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a-Amylase/trypsin inhibitor proteins (ATI) are discussed as possible triggers for non-celiac gluten sensitivity.
The potential of high-performance thin-layer chromatography (HPTLC) was studied for the first time to
analyse the inhibitory properties of ATls from flour of wheat, spelt, and einkorn. Inhibition by each flour
of the digestive enzymes trypsin or a-amylase was determined by the reduction of released
metabolisation products in comparison to non-digested flour, and positive (acarbose) and negative
(water) controls. Firstly, amylolysis was carried out in miniaturized form on the HPTLC surface (HPTLC-
nanoGlIT) after in-vial pre-incubation of the amylase with the inhibitors from flour. a-Amylase inhibition
was evident via the reduction of released saccharides, as analysed by normal phase HPTLC. A strong
influence of the flour matrix on the assay results (individual saccharides) was evident, caused by an
increased amylolysis of further polysaccharides present, making HPTLC analysis more reliable than
currently used spectrophotometric sum value assays. The detection and visualization of such matrix
influence helps to understand the problems associated with spectrophotometric assays. Only maltotriose
was identified as a reliable marker of the amylolysis. The highest a-amylase inhibition and thus the
lowest saccharide response was detected for maltotriose in refined spelt, whereas the lowest a-amylase
inhibition and thus the highest saccharide response was detected for maltotriose in refined wheat. A
comparison of refined and whole grain flours showed no clear trend in the responses. Secondly, trypsin
inhibition and proteolysis were performed in-vial, and any inhibition was evident via the reduction of
released peptides, analysed by reversed-phase HPTLC. Based on the product pattern of the proteolysis,
einkorn and whole wheat showed the highest trypsin inhibition, whereas refined wheat and refined spelt
showed the lowest inhibition. Advantageously, HPTLC analysis provided important information on
changes in individual saccharides or peptides, which was more reliable and sustainable than

Received 4th March 2024
Accepted 25th April 2024

DOI: 10.1039/d4ay004029 spectrophotometric in-vial assays (only sum value) or liquid column chromatography analysis (targeting

rsc.li/methods only the ATI proteins).

analysts tend to identify causative compounds. The ongoing
discussion on NCGS involves identifying the specific compound
classes that serve as triggers, and multiple approaches have
been explored to narrow down and comprehend a diverse range
of triggers. Under suspicion are gluten-related gliadins, o-
amylase/trypsin inhibitors (ATIs) and/or fermentable oligosac-
charides, disaccharides, monosaccharides, and polyols (FOD-
MAPs).* Gliadins and ATIs are cereal-derived compounds,
whereas FODMAPs are widely distributed among foods. Since
gluten and its components have been well studied, the focus
has shifted to the evaluation of the exact role of ATIs and
FODMAPs in the diagnosis of NCGS.>?

The ATI proteins with two different binding sites act as

Introduction

Digestive problems concerning the consumption of especially
wheat (Triticum aestivum) as a carbohydrate diet source have
increased in recent decades.' Studies have shown that compli-
cated dietary adjustments are needed, if possible, to distinguish
gastrointestinal disorders,” such as celiac and inflammatory
bowel disease, irritable bowel syndrome, wheat allergy, and
non-celiac gluten sensitivity (NCGS). Among these, NCGS is the
least studied and has the highest but also varying prevalence
(0.5-15%).>* To ensure a safe and conclusive diagnosis,
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bifunctional inhibitors to the digestive enzymes trypsin and o-
amylase.® Originally, this function represents their role in the
plant defence mechanism to protect the grain from parasites
and pests by inhibiting only their digestive enzymes and not
those of the cereals themselves.” This inhibitory ability could
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play an important role considering the potential accumulation
of digestion-resistant gluten peptides, which are the cause of an
immunogenic reaction in patients with gastrointestinal disor-
ders.*®* Another possible mechanism of action of these inhibi-
tors is the activation of Toll-like receptor 4 complex (TLR4-
MD2-CD14) and with it, the release of proinflammatory cyto-
kines in cells.”* At least 19 ATIs in their monomeric, dimeric or
tetrameric form were reported, which account for 2-4% of the
total proteins in wheat."*> These low molecular weight proteins
(12-15 kDa) are part of the water-soluble fraction and can be
extracted according to the Osborne fractionation with the aid of
aqueous salt buffers.>? They are known to be heat resistant and
thus survive food processing like baking, which implies they
still could be bioactive in processed food like pasta, bread or
biscuits.>** However, there are also contrary studies that mainly
focus on a-amylase activity, suggesting a decrease in inhibition
after heat treatment.""* Such contradictory studies highlight
the difficulties in understanding such complex diseases and the
problems encountered in interpreting results from in vitro
experiments, not to mention the relevance of in vivo data.

Two approaches were pursued for the evaluation of ATI. One
was the tandem mass spectrometric analysis of known ATIs to
identify/quantify their amounts in cereal products.** The
other approach was the screening of the ATI inhibitory potency
via enzymatic assays followed by non-selective spectrophoto-
metric detection.”**?***® However, mass spectrometry and
enzymatic assays were rarely combined for an ideal matching,
difficult to interpret,”* and recently no correlation between ATI
amount and inhibition potential was found.*®

Because there is only a choice between expensive tandem
mass spectrometry (targeting only the ATI proteins) and cheap,
non-selective spectrophotometric assay screening (providing
only a sum value), this study exploited the potential of high-
performance thin-layer chromatography (HPTLC). HPTLC has
the advantage of reducing any interfering matrix effects via its
planar separation, thus detecting individual saccharides or
peptides. The miniaturised, sustainable nano gastrointestinal
tract (nanoGIT) HPTLC methods dealing with digestive prod-
ucts of amylolysis*”*® and proteolysis,*” as well as TLC/HPTLC
methods for a-amylase®**® and trypsin®' inhibition, served as
motivation. It was hypothesised that changes in enzyme activity
caused by ATIs and, thus, in the saccharide or peptide profiles
can be measured. It was expected that fewer digestion products
would be released due to the inhibition of amylolysis or prote-
olysis. As samples, ATI-containing flour extracts from wheat
(refined and whole), spelt (refined and whole) and einkorn were
selected.

Materials and methods

Chemicals and materials

Acarbose (=95%), b-(+)-glucose (=99.5%, Glc), maltotriose
hydrate (97%, Mal3), 4-aminobenzoic acid (=99%), b-
(+)-maltose monohydrate (=99%, Mal), trypsin inhibitor from
Glycine max (90%), triethylamine (>99.5%), casein from bovine
milk (technical grade), aniline (=99.5%), diphenylamine
(=99%), pyridine (=99%), ammonium hydroxide solution
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(25%, p. a.), peptone/tryptone from casein (tryptic digested,
suitable for microbiology), «-amylase from hog pancreas (45.5 U
mg ") and trypsin from bovine pancreas (97%; 10 000 BAEE U
per mg protein) were purchased from Sigma Aldrich Fluka
(Steinheim, Germany). o-Phosphoric acid (85%, purissimum)
and dichloromethane (=99.9%) were from Th. Geyer (Ren-
ningen, Germany). 2-Propanol (=99.8%), calcium chloride
dihydrate (=98%), formic acid (=98.0%), sodium dihydrogen
phosphate monohydrate (=98%), disodium hydrogen phos-
phate (=99%), albumin fraction V (BSA, =98%), hydrogen
chloride (37%, p. a.), sodium hydroxide (=99%) and citric acid
monohydrate (=99.5%) were from Carl Roth (Karlsruhe, Ger-
many). Acetic acid (99-100%), acetonitrile (=99.9%), starch
soluble (analytical grade) and potassium iodide (Puriss, p. a.
grade) were from Riedel-de Haen (Seelze, Germany). Acetone
(=99.9%) and sodium chloride (=99%) were purchased from
VWR International (Darmstadt, Germany). n-Hexane (=96%),
iodine (p. a.), ninhydrin (analytical grade), HPTLC plates silica
gel 60 (NP) and silica gel 60 RP-18 W (both 20 x 10 cm), and 3
kDa Amicon Ultra-0.5 mL centrifugal filters (low-binding
regenerated cellulose) were purchased from Millipore (Merck,
Darmstadt, Germany). Fluorescamine was supplied by abcr
(Karlsruhe, Germany). 2-Butanol (99%) was purchased from
Alfa Aesar (Kandel, Germany). Ethanol (=99.8%) was supplied
by Thermo Fisher Scientific (Geel, Belgium). Bi-distilled water
was produced using Heraeus Destamat B-18E (Thermo Fisher
Scientific, Dreieich, Germany).

Five flour samples were purchased from supermarkets.
Refined, but not bleached wheat flour type 405 (Lidl Belbake)
and organic whole wheat flour (Rewe Bio), both produced by
Friesinger Miihle, Bad Wimpfen, Germany, refined, but not
bleached spelt flour type 630 (Gut und Giinstig, Edeka Zentrale,
Hamburg, Germany), organic whole spelt flour (Rewe Bio),
produced by BioKorn, Aalen, Germany, and organic whole
einkorn flour (Spielberger, Brackenheim, Germany).

Defatting and buffered extraction of ATI

According to a protocol for defatting and ATI extraction,* flour
(1 g) was weighed into a 15 mL reaction tube, defatted twice
using 10 mL n-hexane and in-between it was centrifuged at
3000xg for 1 min. Excessive n-hexane was evaporated using
a flow of nitrogen (TH 26, HLC BioTech, Bovenden, Germany).
Extraction buffer (5 mL, 150 mM sodium chloride in 1.3 mM
phosphate buffer pH 7) was added to each defatted flour
sample, which was then vortexed for 10 min using a multi-tube
holder (Vortex Genie 2, Scientific Industries, New York City, NY,
USA). The supernatant was collected after centrifugation at
3000xg for 10 min. The buffer extraction was repeated, both
turbid supernatants were combined, centrifuged for 30 s, and
the resulting supernatant was filtered through a sterile 0.45 um
cellulose acetate membrane syringe filter (VWR International),
resulting in clear ATI-containing flour extracts (i.e., 0.1 g flour
per mL buffer). These should be analysed within few weeks, as it
was observed that turbidity occurred and increased for longer
storage.

This journal is © The Royal Society of Chemistry 2024
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Removal of saccharides by centrifugal membrane filtration

Each ATI-containing flour extract (50 pL) was diluted 1: 10 with
extraction buffer pre-cooled to 4 °C (to reduce potential protein
denaturation during long centrifugation periods in an uncooled
centrifuge). The 500 pL aliquot was filtered twice via the 3 kDa
Amicon filter by centrifugation at 14 000xg for 30 min, whereby
the first remaining 48 pL concentrate (remaining inside the
filter insert) was filled with 452 uL cooled extraction buffer and
filter-centrifuged again. To collect the clear twice-membrane-
filtered concentrate (48 pL), the filter was inserted upside
down into a clean tube and centrifuged at 1000xg for 2 min.
Both saccharide-containing filtrates were discarded.

HPTLC-nanoGIT (amylolysis)-FLD/Vis screening of
saccharides after in-vial a-amylase inhibition by the flour
extracts

The in-vial pre-incubation at 37 °C without rotation for 30 min
was performed in 1.5 mL sample vials with 0.2 mL conical
inserts. In each insert, 5 uL (2.5 pg, 114 mU) of the a-amylase
solution (0.5 mg mL ', 22.8 U mL ™" in water) was pipetted and
mixed with 6 pL either membrane-filtered flour extract (equiv-
alent to 600 pg flour) or bi-distilled water as negative control
(NC) or aqueous acarbose solution as positive controls (PC1 10
ng uL~': 60 ng; PC2 5 ng uL~": 30 ng).

If not stated otherwise, HPTLC instrumentation (CAMAG,
Muttenz, Switzerland) was operated under VisionCATS software
version 3.1. NP-HPTLC plates were pre-washed by front elution
up to 90 mm with acetonitrile, followed by drying for 10 min.
The entire pre-incubated enzyme-inhibitor mixture (11 pL per
band) was applied onto the NP-HPTLC plate and oversprayed
with 2 pL per band soluble starch substrate solution (1 mg
mL ") using the following ATS 4 settings: band length 7 mm,
track distance 11 mm, distance from lower and left edge 10 mm,
dosage speed 50 nL s, filling speed 8 uL s~ ', filling vacuum
time 0 s, syringe volume 25 pL and the option fill only pro-
grammed volume.

As references, the corresponding membrane-filtered flour
extracts (6 uL per band) as well as saccharide standards (each
1 mg mL™ ") of glucose (Glc, 0.5 uL per band), maltose (Mal, 1 uL
per band), and maltotriose (Mal3, 1 puL per band), soluble starch
(2 uL per band, 1 mg mL™"), a-amylase (5 pL per band, 0.5 mg
mL ", 22.8 U mL ") and acarbose (6 pL per band, 10 ng uL ")
were applied.

The plate was instantly wetted with 2.5 mL sodium chloride
solution (0.1 M) by piezoelectrical spraying (yellow nozzle, level
6, Derivatizer), whereby only the application zone was wetted
because the residual adsorbent area was covered by an NP-
HPTLC plate cut to 8.5 cm X 20 cm, layer faced upwards.*®
The still-covered plate was incubated for 60 min at 37 °C in
a humid plastic box (26.5 x 16 x 10 cm, ABM, Wolframs-
Eschenbach, Germany) lined with wet filter paper and filled
with 70 mL water. The enzymatic on-surface reaction was
stopped by heating the plate (120 °C, 10 min, TLC Plate Heater).

After chamber saturation for 5 min, the plate was developed
with 8 mL acetonitrile/water/2-propanol/acetone 6:1.5:2:0.5
(V/V/V/V) up to 70 mm (Twin-Trough Chamber), and sprayed
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piezoelectrically as mentioned with the p-aminobenzoic acid
reagent (4 mL, 2 g p-aminobenzoic acid in 252 mL glacial acetic
acid/water/acetone/o-phosphoric acid 1:1:3:0.04, V/V/V/V),
followed by heating (140 °C, 5 min) and detection at 366 nm
(TLC Visualizer 2). To perform a reagent sequence on the same
plate, the latter was automated dipped (immersion time 2 s,
immersion speed 3 cm s, Chromatogram Immersion Device
3) in the diphenylamine aniline o-phosphoric acid reagent
(diphenylamine/aniline/2-propanol/water/o-phosphoric  acid
0.1:0.1:8:1:1,w/V/V/V/V), followed by heating at 120 °C for 5-
10 min, documentation under white light illumination (TLC
Visualizer 2), and densitometric detection at 370 nm (absor-
bance measurement, deuterium/tungsten lamp, slit 5.0 mm x
0.2 mm, TLC Scanner 4).

Calculation of the relative a-amylase inhibition

After densitometric measurement, the signal height intensity
(Int) of an individual saccharide in the flour extract was sub-
tracted from the signal in the corresponding amylolysed flour
extract and divided by the signal of the NC (bi-distilled water;
amylolysis without inhibitor). This corrected relative signal was
subtracted from 1 and multiplied by 100 for calculation of the
percentage inhibition as follows:

Inhibition(%) =

_ Int(amylolysed flour extract) — Int(flour extract)

! Int(NC)

x 100

RP-HPTLC-FLD screening of peptides after in-vial trypsin
inhibition by the flour extracts

The pre-incubation and proteolysis were performed in 1.5 mL
sample vials with 0.2 mL conical inserts. An aliquot of 200 uL
trypsin solution (0.33 mg mL™", 3300 BAEE U mL™"' in 5 M
calcium chloride monohydrate solution, pH 4)** was deacidified
by adding 2 pL sodium hydroxide solution (1 M) and then
adjusted to pH 8 before use. For the enzyme-inhibitor reaction,
3 uL (1 pg) trypsin solution (0.33 mg mL ™', pH 8) was mixed in
each vial with either 7 or 17 pL unfiltered flour extract (equiv-
alent to 0.7 or 1.7 mg flour, 100 mg mL ") or 3 uL (0.9 ug) trypsin
inhibitor solution (0.3 mg mL ") used as PC or 17 pL bi-distilled
water used as NC. As references, 17 pL of the corresponding
unfiltered flour extract was filled in vials (without trypsin, no
proteolysis). All vials were filled to 20 uL with bi-distilled water
and incubated at 37 °C without rotation for 30 min. For the
enzyme-substrate reaction, 100 puL (100 pg) of casein substrate
solution (1 mg mL ") was added, followed by further incubation
for 120 min. The final assay volume was 120 pL. The enzyme-to-
substrate ratio was 1: 100.

The HPTLC RP-18 W plate was dipped (immersion time 8 s,
immersion speed 3 cm s~', Chromatogram Immersion Device
3) in phosphate-citrate buffer (6 g per L citric acid and 10 g per L
di-sodium hydrogen phosphate, adjusted to pH 12 by sodium
hydroxide powder). After plate drying (5 min, 100 °C), an aliquot
of 10 pL of each trypsin assay solution (resulting in 80 ng
trypsin, ATI-containing extract from 60 or 140 pg flour, 80 ng
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trypsin inhibitor, and 8 pg casein per band) was applied (with
the ATS 4 settings as mentioned, but band length 8 mm and
distance from left edge 9 mm) on the buffered plate, which was
developed with 8 mL 2-propanol/formic acid/acetonitrile 10:1 :
5 (V/V/V) up to 60 mm (Twin-Trough Chamber).

For derivatisation, the plate was dipped (immersion time 2 s,
immersion speed 3 cm s™', Chromatogram Immersion Device
3) in fluorescamine reagent (10% w/V in acetone), followed by
plate drying (1 min). For fluorescence enhancement/
stabilisation, the plate was dipped subsequently in a triethyl-
amine solution (10% V/V in dichloromethane), followed by
plate drying (5 min at 20 °C, room temperature). The fluorescent
peptide signals were detected at FLD 366 nm in enhanced mode
(TLC Visualizer 2). Alternatively, the plate was derivatised with
the ninhydrin reagent (ninhydrin/ethanol/glacial acetic acid
0.2:92:8, w/V/V).

Results and discussion

After flour defatting, the ATIs were extracted with a sodium
chloride-containing phosphate buffer according to Call et al.**
and the inhibitory potential towards a-amylase and trypsin was
evaluated. Two approaches were pursued for the evaluation of
the flour extracts. The first was the HPTLC a-amylase inhibition
assay, in which inhibition by ATIs was detected at the end of
analysis after separation. However, this approach was critical,
as it probably caused the denaturation of ATI proteins by
organic solvents during chromatographic separation, and thus
loss of the ability to inhibit a-amylase in the final assay detec-
tion. The second approach was the HPTLC-nanoGIT
(amylolysis)-FLD/Vis method. Amylolysis was performed in the
starting zone prior to chromatographic separation. This
approach seemed promising as a combined in-vial/on-surface
incubation method. Both approaches were discussed in detail
as follows.

HPTLC-a-amylase inhibition assay (caused denaturation of ATI)

Initial experiments followed the HPTLC-a-amylase inhibition
assay.”®' The assay was performed after separation to detect
ATIs, here a-amylase inhibitors, in the flour extracts. The
unfiltered ATI extracts were applied onto an NP-HPTLC plate
and separated with 2-butanol/pyridine/ammonia/water 19:5:
17:6 (V/V/V/V) up to 65 mm. The optimised mobile phase
mixture (Fig. S11) differed in the solvent ratios compared to the
peptide separations by Pasilis et al.** (39:34:10:26, V/V/V/V)
and Biller et al.** (39:20:10: 31, V/V/V/V). The a-amylase inhi-
bition assay was performed via piezoelectrical spraying.** First,
the amylase solution, followed by 30 min incubation, then the
soluble starch substrate solution, followed by 20 min incuba-
tion, and finally, for the detection, the derivatisation reagent
iodine/potassium iodide solution®* was sprayed, or iodine
vapour® was used (Fig. S21). The a-amylase-inhibiting zones
should be visible as deep-purple zones on a less purple back-
ground. However, no purple inhibitor zones were revealed. Only
an unstable white zone (vanished with longer incubation time)
was observed and characterised as a saccharide via selective
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derivatisation with the diphenylamine aniline reagent
(Fig. S21). However, ATIs are proteins, and selective derivatisa-
tion with the ninhydrin reagent showed several zones in the
separated ATI extract, these zones did not show any inhibition
response, as mentioned. The assumption was that the ATIs were
denatured during separation with the highly organic mobile
phase and were no longer active. Therefore, purple inhibitor
zones were not observed.

Removal of initial saccharides in flour by membrane filtration
and NP-HPTLC-nanoGIT (amylolysis)-FLD/Vis method
development

The next experiments studied the on-surface metabolization in
the start zone (nanoGIT), followed by the analysis of the
released metabolization products on the same surface, as
developed by Morlock et al.>” As predominant amylolysis prod-
ucts, the released saccharides glucose (Glc), maltose (Mal) and
maltotriose (Mal3) were separated, previously shown to be
detected quantitatively.”® Nevertheless, the five flour extract
samples contained a high amount of native saccharides
(Fig. S31), which had to be removed before the analysis of the
reduction in saccharide release. Therefore, each flour extract
was cleaned via a 3 kDa centrifugal membrane filter. This
ensured no loss of ATIs (mainly > 15 kDa), but the passage of
saccharides (<0.5 kDa), much smaller than the membrane cut-
off. Simultaneous with centrifugal membrane filtration, the ATI
extract was 10-fold concentrated (from 500 pL to 48 pL). To
avoid concentration of the extract and subsequent protein
precipitation, the sample was previously diluted 1:10 to
maintain a consistent concentration. Two 30 min centrifuga-
tion steps were sufficient to remove all native saccharides
(Fig. S37).

First, the inhibition of a-amylase by ATI and the substrate
reaction with soluble starch were performed in the same start
zone. The design of experiment included two separate on-
surface incubations: a 30 min pre-incubation of the enzyme
with ATI-containing flour extract (to guarantee proper interac-
tion), followed by a 60 min substrate incubation.?**” The known
a-amylase inhibitor acarbose was used as PC for proof of the
inhibition of amylolysis and bi-distilled water as NC. However,
the approach to perform all steps on the same HPTLC surface
failed because of the two incubation steps and the associated
diffusion of the inhibitor, enzyme, and substrate on the start
zone (Fig. S47). To reduce the number of incubations on the
HPTLC plate, a 30 min pre-incubation was performed in
a sample vial (in-vial pre-incubation), whereas the following
enzyme-substrate reaction remained on the NP-HPTLC plate
surface (on-surface incubation/metabolization, Fig. 1A).

The in-vial pre-incubation volume was selected as small as
possible. Enzyme-inhibitor mass ratios (E/I) of 25:100 and
124:100 in 25 pL were evaluated, whereof only 11 pL was
applied onto the plate. The enzyme-substrate mass ratio (E/S)
for on-surface incubation was set to 1:2. Co-application of
the NC (bi-distilled water) proved that the a-amylase activity was
retained after pre-incubation, whereas co-application of the PC
(acarbose) inhibited a-amylase (Fig. S5T). The combination of

This journal is © The Royal Society of Chemistry 2024
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A a-Amylase B Trypsin
114 mU (2.5 pg/5 pL) 10 BAEE U (1 pg/3 uL)
+ - +
Inhibitor Inhibitor
- Flour extract, 6 puL - Flour extract, 7/17 pL
- PC 30/60 ng/6 ulL -PCO0.9 pg/3 uL
ﬁ N ﬁ
In-vial Application In-vial Application
pre-incubation pre-incubation
30 min, 37 °C () 30 min, 37 °C
2 +
Casein
100 pg/100 pL
In-vial incubation
Wetting and on-surface and proteolysis
incubation and amylolysis 120 min, 37 °C
—— —

Development
Acetonitrile/water/2-propanol/acetone
6:1.5:2:0.5 (V/V/V/V), 8 mL

Development
2-Propanol/formic acid/acetonitrile
10:1:5 (V/V/V), 8 mL

Derivatisation
Fluorescamine reagent

Derivatisation
1) p-Aminobenzoic acid reagent

2) Diphenylamine aniline
o-phosphoric acid reagent

Fig.1 Workflow for screening (A) e.-amylase inhibitory potential using
in-vial pre-incubation, followed by NP-HPTLC-nanoGIT (amylolysis)-
FLD/Vis, and (B) trypsin inhibitory potential using in-vial pre-incubation
and in-vial proteolysis, followed by RP-HPTLC-FLD.

in-vial pre-incubation (for enzyme-inhibitor reaction) and on-
surface incubation (for enzyme-substrate reaction) was
successful. The nanoGIT chromatograms showed total o-
amylase inhibition at a higher E/I of 25: 100 and 124 : 100. Total
inhibition was not of interest, as the signals should be in
a dynamic response range. In addition, no signals could not
exclude a failed enzymatic reaction. Consequently, the E/I was
optimised to 83:1, and the total pre-incubation volume was
reduced to 11 pL and entirely applied onto the HPTLC plate. The
E/S (1:2) was changed to 2.5 : 2. Thus, for the PC acarbose, the
favoured moderate inhibition was detected, being strongest for
Mal3, weakest for Mal, and absent for Glc (Fig. S5%).
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Derivatisation with the p-aminobenzoic acid reagent detected
monosaccharides more sensitively than polysaccharides at FLD
366 nm.”*** To improve polysaccharide detection, a second
derivatisation with the diphenylamine aniline o-phosphoric
acid reagent, followed by detection under white light illumi-
nation, was performed as a reagent sequence on the same plate.
The final amounts and ratios used for in-vial incubation were
2.5 ug a-amylase (114 mU) and ATI-containing extract from 600
pg flour or PC acarbose (60 ng as PC1, 30 ng as PC2). For
subsequent on-surface amylolysis, 2 pg soluble starch substrate
was applied. Calculated for the PC, this corresponded to an E/I
of 42:1-83:1 and an E/S of 2.5:2. Unfortunately, these
conditions could not be compared with published studies, since
either a-amylase activity was not reported, a common inaccur-
acy in studies on enzymatic activities, or other substrates (syn-
thesised chromogenic starch-like substances) were used.

NP-HPTLC-nanoGIT (amylolysis)-FLD/Vis screening of o-
amylase inhibitor activity of flours

After successful demonstration of a-amylase inhibition using
the PC acarbose, the developed NP-HPTLC-nanoGIT
(amylolysis)-FLD/Vis method was used for screening and
comparing the five membrane-filtered ATI extracts from flours
of wheat (refined and whole), einkorn, and spelt (refined and
whole). The resulting nanoGIT chromatograms after derivati-
sation with the p-aminobenzoic acid reagent (Fig. 2A), followed
by the diphenylamine aniline o-phosphoric acid reagent
(Fig. 2B), showed amylolytic products. The absorbance of each
saccharide was measured using densitometry after the second
reagent, which detected the Mal3 zones more sensitively
(Fig. 2B). A great advantage of the developed NP-HPTLC-
nanoGIT-FLD/Vis method was the selective detection of indi-
vidual saccharides. This allowed to investigate the correlation
between the inhibition of amylolysis and the release of indi-
vidual saccharides.

In contrast, current in vial assays detect only the overall
saccharide release as a sum value, which can be influenced by
matrix effects as discussed in the following. A disproportionate
increase in Mal was revealed for the flour extracts. This was
explained by the long-chain polysaccharides (visible at the start
zone), which were retained due to membrane filtration in the
clear extracts and were co-metabolised by a-amylase in addition
to the starch substrate. A cheaper but not time-saving alterna-
tive would be dialysis, which was investigated in a separate
study.*® Such individual increases in released saccharides would
not be detected in spectrophotometric (sum value) assays.
When subtracting the respective not amylolysed flour extract,
such unexpected co-metabolization would result in under-
estimated relative inhibition or negative absorbance (as the
inhibitory reaction released a higher amount of detected
product).

As expected, and as a successful proof, the NC (bi-distilled
water) revealed three amylolysis products. However, saccha-
ride impurities (Gle and Mal) in the purchased enzyme, which
was co-applied as a-amylase reference, were detected. Such
impurities did not influence the calculation of the relative

Anal. Methods, 2024, 16, 2997-3006 | 3001


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ay00402g

Open Access Article. Published on 30 April 2024. Downloaded on 2/22/2026 4:27:38 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Analytical Methods

A Refined wheat Whole wheat Einkorn Reflned Spelt

View Article Online

Paper

Whole spelt NC PC1 PC2 St Starch Amylase PC

50 T

T

30 +
20 +

10 +

Intensity (AU)
o
n

40 1
30 +
20
10 ~

Gle

ol

- Mal3®

---- uii---‘- —— T —

[ ‘ | 2 oat [) \
it i Zour
2
[ [ z | Mal3 A Slc
04+ | | 1\ Mal €031+ | \Ma Mal IRYA N ~
AR Gl /o yMal3 T Gle 3 1WA A Gle VAR N\
03T / { Mal b / L\ AN £ J \L7\l g . ~ A
= > > 0.2 T >
I I | I | ] ] | | I | | | | | I | I I
T T U U T T T U T J hR 1 1 I I T I T U 1 1 hR;
0 10 20 30 40 0 10 20 30 40 MRe 0 10 20 30 40 0 10 20 30 40

Fig. 2 Screening of the a-amylase inhibitory potential: NP-HPTLC-nanoGIT (amylolysis)-FLD/Vis chromatograms of the in-vial pre-incubated
(30 min) flour extracts (600 pg flour per band) of wheat (refined/whole), einkorn, and spelt (refined/whole), negative control (NC, bi-distilled

water) and positive control acarbose (PC1 60 ng per band, PC2 30 ng

per band), all 11 pL per band as with (+) a-amylase solution (114 mU per

band) versus flour extracts, 6 plL per band, as without (—) a-amylase solution. As references, saccharide standards (St) glucose (Glc, 0.5 pg per
band), maltose (Mal) and maltotriose (Mal3, each 1 ug per band), soluble starch (2 png per band), a.-amylase (2.5 pug per band, 114 mU per band) and
PC acarbose (60 ng per band) were applied. All were oversprayed with soluble starch substrate (2 pg per band) and incubated on-surface (60
min). The HPTLC silica gel 60 plate was developed with acetonitrile/water/2-propanol/acetone 6 : 1.5: 2 : 0.5 (V/V/V/V) up to 70 mm, derivatised
with (A) p-aminobenzoic acid reagent, followed by detection at FLD 366 nm and, as reagent sequence, with (B) diphenylamine aniline phosphoric
acid reagent, detected under white light illumination (remission-transmission mode): for the latter, example densitograms via absorbance

measurement at 370 nm are illustrated.

inhibition but were still problematic regarding the detector
limits, which can be exceeded more quickly and falsify the
results of the inhibition assay. For this reason, the o-amylase
impurities were not subtracted, as they were present in both the
flour extract and the NC.

Additionally, the flour extracts contained saccharide impuri-
ties despite prior purification (membrane filtration) of the
extracts. Hence, the absorbance of individual saccharides in the
amylolysed flour extract was corrected by subtracting the absor-
bance of the flour extract and then calculating the relative o-
amylase inhibition with reference to the NC (Fig. 3 and Table S17).

Maltose I I

Maltotriose

80%

40% Glucose

%
-40%
-80%

-120%

Q

Relative a-amylase inhibition [%]

Refined Wheat ® Whole wheat Einkorn Refined spelt ® Whole spelt mPC1 PC2

Fig. 3 Relative a-amylase inhibition by the flour extracts and positive
control acarbose at two different amounts (PC1 60 ng per band, PC2
30 ng per band) calculated for the three saccharides released (full
dataset in Table S1f).
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The relative inhibition was only single determined as first
proof of the quantification of a-amylase inhibition and for
comparison with other methods.

For Glc and Mal, the relative inhibition values were mainly
negative for the flour extracts, that is, more Glc and Mal prod-
ucts were released and detected in the amylolysed flour extracts
than in the NC without any inhibitor. As mentioned, the higher
absorbance values for Mal were explained by the co-
metabolization of the matrix during amylolysis, which could
also be the case for Glc. Nevertheless, the whole wheat (4%) and
refined spelt extract (33%) showed positive inhibition values
regarding Glc (Fig. 3), where whole wheat released more Glc
than refined spelt, resulting in lower inhibition. No trend
regarding their whole grain or refined counterparts was
observed. Thus, the evaluation of the release of Mal and Glc for
the calculation of the relative inhibition was classified as critical
without any further purification of the extracts. However, the
reduction in Mal3 release led to positive relative inhibition
values for all amylolysed flour extracts, with the strongest
inhibition observed for refined spelt and the lowest inhibition
observed for refined wheat.

According to Geisslitz et al.,*® einkorn contained the lowest
amount of ATIs compared to wheat, spelt, and emmer, resulting
in the lowest a-amylase inhibition, as confirmed by Simonetti
et al.** Our results did not support this hypothesis. The flour
extract of einkorn showed no significantly lower inhibition than
all other investigated flours, keeping in mind the possible

This journal is © The Royal Society of Chemistry 2024
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presence of other a-amylase inhibitors, the affinity of the
enzyme regarding its origin (human or animal),*® the different
analytical approaches, and the natural variety of the flour
composition. Other studies on a-amylase inhibition®**® have
also reported moderate to high standard deviations. Calculating
the overall inhibition (Table S1%) as a simulation of values ob-
tained by spectrophotometric assays, refined spelt (15%)
showed the strongest inhibition, and refined wheat the lowest
(—40%). Interestingly, the inhibition was only positive for
refined and whole spelt, whereas the other extracts resulted in
negative inhibition (not evaluable in a spectrophotometric
assay). Repeatedly, the investigation of the Mal3 release evalu-
ated the same trend as the overall inhibition, but with consis-
tently positive inhibition values and thus more reliable results.
In conclusion, the influence of the flour matrix plays an
important but often neglected role in determining the inhibi-
tory potential, which was uncovered with the developed NP-
HPTLC-nanoGIT (amylolysis)-FLD/Vis method. The compar-
ison of refined and whole grain flours regarding Mal3-release
showed contrary results; whole wheat showed a higher and
whole spelt a lower inhibition than its corresponding refined
types. ATIs are predominantly present in the starchy endosperm
of the grain,*** and to a lesser extent in the outer aleurone
layer. The latter is removed in refined flour together with the
cereal bran. In contrast, whole grain flour contains an aleurone
layer and other components that influence the weight distri-
bution. Consequently, the ATI amount was expected to be
enriched in refined flour.

Saccharide release should be reduced by increasing the
amount of the a-amylase inhibitor. However, the addition of
more PC (PC1 60 ng acarbose > PC2 30 ng acarbose) led to
unexpected increases in Glc and Mal release (Fig. 2, Table S17).
Especially, Glc was released in a higher amount than in the NC,
resulting in negative inhibition (Fig. 3). The acarbose reference
standard showed no impurities, but acarbose is a pseudo-
tetrasaccharide that may fit into the active centre of a-amylase
and become partially digested, which explains the additional
and thus higher Glc release. In conclusion, acarbose may not be
the first choice as PC, which was further investigated in another
study.®® All in all, only a decrease in Mal3 was observed with
increasing acarbose amount, confirming the reduction in the
Mal3 release as a suitable mechanism for the screening of the
inhibitory potential of ATI in flours.

Comparing the overall inhibition (Table S17) of PC1 and PC2,
they revealed the same inhibitory potential (25% and 26%,
respectively, despite differing amounts) as consequence of the
higher Glc release with higher acarbose amounts masking the
lower Mal3 release. Hence, in a spectrophotometric assay,
doubling the amount of PC would result in an underestimated
inhibition for acarbose. This highlights the better reliability of
the developed NP-HPTLC-nanoGIT (amylolysis)-FLD/Vis method
in contrast to the spectrophotometric (sum value) assays.

Method development to measure the trypsin inhibition by ATI

ATIs are bi-functional inhibitors for a-amylase and trypsin.
After successful inhibition of a-amylase, it was necessary to also

This journal is © The Royal Society of Chemistry 2024
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prove trypsin inhibition. First, the nanoGIT on-surface
incubation/metabolization was attempted. The zone diffusion
on the NP-HPTLC plate was expected to be less (compared to the
a-amylase inhibition study) because of the higher molecular
weights of trypsin (24 kDa) and casein (25 kDa). First, the
enzyme-substrate reaction was optimised with trypsin and
tryptone (tryptic-digested casein) by evaluating different E/S
from 2:100 to 1:1 (Fig. S61). The in-vial proteolytic products
were separated with 2-butanol/ammonia/pyridine/water 19:5:
17:13 (V/V/V/V) and detected under white light illumination
after derivatisation with the ninhydrin reagent. The resulting
NP-HPTLC-nanoGIT (proteolysis)-Vis chromatogram showed
that the separation was increasingly impaired (i.e., peptides
were pushed upwards) the more trypsin was applied on the
plate. The interferences were assumed to be caused by the
associated high-molar (5 M) calcium chloride solution. Only the
lowest E/S of 2 : 100 showed no interferences but also no peptide
increase, so the amounts were considered too low.

Next, the stationary phase was switched from polar NP to
more apolar RP-18 W plates. The water-wettable RP-18 W
adsorbent is more polar than RP-18 but rather apolar in contrast
to NP.* Due to its acidic pH (pH = 4), the RP-18 W plate was
buffered with citrate-phosphate buffer (pH 12) to neutral pH. A
mobile phase for peptide separation was developed, resulting in
2-propanol/formic acid/acetonitrile 10:1:5 (V/V/V). Peptide
separation worked better on buffered versus non-buffered
plates, as observed in the RP-HPTLC-nanoGIT (proteolysis)-Vis
chromatograms (Fig. S7T). As expected, the acidic mobile
phase caused an acid gradient with the lowest pH at the bottom
and the highest pH at the top, which was confirmed via planar
pH electrode measurement and by the background colour
gradient formed after derivatisation with the ninhydrin reagent.
By replacing formic acid in the mobile phase with ammonia
(25%), no gradient in the coloured background was observed,
but the separation was too low in elution strength and would
require further optimisation. Proteolysis on RP-18 W plates still
showed no increase in peptide zones (Fig. S71); as tryptone is
a tryptically pre-digested casein, further proteolytic products
could be marginal and thus undetectable. Hence, the in-vial
proteolysis was performed with casein to ensure sufficient
enzymatic degradation. The fluorescamine derivatisation
reagent was tested as an alternative to the ninhydrin reagent
(Fig. 1B). Proteolysis products were detected more sensitively as
blue fluorescent zones in the RP-HPTLC chromatogram at FLD
366 nm. An incubation time of 2 h with an E/S of 1: 100 and an
application volume of 10 pL was considered sufficient (Fig. S87).
Again, a higher E/S interfered with the separation, caused by
trypsin in its high-molar calcium chloride solution. To prove the
inhibition of proteolysis, the trypsin inhibitor from Glycine max
was used as PC and bi-distilled water as NC. Different E/I and
pre-incubation periods were evaluated for the PC and the flour
extract of refined wheat (Fig. S9t). For the PC, an E/I of 11:10
showed already a complete inhibition after 15 min. A lower E/I
was preferred to prevent false-positive results if the enzyme
assay did not work. A pre-incubation time of 30 min was chosen
for the enzyme-inhibitor reaction. For wheat, the best results
were achieved by adding 7 pL (60 pg flour) or 17 uL (140 ug flour)

Anal. Methodss, 2024, 16, 2997-3006 | 3003
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Fig.4 Screening of the trypsin inhibitor activity: RP-HPTLC-FLD chromatogram of 7 uL (60 pg per band) and 17 ulL (140 pg per band) proteolysed
(0.08 pg per band trypsin) flour extracts of refined/whole wheat, einkorn, and refined/whole spelt, along with the positive control (PC, trypsin
inhibitor, 0.08 pg per band) and the negative control (NC, bi-distilled water), all 10 pL per band (marked +) versus flour extracts without trypsin
solution (140 pg flour per band, marked —), separated on HPTLC RP-18 W plates with 2-propanol/formic acid/acetonitrile 10: 1: 5 (V/V/V) up to
65 mm, derivatised with the fluorescamine reagent and detected at FLD 366 nm (enhanced mode). Zones = hR¢ 80 (marked *) were well-suited
for evaluation. Calcium chloride load pushed zones together towards a higher hRg (marked by arrows).

of the flour extract (Fig. S9t), whereas higher volumes (27 pL)
resulted in excessive inhibition, potentially leading to false-
positive results that are more challenging to recognise.

RP-HPTLC screening of trypsin inhibitor activity of flours

The inhibition of the proteolysis was effective for all samples.
The PC (Glycine max trypsin inhibitor) showed strong inhibi-
tion, whereas the NC (bi-distilled water) did not (Fig. 4).
Screening of the five unfiltered flour extracts of wheat (refined
and whole), einkorn, and spelt (refined and whole) showed
satisfactory trypsin inhibition in the chromatogram in
comparison to the NC and their non-proteolyzed counterparts.
In particular, the zones with a retardation factor times 100 (hRg)
= 80 (Fig. 4, marked *) were well-suited for evaluating the
inhibition of the proteolysis. Zones in the proteolyzed unfiltered
flour extracts containing trypsin in 5 M calcium chloride solu-
tion (Fig. 4, marked +) were eluted and pushed together towards
a higher hRy (Fig. 4, marked by arrows) owing to the compara-
tively higher elution power caused by the calcium chloride load
on the start zone. Only the extracts of 60 ug refined flours of
wheat and spelt suggested at ZRrp 81 and 91 peptide zone
responses equivalent to the NC. Indicating, that nearly all
extracts inhibited zones = hRy 80 and showed trypsin inhibitory
properties. With comparable intensity, the extracts from the
flours of einkorn and whole wheat inhibited trypsin most
strongly.

These results were consistent with the findings of Simonetti
et al.,** which evaluated the highest trypsin inhibition for
einkorn samples; however, contrary to the results of Geisslitz
et al.,”* where einkorn had the lowest ATI amount. Unfortu-
nately, the assay conditions were not comparable to those of
other studies®**° since they used chromogenic substrates, which
have a different affinity to trypsin compared to the used casein.

Qualitative screening and visual evaluation of the chro-
matogram was performed. The current separation was not

3004 | Anal. Methods, 2024, 16, 2997-3006

suited for densitometric measurement and calculation of the
relative trypsin inhibition. In future, firstly, the elution strength
of the mobile phase could be reduced to better separate the
upper chromatogram part, where clear differences were
observed. Secondly, the salt load could be reduced to overcome
the interference caused by high trypsin-associated calcium
chloride load on the start zone. Thirdly, the transfer from in-vial
to on-surface incubation with shorter incubation periods (to
reduce the diffusion of reactants in the start zone) could be
tested.

Conclusions

Two screening methods were successfully developed to evaluate
the a-amylase and trypsin inhibitory properties of extracts from
five different flours. Analysis of the a-amylase inhibitory
potential consisted of in-vial pre-incubation, followed by NP-
HPTLC-nanoGIT (amylolysis)-FLD/Vis, whereas analysis of the
trypsin inhibition used in-vial pre-incubation and proteolysis,
followed by RP-HPTLC-FLD. In contrast to spectrophotometric
assays, the developed HPTLC screening methods detected
individual saccharides or peptides, and the inhibitory potential
of flours was determined via the reduction of released saccha-
rides during amylolysis or proteolysis, respectively. A strong
influence of the flour matrix on the assay results (individual
saccharides) was observed, explained by an increased amylol-
ysis of further polysaccharides. The visualization of such matrix
influence made HPTLC analysis a more reliable and informa-
tion-rich method than currently used spectrophotometric sum
value assays and helped to understand the problems associated
with spectrophotometric assays (matrix effects depending on
the chromogenic substrate used). HPTLC screening was not
only more reliable and sustainable than conventional in-vial
assays but also than liquid column chromatography analysis
targeting only the ATI proteins. In comparison, up to 17

This journal is © The Royal Society of Chemistry 2024
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samples can be analysed all at once in HPTLC, consuming far
less materials. Organic solvents were needed in the HPTLC
workflow for conclusive results, but there is potential to use
solvents of renewable sources for improvements regarding
green chemistry.

In the future, the workflow of both methods could be opti-
mised using a full on-surface digestion strategy. Further puri-
fication of the flour extracts via fractionation and ensuring their
stability over time could improve the accuracy. Additional
effect-directed detection on the planar surface could provide
new information about further non-proteinogenic inhibitors of
the flour extracts. The results of both the a-amylase and trypsin
inhibition assays need to be validated and verified by an inde-
pendent method. Additionally, an investigation of consumer
products such as bread would reveal the remaining activity of
ATIs after exposure to high temperatures and provide more
comprehensive diet information.
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