMS/MS

After the successfully performed HPTLC-UV/Vis/FLD-b-glucu-
ronidase assay, a pronounced active b-glucuronidase inhibitor was
evident (SF1, Fig. 6A and B, tracks 5). The characterization of this
most active metabolite SF1 was made by HPTLC-HRMS and
eHRMS/MS. The molecular formula of SF1 was C25H22O10 as
deduced from the observed deprotonated molecule at m/z
481.11459 [M-H]e (calculated m/z 481.11402, Fig. 6C). Distinguish-
ing the individual flavonolignan isomers of silymarin is challenging,
as they share the same molecular mass of 482 Da and an almost
comparable fragmentation behavior [49]. However, the occurrence
as well as relative abundance of some diagnostic fragments assisted
in the identification of the major individual flavonolignan compo-
nents of silymarin. Recently, their MS/MS characterization has been
studied [50,51]. Some spectral criteria were established to facilitate
a rapid identification of the SF constituents by assigning diagnostic
peaks and their relative abundances in the MS/MS spectra obtained
at defined collision energies. In our study, the MS/MS scan of SF1
was acquired at six different collision energies (10, 20, 25, 30, 40,
and 50 V, Fig. S-16). For SF1 the fragment ions increased with the
collision energy increase up to 20 V, at which the optimum frag-
mentation pattern was obtained. At higher energies of 25e50 V,
only stable ions were detected. In the HPTLC-HRMS/MS spectrum
of SF1 collected at collision energy of 20 V (Fig. 6D), several diag-
nostic mass remarks were detected. For example, the base peak at
m/z 125, the relative signal abundance of >1 of the ion atm/z 463 to
that at m/z 453 and the very low abundance for the ion at m/z 301
(almost 1% or less) were observed. The structural assignment of
these fragment ions has been previously proposed [52] and our
findings were found to be qualifiers of the flavonolignan silychristin
[49e52]. Thus, the active b-glucuronidase inhibitor SF1 was iden-
tified as silychristin. Additionally, a second weak inhibition band
(SF2) was detected. It emitted a green fluorescence after derivati-
zationwith the NP/PEG reagent. The HPTLC-HRMS and eHRMS/MS
data for this compound have also been collected (Fig. S-17). SF2
showed a molecular ion peak at m/z 481.11459, suggesting a mo-
lecular formula of C25H22O10 [M-H]e, which is identical to SF1.
Nevertheless, the tandem mass analysis (at a collision energy of
20 V) of this compound showed some discrepancies from that of
SF1, manifested by the higher relative abundance of the mass signal
at m/z 301 (around 50%). The obtained mass signals of SF2 were in
accordance with those reported for the known flavonolignan sily-
bin [52]. Thus, the active b-glucuronidase inhibitor SF2 was iden-
tified as silybin. To date, only a single study has reported the
coupling of HPTLC to (bio)assays and mass spectrometry for
profiling of the active metabolites in milk thistle [40]. Hence, our
findings are considered as the first report on linking HPTLC to
HRMS/MS for the analysis of SF. The obtained HPTLC-HRMS/MS
data of silychristin may facilitate its direct characterization in the
total milk thistle extract.
4. Conclusions

For the first time, a straightforward protocol that combined
planar chromatography in situ with the planar b-glucuronidase
inhibition assay has been described. The new method provided a
dual colorimetric/fluorometric readout of the biochemical signal.
Complex sample mixtures were analyzed in parallel and evaluated
for the presence of b-glucuronidase inhibitors. The new hyphen-
ation HPTLC-UV/Vis/FLD-b-glucuronidase assay-HESI-HRMS/MS
covered four orthogonal dimensions at one go on the same plate,
i.e. separation, spectral detection, biochemical activity and struc-
tural characterization. A detailed characterization of the major
active inhibitors in the extracts of Primula boveana leaf and Silybum
marianum SF powder was done by HPTLC-ESI-HRMS/MS. The
developedmethod successfully led to the structural elucidation of a
newly isolated natural compound from Primula boveana. The new
workflow succeeded for the analysis of costly extracts of rare plants
(providing only a very low extract volume as for the studied Primula
boveana) and avoided the discrimination of analytes (that may
occur by an inefficient dissolution of non-polar compounds in the
aqueous enzyme solution). The milk thistle plant has a wide range
of medicinal applications that may attract various field of research
and the developed protocol may support future multidisciplinary
research.
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