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ABSTRACT

Abstract

Hyphenation betweenhigh-performance thin-layer chromatography and effect-directed
analysis (HPTLQEDA) via immersion/ spraying is a simple and fast procedurefor bi-
oprofiling to find the responses ofknown and unknown compoundsin situ a complex
sample matrix. In order to benefit the bioanalytical potential of HPTLZEDA, several
obstacles of the automated immersion needed to be avoided such as the (1) required
high volumes of solutions, (2) tailing distortion or shifting zones due tolong/slow i m-
mersion times/speeds, @) gradual inactivation of there-used enzyme solution, and 4)
lack of covering the whole plate surfaceUsingautomated piezoelectric sprayingfor per-
forming an assaywas an alternative butchallenging In this research we reached this
milestone via optimization of mportant aspectsi.e., plate prewetting, spraying nozzle
type and applied volumes for microorganism suspensioror enzyme and substate-
chromogenic solutions.To overcome abovechallenges,piezoelectric spraying provided
(1) using by a factor of 4 to 27 lessolutions consumption than by immersion ¢heaper
and environment-friendly workflow ), (2) better resolved autogram zonesand no zame
distortion or shift (good for quantification), (3) covering the whole plate surface(both
sides of plate can be usednd (4) using always a freshsolution (just defrost the needed
aliquot of enzyme solution,3 mL insteadof 70 mL) would be the best pratice with re-
gard to the standardization of HPTLZEDA procedure Finally, the newly developedau-
tomated piezoelectric spraying procedures for the application of biological Aliivibrio
fischer) and enzymatic acetyl and butyrylcholinesterase (AChE/BChE) assays were
used for bioprofiling of Peganum harmalaseed extract By their in situ high-resolution
mass spectrometry HRMS spectra, the active zones in th®.harmala seed extract were
assigned to beharmine and harmaline as AChE inhibitorand harmol, vascine and de-

oxyvasicineas BChEnhibitors .

Then the enzyme inhibitory potency ofthe active compoundswas estimated via two df-
ferent modes of equivalency calculation, referring to a potent inhibitor as a reference.
These two modeswere designed as applid ChE inhibitors on a HPTLC plate (no cbr
matography) and developed ChE inhibitors with the same chromatographic condition
used for the sample extract and then performed, validated and compared exemplarily
on the AChE/BChE inhibition ofP. harmalaseed exract. Among Physostigmine (PHY),

rivastigmine and piperine, PHY reveledhe most similar properties (brightness against

IX



ABSTRACT

the plate background,hR- value and band shape) to the unidentified inhibitors of sa-
ple, and thus selected as referencelhe results $iowed that the enzyme inhibition
equivalency calculated via developed reference bandgas more reliable and sensitive, if
compared to appliedmode results. In caseof using as a compromise the faster prae
dure of an applied band pattern for routine equivaéncy calculation, a potential bias
should be considered (here ca. 30%¥inally, it wasthe first time; the found inhibitors
were calculated equivalently totheir well-matched referenceinhibitor and thus, the au-

tomated piezoelectric spraying was proven tde quantitative.

In another part of our study, the HPTL&(bio)assayszHRMSworkflow followed by an

scaleup to preparative layer chromatography combined with nuclear magnetic res-

nance (PLENMR) spectroscopywas used It included using four different (bio)assays for
activity screening of both polar and nonpolar extract®f Salvia miltiorrhiza Bungeroot

(Danshen) on the same HPTLC platafter a two-step development.It followed by MS

recording of active compoundsand finally a high concentration nonpolar &tract was

applied asan area for isolation of uridentified active zone for NMR spectroscopy. The
1H-NMR andH-13C Heteronuclear Single Quantum Coherenspectra (1) confirmed the

existence of two potential candidatesamong otherswhich (2) revealed a co&ution of

two tanshinones (1,2dihydrotanshinone | and methylenetanshinquinone) and(3) rela-

tively quantify them in the ratio of 2:1. Compare to former reports about an unknown
band among tanshinones, it was théirst report, a multipotent unidentified active zone
in the Bacillus subtilis, A. fischeriand AChE fingerprints wasidentified as a coeluted

band.

In order to reach absolute quantitative NMR (QNMR) spectroscopy, the efficiency pifa-
nar chromatography isolation as a sample preparation method for NNR spectroscopy
needed to be investigated.The HPTLC/PLCisolation needs to provide the enough
amounts of the active corpounds from a planar chromatogam in detectable rang of
NMR spectroscopy(sensitivity gap). In this research a straight-forward HPTLGNMR
spectroscopy workflow using a fix chromatographic condition from bioprofiling to iso-
tion of the active zones was established. The dried extracts containing different stru
tural isomers e.g. ursolic (UA), oleanolic (OA), betulinic acids (albdElasOs) with poten-
tial of coelution, were selected as the extreme case studies. The HEFEDA revealed

the UAOA as a coeluted biactive zone and then collected via HPTLC isolation (using

X



ABSTRACT

one plate) for gNMR spectroscopyin contrast to NP-HPTLC and HRMSH NMR gectra
indicated UA and OA via distinct allylic 1H-18 signals (UA 2.20 ppm and OA 2.85 ppm).
The PUlse Lengtkbased CONcentration determination (PULCON) procedure calibrated
by maleic acid standard solution was used for UA and OA quantificatiofihe resuts of
two orthogonal methods (PULCON angbre- and postchromatographic derivatization
HPTLQ revealed a high correlation (R= 0.972). The efficiency of HPTLC isolation -
cedure was assessed by comparing the amount of UA and OA in the isolated samplels an
the crude extracts solutions viaderivatization HPTLC The HPTLC isolation using the
same chromatographic conditionfrom bioprofiling to isolation showed 82 % (mean)
efficiency and provided detectable amounfor gNMR spectroscopy. The direct HPTL-C
NMR wakflow with low solvent consumption (16 mL) as an environmentfriendly pro-
cedure can be a proper alternative for bioactivityguided fractionation strategy to reach
the NMR spectra ofthe active compoundsand quantify them considering the isolation

efficiency.

In one of our lastprojects, the metabolizing S9 enzyme mixturenimicking the biotrans-
formation reactions in the liver, was incorporated into two orthogonal methods
(HPTLCGAChHE and fluorometric microtiter plate AChE assayYhe incorporated S9 mx-
ture in fluorometric microtiter plate assay interfered with the final detection product
and reducedthat to a non-fluorescent product (hydroresorufin). In contrast, SO mixture
was successfully incorporated intoHPTL&GAChEand used as the alternative method to
assess the toxicity of food contact materials (FCMs) migrants and extraétfter onplate
metabolization and one or two-step HPTLC developmentthe recently developed aub-
mated piezoelectric sprayingprocedure for AChE was used to detect the inhibitorsThe
determined limits of detection (LODs) of six AChE inhibiting chemicals, includingHY,
chlorpyrifos, quinalphos, parathion, tris(nonylphenyl) phosphite and nonylphenol were
compared between both methods and witfwithout S9 metabolic activation. According
to LODs obtained by the HPTLLXAChE method, thethresholds of toxicological ca-
cern (TTCs) ofmigrates and extract of a white polyurethane coated cawas achieved by
a 200-fold enrichment, simply by solvent evaporation during sprayon area application.
Hence, two migrates and one extract were directly analyzed without pre
dilution/concentration with this straightforward HPTLC zS%ZAChE method, whichwas

standardized, automated in its important steps, antiighly efficient.

Xl



INTRODUCTION

1. Introduction

1.1.High-performance th in-layer chromatography ( HPTLCO

Planar chromatography was termed HPTLC because of the latest improvemebtsmov-
ing towards lower size and narrower distribution of stationary phase particlesas well as
more automated TLC instruments making thistechnique faster, more sensitive andreli-

able than before for qualitativé quantitative analysis?
Some exclusive features of HPTLC &dr&

1 Reducedsample preparationwhich protects the main structure of a sampleand the
matrix components remain at the starfsolvent front of the plate. Whereasin gas
chromatography (GQ these remain in the liner or inhigh-performance liquid chro-

matography (HRLC) held on the column

1 Most parts of the sample areon the plate for further study (in HPLC,it goesto the

waste)

1 Eachsample benefits from a new adsorbent andcomplex matrix do not change the

stationary phaseunlike to the sequential analysis of columnbased methods

9 Parallel analysis allowingcomparison of several samples on one plate, on one run

with the same mobile phase and other parametear(not possible in HPLC and GC)

1 Derivatization by selective/specific chemical reagentsprovides thorough view about

sample, especially for inestigation ofunknown compounds

1 HPTLC iscompatible with other complementary methodse.g.ultraviolet -visible (UV-

Vis) light, florescence (FL), mass spectrometry (MS), nuclear magnetic resonance

(NMR) spectroscopy, ancffect-directed analysis (EDA)

1.2.Hyphenations of H PTLCwith EDA

In cuvette, petri dish, microtiter plate or dot-blot assaysonly a sum parameter is achie-
able foreither a complex sampleor isolated fractions. In contrast, HPTICZEDA separates
complex samples and points to active zoneis situ the autogram (Fig. 1). HPTL&GEDA

allows detecting unknown (bio)active metabolites, side products, process contaminants,
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degradation products, adulterants packagingmigrants, or residues in the complex sa-

ples.

The offline/ open format HPTLC has some uniqueness for higgnation with EDA such
ast:

1 The matrix-robust HPTLC allowsavoiding a long sample preparation, leading to a

comprehensiveoverview on the sample
1 Costeffectivein comparison with other types of online methods
1 Sdvents-free chromatogramsfit better to living organisms and enzymes

1 A multi-fold HPTLC runprovides comprehensive information of different bioassays

and helps choosingthe zone of interestfor further analysis.

- Sum parameter
Chromatography — whole sample or isolated compounds
— single active components in complex mixture
- Microtiter plate

- Post-column fractionation for HPLC/GC ———— - Cuvette o vivo
- In flow after HPLC column - Petri dish
- In adsorbent layer of TLC/HPTLC  p———— insiu ———4 - On-spot on carrier

— . =
Modes of application

[

Effect-directed detection

{

Types of assays

[

’ . Biological assay

|

" Microchemical assay J

Biochemical assay \‘

Effect-directed
chemical reaction

Bioassay
Microbiological assay

Enzymatic or enzyme
inhibition (El) assay

Bioautography .

( — TLC/HPTLC i I

1 Contact bioautography Direct bioautography (DB)  Agar-overlay bioautography

Z _]TLC/H PTLC
_—: Bioactive zones Bioactive zones

. =
o X

Petri dish with mirror image No agar! Agar on plate

Figure 1. Overview on HPTLEEDAcompare toother methodsand bioautography classification*

Bioactive
zones
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EDA comprises all detectionprocedures indicating an effect that can affect biological
systemginhibit enzyme s/scavengefree radicals. (HP)TLCZEDAwas already established
for three different groups including biological, biochemical and microchemical assays
(Fig. 1). Hyphenation of (HP)TLC with bioassays termed as bioautographybirect bioau-
tography (DB) is a straightforward and efficient workflow for bioprofiling considering
handling, detectability, resolution and analysis timecompare to contact and agar
overlay bioautography#6 The DB procedure can be used fobiochemical assaysas well

via immersion’-?, manual sprayindg© or a combination of botH1.

Application: HPTL&ZEDAallows a fast biochemical and biological profiling.e.finding
enzyme inhibitors¥ h # ¢ antibacterial h p antifungab x h asd antioxidant compounds «n
complex samplesHPTL&GEDAz(HR)MS combined with NMR spectroscopywas demm-

strated asa straightforward strategy to reach bioactive compounds structurgFig. 2).9.20

In current research: Recently an automated piezoelectric spraying of biological and
biochemical reagents were set up foAliivibrio fischeri and acetyl and butyrylcholines-

terase (bio)assays?!

Figure 2. HPTLGEDAHRMSfollowed by preparative layer chromatography (PLC)solation and NMR
spectroscopy?®

1.2.1. HPTLCZA. fischeri bioassay

A. fischeriis a non-pathogenic Gramnegative marine bacterium with a bioluminegence
emitting a blue-green (480 nm) lightsin a critical density. Bioluminescence is directly
1 ET EAA O1 Gé&adbolismiaidérledsE iA Bghintensity shows a disturbance of
the metabolism.Luciferase, the bioluminescence catalyst, is expressed and catalyzes an

oxidation reaction that releases excess energy in the form of ligk#

After immersion, the plate surfaceis coated with a film of the bioluminescent bacteria
(after removing the excess liquid)which produce dark zoneson a luminescent bak-

ground. Dark zones indicated theluminescence inhibition of the bacteriawith tox-

3
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ic/ bioactive compounds?3 The changen the luminescent bioautogram wasmmediately
monitored and documented with the BioLuminizer (CAMAG) using an exposure time

and trigger intervals.

Applicatio n: This method is suitable for the detectionof bioactive compounds in plant
extracts’, beverage$4, Bacilluslipopeptides extracts?s, parabensin cosmetic£6 or water

quality control?7,

In current research: HPTL&A.fischerieither via immersion or automated piezoelectric
spraying (for the first time) procedure was used for bioprofiling of Salvia miltiorrhiza

Bungeroot (Danshen)?® and P.harmala seec?! extracts.

1.2.2. HPTLCZBacillus subtilis bioassay

B. subtilis is a nonpathogenic Gram-positive aerobic bacteriumfound in soil?8 and the
gastrointestinal tract® of ruminants and humans.HPTL&B. subtilis bioassay offers a
fast bioprofiling to find the anti-bacterial compounds in a complex matrix of natural
samples. HPTL&B. subtilis bioassay was modified as atreamlined and reliable method
to discover antimicrobials inherbal extracts Among others, incubation time of the sak
ed plate and the neutralization procedure to remove residual acid traces from the planar

chromatogram can influence the results of HPTLZB. subtilis.6

For HPTL@B. subtilis, the chromatogram was immersed into a suspension of bacteria,
followed by incubation. For visualization, a live/dead cell staining assay3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), was used. The dehydr-
genases of viable cells reduced MTifto a colored formazan (Fig.3). Pale yellow zones

on a purple background visualized the position of antimicrobial compound¥

NADH /INAD* \(
® -
NfN\ - NﬁN
=~ /N H
N \N/N\©
MTT (yellow) Formazan (violet)

Figure 3. Reduction on MTT during the live/dead cell staining assay.
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milk 31.32, beverage®d?, lipopeptides?> and plant extracts$:33.34,

In current research: HPTL&B. subtilis was applied for bioprofiling of Dansher?, Lami-

aceaeand apple peelextracts3>.

1.2.3. HPTLCtyrosinase assay

Tyrosinase (EC 1.14.18.1) ian oxidase enzyme containingwo copper ionsconnected to
six histidine residues in catalytic sitgé® (Fig. 4), distributed in plants, fungi and animals.
It is responsible for enzymatic browningof fruits 37 or controls the melanin production
and human skin color38. Browning changes thefruit/vegetables appearance and nuti-
tional quality which encouraged researchers tdind new potent tyrosinase inhibitors for
food industry. Melanin is the most important chromophore of human sk. Melanogere-
sis is induced by the upregulation of tyrosinase after UV exposure in order teelf-
protect of the skin; however, abnormal accumulation of melanin causes undesirable ae
thetic problems.3® Hyperpigmentation enhanced by UV exposure such as frecklesem
lasma and lentigineswhich can be treatedby using whitening agents, such as hydrogu

none.0 Nevertheless hyperpigmentation can cause invasive forms of skin cancé¥

Someof the tyrosinase inhibitors are hydroqunone, arbutin, aloesinkojic acid and Lio-
rice extract. Kojic acid inhibits tyrosinase by binding to copper whilehydroquinone does
it by binding histidines at the active site Hydroquinone isbanned in Europe due to ta-

icity and carcinogenicity issues which brought the seeking forsafe and effectivetyrosi-

Wwezsz
’ His296

p His263

nase inhibitor into focus.

His259

Figure 4. Crystal structure ofmushroom tyrosinase4243



INTRODUCTION

Tyrosinase catalyzes the hydroxylation of Ltyrosine to L-3,4-dihydroxyphenylalanine
(L-DOPA). Tha secondy involves oxidation of L-DOPA to EDOPAjuinine which is pre-

cursor for other steps to result meIanin(Fig. 5).44

Intermolecular ™
OH
OH Tyrosrnase Tymsmasg cycllzatlon
HO'

L-Tyrosine D|hydroxyphenylalan|ne (L-DOPA) Dopaquinone Cyclodopa
. Ho Decarboxylative  ©.
Mela nin F'olymenzatlon - ‘ A rearrangement m
HO §
Indolequinone 5, 6- Dihydroxyindole (DHI) Dopachrome

Figure 5. Mechanism of melanin prodwction from tyrosine amino acid.

HPTLGtyrosinase assay is dast method to discover tyrosinase inhibitors using the
CAMAG suggestegrocedure which wasrecently improved in our laboratory.1440 The
planar chromatogram was placed in the Derivatize(CAMAG) sprayed with substrate
solution (L-DOPA), and subsequently dried using a cold stream of hair dryer. Then, it
was sprayed with enzyme solution and incubated ataom temperature in a humid box
followed by drying. The tyrosinase inhibitors appeared as white/light yellow zones ina

gray background.

Application: HPTLGtyrosinase was already used for finthg tyrosinase inhibitors or
anti-melanogenic drug screeningn natural samples$8.4>47 and Bacillus lipopeptide ex-

tractsi4,

In current research: HPTLGtyrosinase was applied fortyrosinase inhibitory screening

of Lamiaceaeand apple peel extract$>

1.2.4. HPTLCzcholinesterase assay

Acetylcholinesterase (AChE, EC. 3.1.1.7) and butyrylcholinesterase (BChE, EC. 3.1.1.8)
are hydrolase enzymes. AChE known as true ChE is found in synaptic clefts of the central
and peripheral nervous system. I¢ active sides consists the esteratic site (serine) bia

ing to acetyl part ofacetylcholine (ACH and the anionic site binding to quaternary an-
monium of ACh ig. 6A).48-50 BChE knownas pseudo-ChE or nonspecificChE is mainly

found in plasma, liver and muscle tissue, yet its function is not completely clear but it
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hydrolyses ACh at a slower rateAChE as the main catalytic enzyme is essential fog-r
turning the neuron to its resting phase by cleaving ACh. The acybgp of AChis initially
transferred to an activesite serine, then a water nucleophile attacks this ester, resulting

acetate and compleing the hydrolysis (Fig.6B).48:51.52

e} CH3 o CHj
A Acetylcholine B 1) l®
CH N—CH; —— + N—CH
3 AN 3
CH;7 s CH, ch)J\o/\/ . HC” 07 fonzyme | HOT 7]
N V4 CHs CH;
+ N_CHchTO- %- CH3 acetylcholine covalent intermediate choline
Eiecfrosfanc;affracnon o L/HZ()
H : P
@ > HO HO H/enzyme
7 B
EAVA | o
4 Serine — active site serine )I\
"Esteric Site” e
- steric Site HaC o
Acetylcholinesterase
acetate

Figure 6. Interaction between AChwith two site of AChE(A)3° AChhydrolysis via AChE(B)>2.

The reurotransmitter AChis an ester of acetic acid and choline, contradictory to the
most amino acids based neurotransmitters. The choline acetyltransferase synthesizes
ACh from acetylCoA and choline in the presynaptic axon. Encapsulated ACh is released
into the synaptic cleft, and thenbonded to cholinergic receptors enable the signal

transmission. (Fig.7).48:53

Axon
terminal

Mitochondrion

€) Acetyicholine (ACh) is made
from choline and acetyl CoA
by.choline acetyltransferase

Acetylcholine

(7)) 72N Synaptic
holine acetyltransferas vesicle

©

@ In the synaptic cleft ACh is rapidly
broken down by the enzyme
acetylcholinesterase.

Cholinergic &) Choline is transported back into

Choline \@
receptor the axon terminal and is used
Acetate _ 2] \Ch/ to make more ACh.
L X 1

Postsynaptic
Acetylcholinesterase (AChE) cell

Figure 7. The cycle of ACh synthesis and hydrolysis via choline acetyltransferase alh@hE respectively
during a neural transmission33

ChE inhibition deactivates the enzymatic hydrolysis of ACh and consequently increases
the ACh levels in the synaptic cleft and prolongs nerve stimulation. The ChE inhibisor
can be divided into irreversible and reversible groups according to their pharmacolag

cal or toxicological functions. The reversible inhibitors (competitive or noncompetitive)
5
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bodies by slowing down the ACh hydrolysis ratet8

While some of reversible (carbamate) and irreversible (organophosphates, OPs) inkib
tors exhibit toxic function and used as insecticides by disrupting neurotransmission.
Some OPs pesticides like chlorpyrifos and parathion require cytochrome P450ediated
metabolism to produce their respective oxon forms and increase their ChE inhibitory
potency. However some of OPs showed therapeutic effects in the treatment of chronic
glaucoma?® Some of ChE inhibitors used in disease treatments are donepezil, rivagsti

mine, galantamineand physostigmine (PHY Fig. 8).48:52
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Figure 8. Inhibition mechanism ofC\H/Eenzymesmodified from ref54 and ChEnhibitors.\

The HPTL&ChE assays were carriecbut either according to our htest piezoelectric
spaying procedureé! (Derivatizer, CAMAG or immersion procedure using the modified
- AOOOT 1 6adss8iBAeflyEpiefoelectric spaying procedurél: the planar chromato-
gram was wetted via spraying Tris-HCI buffer. Then, he enzyme solutionwas sprayed
and the plate was incubated in a humid plastic box, followed by spraying of substrate
chromogenic solution and drying.While in immersion procedure planar chromatogram
was directly immersed into enzyme and after incubation stefollowed by immersed into
the substrate-chromogenic solution and drying.The ChE inhibitors were documented as
white bands on a purple plate background at white light illumination. AChE hydrolyses
the 1-naphthyl (substrate) to 1-naphthol reacting with Fag Blue B salt (chromogenic

agent) to produce a purple plate backgroundsé
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Application: The HPTLQACHhE wasnot only used for finding AChE inhibitors as anti
'l UEAEI AO6O AEOAAOA AqQAjib@@lsoHEor detechioh BfokganA |
phosphate and carbamate insecticides® cand chemical warfare agentg?

In current research: HPTL&ChE was used for ChE inhibitory screening dansher?
and P. larmala seec, Lamiaceaeand apple peels extracts, andfood contact materials
(FCMs) migrants and extrac* as well asequivalency inhibitory calculation of active

compounds ofP. harmalaseedextract refereed to applied and developed PHY.

1.3.HPTLGZ(HR)MS

The first step of structural elucidation is ecording the mass spectraf the unidentified
bioactive compoundsin situ the planar chromatogram. Thus, ging the TLGMSinterface
allowed the usage of HRMS besides the full potential of HPTLC separation andelera-
ed the workflow to gain structural information directly from favor ite zone?14.2125 Gen-
erally, transferring methods are divided into two branches: elutiorbased and desaop-
tion-based techniquesThe elution-based techniques uses aght elution headand a sd¢-

vent follow to transfer the zone of interestin situ planar chromatogram toMS spectrat

Application i n current research : TLGMS nterface coupled with the heated ele-
trospray ionization (HESI) source connected to aybrid quadrupole-orbitrap massspec-
trometer was used for MSmeasuremens of all favorite active compounds such as
tanshinonesand phenolicsin Dansher?, alkaloidsin P. harmala seed! and hydroxy pen-

tacyclic triterpen acids inLamiaceaeand apple pe€e¥ extracts.

1.4.Direct workf low from HPTLC to quantitative NMR spectroscopy

Structural confirmation and quantification of bioactive compoundsare the ultimate tar-
gets after (HP)TLGEDA NMR spectra of bioactive compounds provide the structural

information to confirm the chemical structure and quantify the analyte byguantitative

NMR @QNMR) spectroscop)?:20.66 The sensitivity gap was the main obstacle to achieve a

direct workflow to provide the active compoundsin situ planar chromatogram in de-
tectable range of NMR spectroscopy?®> Using column based separatiod’.57.67 or TLC

elution head-based interfac&?.66.68 for NMR spectroscopy sample preparation were irfe

9
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ficient procedures because of timeonsuming steps including fractionation/stamping,

evaporation and high consumption of solvent and HPTLC plat&420.57.6668

NMR spectroscopy is an orthogonal technique for simultaneous identification and goa
tification of several compounds.In comparison to chromatographic methods, gNMR
spectroscopyanalysis is based on the identificdon of resolved signals of the analyets in
the mixture rather than achieving resolution of individual components? In addition,
gNMR spectroscopy quantifies all the analyte of several spectra, just with a single fe
erence compound© In NMR spectroscopy the peak intensity is directly proportional to
the number of nucleiin the NMR active volumegenerating such a signaihich is linear-

ly related to the analyte amount in solution (absolute concentration)’%-73 gNMR spec-
troscopy can be fulfilled by relative and absolute quantitation methods. Relative mode
provides molar ratio between two compound$8 while the absolute quantitation
measures the actual amount of an analyteé’2. Absolute moderequires an internal or
external reference compound to calibrate the NMR signal. In the internal standard
method, a weighed amount of a reference standard (or a measured volume of a known
concentration solution) is added into a fix volume of sample and thietensity of its sig-
nal is used for quantification of all the other species in the same spectrumihe main
drawback of internal standard is the sample contamination with theadded standard, on
the contrary, the external methods utilize a reference compouhin a separate solution
and its NMR signal intensity is used to quantify several compounds in different
spectra’2 Amongexternal methodsone of the most innovative is the PUIse Lengthased
CONcentration determination (PULCON) method, that correlates the NMR signal intens
ty of a reference standard to those ones of ailytes in different spectra, after the 90°

pulse correction on each sample tube, according to the principle of reciprocity.7>

The former studies in the field of planar chromatography andgiNMR spectroscopymost-
ly focused oncomparison of two methods, and qNMR spectroscopy measurementsvere
performed on crude dried extract®®.7679 In some casesTLC was used aftdbetween
several column chromatography steps to selector purify the best fradion containing
favorite compounds for gNMR spectroscopy via internal standardé® or calibration
curvesl, In order to record 1D and 2D NMR spectra of two purbioactive isomers,a Kash
chromatographic fraction was purified five times bysemipreparative HPLCDADS32 Isola-

tion of bioactive compoundsin situ planar chromatogram (high number of plates) via

10
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TLGMS interfacecoupled with a HPLC pumpwas usedfor NMR spectroscopysample
preparation to confirm the structure20.66 or gNMR (PULCON#83,

Application : Using the high field magnets and cryoprobes improved the sensitivity of
NMR spectrometers, lowering down the limit of detection (LOD) to the uM range to
measure low amount analytes even in complex biological matricé$.The 1H-gNMR was

used in quantification of several metabolites of drugs and plan&s?0.8588

In current research: The direct PLC/HPTL&NMR workflows were established in this
research and used for quantification of challenging bioactive structural isomes3> Two

structural isomers of tanshinonesl,2-dihydrotanshinone | (1,2-DHTI) and meth-

ylenetanshinquinone (MTQ)? and anothertwo hydroxy pentacyclic triterpen acids (ur-

solic and oleanolic acids¥ were isolated via a onestep PLC/HPTLGdevelopment and
resulting fraction, dissolved in deuterated methanolwas measuredvia relative qNMR®

or PULCOI® (Fig. 9).

M@ﬁn n W>Uflm iR m

Figure 9. PLC isolation of an unidetified active zonein situ the planar chromatogramof Danshenextract
for NMR spectroscopy.

1.5.Quantitative planar chromatographic zeffect-directed analysis

First step to perform a quantitative analysis after a biological/biochemical assays is
measuring andquantifying a resulting autogram via scanning densitometer (scanner). It
is equipped with the continuous light sources a deuterium lamp (190 to 450 nm) and a
tungsten lamp (370 to 800 nm) as well as discrete light source amercury vapor lamp
(severalindividual wavelengths). Densitometry can be performed in absorbance or flor
rescence mods. In absorbance measurement, theeflected light from the plate repre-
sents the baseline signal, which is lowered when the light beam hits absorbing zone
of the track,and thenelectronically inverted signal is presented as a positive peak in the

densitogram. The resulting densitogram can be integrated and quantitatively evaluated.

11



INTRODUCTION

Fluorescence measuremenis performed when asubstance can be excited to fluoresce
by UV light. It needsa bandpass or cutoff filter between the plate and the detectorto
efficiently eliminate the UV light used for excitation Thereflected light from plate badk-
ground is blocked by filter (zero signal, baseline) ana&mission light from fluorescing
zonewith a longer wavelength can pass the filter and reaches the photomultiplietetec-

tor (no need of inversion)

The relation betweenthe measured signaland the amount of substance in aoneis d-
ther linear like fluorescence mode or nonlinear fo absorption mode (Kubelka-Munk
equation). In absorption measurement, signal ncreases with increasing substance

amount and in most cases, data are best fitteth polynomial functions.

Two major categories were evident to indicate the active zones in reking chromato-
gram after performing a bioassay (bioautogram). First, the bioactive substances are-d
tected as fluorescent zones and densitometric measuremewnias performed at UVrange,
e.g. pYES?90 Second, bioactive substances we indicated as white zones ina stained
background such asB. subtiliss, AChE/BChE!, | -h -glucosidasés, tyrosinasé4 AT A |

amylasés (bio) assays.

Application in current research : Densitometric measurement of the autogram was
performed at the selected wavelength using an inverse scaft the mercy of no inve-
sion of fluorescence measurement and adjustment of no cutoff filter, the reflected light
from white zone was recorded as positive densitgram for equivdency calculation of
ChE inhibitors in P. harmala seed extract.2165 In order to estimate the efficiency of
HPTLC isolationamount of ursolic and oleanolic acids was densitometicaly measured in
the isolated sampés and the crude extracts at absorption mode after pre- and post

chromatographic derivatization HPTLG®

1.6.Equivalency calculatio n

Quantitative measurementis relative, meaning thata response generated by unknown
amount of a substance needs to be comparadth those of known amount of that (cali-
bration curve). In case of unknown or unidentified enzyme inhibitors discovered in a
complex sample, an external standaraalibration cannot be performed and heir inhibi-
tion potency needs to be estimated by alternative mearasequivalency calculation refer
12
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to a well-known active compound known as positive contralAccording to the classich
procedure, the reference compound and sample containing unknown or unidentified
enzyme inhibitors have tobe chromatographed on the same platddowever, the intega-
tion of a reference compound relevanto an enzymatic assayxauses a challengingneth-
od development for new samplesdue tothe different chromatographic interactions with
mobile/stationary phases. Then, application of different amount of positive control (as a

pattern after development) is a fast alternative to performequivalency calculation

Application: The equivalency calculation has been reported in reference to a well
known active compounds such asciprofloxacin or marbofloxacin34 asreferenceantibiot-
ics in B. subtilisbioassays, alkaloids like (xhuperzine-A%! and galantaminé’, or carba-
mates like PHY¥8 in AChHEBChE assays, kojic aci#t4’ in tyrosinase assays and

ascorbic®2:93/ gallic acid?2 in 2,2-diphenyl-1-picrylhydrazyl radical scavenging assays.

In current research : Two different modes of equivalency calculation, referring to a @

tent inhibitor that was either applied or also developedwere investigated, validated and
compared, exemplarily on theAChE/BChEinhibition of P. harmala seed extract. Three
potent inhibitors, PHY, rivastigmine and piperine, were evaluated with regard to their
hR- value, band shape and inhibition brightness against the plate bagtound and the
well-matched one (PHY) considered for equivalency calculation. Finally thepotency of
AChE and BChE inhibitory of each active band Bf harmala seed extractwas reported

as ng of PH¥>

1.7 .Medicinal plant extracts

1.7.1. Salvia miltiorrhiza Bunge root

Salvia miltiorrhiza Bunge root(Danshen)as one of the most commonyl used traditional
medicines. It possesses several curative properties that have been applied to treatf-di
AAOAT O AEOAAOAOs, Cetebrévasdildrcorohad/thdal Higka3@& andskin
lesions®* A variety of Danshen preparations and formulations are on the market,e.

dripping pills, tablets, injections, capsules, syrups and sprays

13
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N

Figure 10. Salvia miltiorrhiza(A), dried root (B), root powder (C) and Dansleapsules (D).

$ AT OE AT-fn@wn bidattive components include two major groups, hydrosoluble
phenolics (phenolic acids) and lipophilic diterperoid quinones (tanshinones). So far, 37
phenolics and 55 tanshinones have been reported for Dansh&nin order to obtain the
chemical profiles of the main phenolics and tanshinones, sesal separation methods
like HPLGMS7-99, HPLCU\W9-101 countercurrent chromatographyi2, non-aqueous @-

pillary electrophoresis®3 and (HP) TL(:34.100,104.105vere employed.

Methylenetanshinquinone (MTQ) 1,2-Dihydrotanshinone | (1,2-DHTI)

Figure 11. Structures oftwo tanshinonesidentified and relatively quantified via gNMR.

In current research: This study aimed at developing a streamlined, yet comnphensive
bioanalytical method from screening to structures.Therefore, HPTLG(bio)assayHRMS

of the polar and the ronpolar Danshen extractswas followed by a fast scaleup to PLC

14
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isolation for IH-NMR spectroscopy to identify and relatively quantify the two coeluted

tanshinones (MTQ and 1,2DHTI) in amultipotent unidentified zone .2

1.7.2. Peganum harmala seed

P. harmala (Zygophyllaceae)is known as Espand or Syrian Rue, with pharmacological
effects including anticancer, gastrointestinalnd artimicrobial activities .196 The P. har-
mala seed extract contairs vasicine and vasicinone (quinazoline alkaloids) as well as
EAOI ET Ah EAOI Al ET Ah -darBoliriesids, shaied inhibifiod VidTILE |
AChE7:58, (Fig. 12 and 13)

In current research: The main ChE inhibition zonesof P. harmalaseed extractdetected
without any tailing and diffusion, were equivalently calculated toPHY as a weltknown
ChEinhibitor, to demonstrate the quantitative capability and performance of the newly

developedautomated piezoelectric sprayingAChE/BChEworkflow.

— s —_—
/o \ y N HO \ y N /o \ Yy N
Ha,C N N N
H H H
CH, CH; CH;
Harmine Harmol Ruine

N OH N
? % g )3
H,C N N N/

H
CH,

Harmaline Vasicine OH Deoxyvasicine

Figure 13. Main ChE inhibitors ofP. harmalaseed extract, found via HPLCZAChE/BChE
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1.7.3. Lamiaceae leaves, Malus domestica fruit peels

Salvia officinalis Thymus vulgarisand Origanum vulgareleaves (amiaceag, red and
green apple peel (Malus domestici extracts contain several structural isomers like u-
solic, oleanolic, betulinc acids (all GoHas0s), corosolic, maslinic acids (both §Hais0s), as

well as thymol and carvacrol (both @H140).

In current research: the mentioned extractswere selected asase studiedo find a cce-
luted bioactive zone contains two or more compoundgAfter bioprofiling, the ursolic and
oleanolic acids, as a coeled active zone were chosen to be isolated via HPTLC follced
by an already set up gNMR spectroscopy (PULCON). Finally, the result® oL CONvere
compared with those obtained from pre and post-chromatographic derivatization
HPTLC.

23 24 Oleanolic acid (OA) 23 24 Ursolic aicd (UA)

Figure 14. Structures of ursolic and oleanolic acidhat were quantified accordng to their significant 1H-
18 signals in1H-NMR spectra.

1.8.Food contact materials , articles and chemicals

Food contact materials (FCMysare all materials and articles come into contact with food
and beveragedduring its production, processing, storagetransporting, preparation and
serving such as packagingnaterials, containers, kitchenware, cutlery and dishesas well
aswater bottles.107.208 FCMs can be made frordifferent materials including metal, plas-
tics, rubber, and paper.19® Chemicals in form of nanoparticles so-called food contat
chemicals (FCCsgtan migrate fromfood contact articlesinto foodstuffs, and thus ben-

gested. FCCsategorized as intentionally added substances (IA&uch as monomers,

16
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additives, and catalyst$!° or non-intentionally added substances (NIAS3uch as impui-
ties in the starting mateials, and newly formed substances such as degradation pale
ucts, reaction byproducts, or various contaminants from the recyting process11.112
These substances should nathange the composition of the food in an unacceptable way
or interfere with the organoleptic and sensory aspects of the food, and more important
should not hazard the safety of the packed food07.108.113 The risk assessmenstrategy
for IASis clear and theirsafety is currently ensured as rarely problematicHowever, risk
assessment of NIA@s a significant part of the overall migrate is much more difficult to
ascertainbecausemany NIAS remain completely unknown and their lzemical identifica-
tion and toxicological testing is highly time and resource&onsumingand thus the toxio-
logical evaluation of these single substances cannot be perform&d.The Threshold of
Toxicological Concern (TTC) concept hdseendevelopedas apragmatic and convenient
tool for risk assessment of NIAS and other chemicals with limited toxicological dat&:
119 The TTC concept assess ifintake is below an accepted threshold of no carern, de-

fined by assigning a Cramer class basedh the chemical structurel20

nonylphenol tris(nonylphenyl) phosphite

Figure 15. Two chemical packaging which were tested via HPTZEZAChE.

High polar FCM migrate Polar FCM migrate FCM extract

300 mL Ethanol 300 mL Ethanol 300 mL n-Hexane :
(50% aqueous) (95% aqueous) Aceton (1:1)

10 days in 60 °C 10 days in 60 °C 16ht1hin
RT (255 °C)
no shake no shake
no shake

Figure 16. Procedures of FCM migrates and extract preparation.
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In current research: The new HPTLESXAChE workflow, after onplate metaboliza-
tion and separation, the ACR/substrate-chromogenic reagent solutions were sprayed
piezoelectrically, resulting a homogeneous plate background. The&Dsof six chemicals,
including physostigmine, chlorpyrifos, quinalphos and parathion as well as
tris(nonylphenyl) phosphite and nonylphenol were compared betweena fluorometric
microtiter plate assay and our new HPTLES%ZAChE workflow. The direct toxicity as-
sessment of FCMs via their respective TTCs was achieved by a-28d enrichment of
the two migrates and one extract of a white polyrethane coated can, by solvent evap

ration during spray-on area application
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1.9.Aim of research

The current research mainly focused on quantification of bioactive compounds situ
autogram via equivalency calculation refer to an applied/developed weknown active

compoundor ex situplanar chromatogram via relative/absolute qgNMRspectroscopy.

Quantification of unidentified or unknown bioactive compounds is challenging. Alini
formation about polarity, functional groups and sum formula of bioactive compounsl
can be obtained viahR- value, derivatization,HRMS respectively, but for quantification
as a relative procedure the expensive external standards, sometimes not provided, are
needed. In this research, two alternative procedures, independent of bioactiveom-
pounds reference standards, were designed, developed, validated and applied on quant

fication of bioactive compounds found in plant extracts.

In addition, an automated piezoelectric spraying was set up to be more close the

standardization of HPTLQEDA procedureto provide more reproducible results.

Another alternative for quantification of bioactive compounds is relative or absolute
gNMR spectroscopy using an external standard maleic acid. The relative gNM&pec-
troscopy can be doneas a molar ratioafter confirmation of the structure among two cc
eluted conmpounds which appearat the samehR-value as one band in planar chromat-
gram. For performing of an absolute gqNMRpectroscopyof bioactive compounds found
via HPTLZEDA, a traceable sample preparain was needed, thusa direct workflow
from bioprofiling to NMR spectroscopy was developed anthe efficiency of planar isoh-

tion via HPTLC was needed to be determined.
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Salvia miltiorrhiza root (Danshen)

An affordable bioanalytical workflow supports the collection of data on active ingredients, required for
the understanding of health-related food, superfood and traditional medicines. Targeted effect-directed
responses of single compounds in a complex sample highlight this powerful bioanalytical hyphenation of
planar chromatography with (bio)assays. Among many reports about biological properties of Salvia milti-
orrhiza Bunge root (Danshen) and their analytical methods, the highly efficient direct bioautography (DB)
workflow has not been considered so far. There was just one TLC-acetylcholinesterase (AChE) method
with a poor zone resolution apart from our two HPTLC-DB studies, however, all methods were focused on
the nonpolar extracts of Danshen (tanshinones) only. The current study on HPTLC-UV/Vis/FLD-(bio)assay-
HRMS, followed by streamlined scale-up to preparative layer chromatography (PLC)-'H-NMR, aimed
at an even more streamlined, yet comprehensive bioanalytical workflow. It comprised effect-directed
screening of both, its polar (containing phenolics) and nonpolar extracts (containing tanshinones) on
the same HPTLC plate, the biochemical and biological profiling with four different (bio)assays and eluci-
dation of structures of known and unidentified active compounds. The five AChE inhibitors, salvianolic
acid B (SAB), lithiospermic acid (LSA) and rosmarinic acid (RA) as well as cryptotanshinone (CT) and
15,16-dihydrotanshinone I (DHTI) were confirmed, but also unidentified inhibitors were observed. In
the polar extracts, SAB, LSA and RA exhibited free radical scavenging properties in the 2,2-diphenyl-
1-picrylhydrazyl assay. CT, DHTI and some unidentified nonpolar compounds were found active against
Gram-positive Bacillus subtilis and Gram-negative Aliivibrio fischeri (LOD 12 ng/band for CT, and 5 ng/band
for DHTI). For the first time, the most multipotent unidentified active compound zone in the B. subtilis,
A. fischeri and AChE fingerprints of the nonpolar Danshen extract was identified as co-eluted band of
1,2-dihydrotanshinone and methylenetanshinquinone in the ratio of 2:1.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

resonance (NMR) [2-6] and attenuated total reflection Fourier
transform infrared spectroscopies [7]. Exclusive features of HPTLC,

The unique hyphenation portfolio of high-performance thin-
layer chromatography (HPTLC) with other complementary tech-
niques makes HPTLC a versatile tool from bioactivity screening
to structural characterization. All the relevant steps can be cov-
ered by the planar format, and thus, easily adapted and combined
with (bio)assays, derivatization reagents and different detection
techniques, e.g. UV/Vis/FLD/MS detection [1], nuclear magnetic

* Corresponding author.
E-mail addresses: Ebrahim.Azadniya@chemie.uni-giessen.de (E. Azadniya),
Gertrud.Morlock@uni-giessen.de (G.E. Morlock).

https://doi.org/10.1016/j.chroma.2017.12.014
0021-9673/© 2017 Elsevier B.V. All rights reserved.

like simple preparation of complex samples (keeping sample
extracts as native as possible) and parallel matrix-robust anal-
yses, allow an ideal direct comparison of the chromatographic
fingerprints of complex sample extracts side by side. (HP)TLC is
a cost-effective and time-saving method in the field of natural
product analysis [8-12], and diverse publications in the field of
bioautography [2,6,8-15] reported its benefits for chemical and
biological profiling. Compared to contact and agar overlay bioauto-
graphy, direct bioautography (DB) is a more streamlined workflow
for bioprofiling, considering detectability, resolution and analysis
time [12]. Different types of effect-directed analysis (EDA) com-
bined with TLC/HPTLC have been employed, e.g., to screen for
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enzyme inhibitors [4,15-17] as well as antibacterial [8,12], anti-
fungal [6,14] and antioxidant compounds [10,11] in a wide range
of different sample types.

With regard to structure elucidation of unidentified active com-
pounds, the hyphenation between TLC/HPTLC and NMR has not
been considered enough due to the notable difference between the
sensitivity of TLC/HPTLC (mainly ng/band) and NMR spectroscopy
(hundreds of pg to some mg per vial) [18]. The use of an elu-
tion head-based interface for the zone collection from the plate
for NMR [2,4] led to consume a high number of HPTLC plates to
reach the required analyte amount. Thus subsequent to EDA, other
separation techniques were mostly used for NMR compound collec-
tion, such as column chromatography (CC) [19], high-performance
liquid chromatography (HPLC) [11] and low-flow LC-NMR with
microfractionation [6].

In this study, Salvia miltiorrhiza Bunge root (Danshen) was
selected, as one of the most commonly used traditional medicines
in China, Japan, USA and other western countries [20]. It pos-
sesses several curative properties that have been applied to treat
different diseases such as Alzheimer’s, Parkinson’s, cerebrovascu-
lar and coronary heart diseases, besides cancer, renal deficiency,
bone loss, hepatocirrhosis, gynecologic disorders and skin lesions
like chilblains, psoriasis, and carbuncle [20]. A variety of Dan-
shen preparations and formulations are on the market, i.e. dripping
pills, tablets, injections, capsules, syrups and sprays [21]. Danshen’s
well-known bioactive components include two major groups,
hydrosoluble phenolics (phenolic acids) and lipophilic diterpenoid
quinones (tanshinones). So far, 37 phenolics and 55 tanshinones
have been reported for Danshen [22]. In order to obtain the
chemical profiles of the main phenolics and/or tanshinones, sev-
eral separation methods like HPLC-MS [23-25], HPLC-UV [25-27],
countercurrent chromatography (CCC) [28], non-aqueous capillary
electrophoresis [29] and HPTLC [26,30] were employed. Among
the many reports about biological properties of Danshen and
their analytical methods [20], DB has not been considered so
far. To the best of our knowledge, only one biochemical assay
(falsely named bioautographic method) was combined with TLC
in 2009 [16]. Thus, for the first time in our previous studies
[31,32], DB of the nonpolar extract of Danshen was shown using
Gram-negative Aliivibrio fischeri and Gram-positive Bacillus sub-
tilis bacteria for bioquantification. The directly obtained bioactive
responses of single compounds in the complex Danshen sam-
ples encouraged us to proceed with this streamlined hyphenation
of chromatography and bioassays to demonstrate an even more
powerful bioanalytical option in contrast to the status quo, e.g., ana-
lytical and fractional workflows followed by microtiter plate assays.
This study aimed at developing a streamlined, yet comprehen-
sive bioanalytical method, i.e. the fastest approach from screening
to structures. Therefore, biological and biochemical profiling by
HPTLC-(bio)assay-HRMS of both, the polar and the nonpolar Dan-
shen extracts on the same plate, was followed by characterization
and identification of known and unidentified bioactive compounds
by a fast scale-up to preparative layer chromatography (PLC)-'H-
NMR spectroscopy.

2. Material and methods
2.1. Chemicals and materials

Solvents were of analytical grade. toluene, ethyl acetate,
chloroform, methanol, formic acid (96%), ammonia (25%), sul-
furic acid (98%), petroleum ether (60-80°C), cyclohexane,
Miiller-Hinton broth, anisaldehyde, protocatechuic aldehyde
(PCAD) and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT, >98%) were purchased from Carl Roth (Karl-

sruhe, Germany). Fast Blue B salt, a-naphthyl acetate, acetyl-
cholinesterase (AChE) lyophylisate (Electrophorus electricus, elec-
tric eel), hydrochloric acid (32%), sodium chloride, sodium
monohydrogen phosphate, pentyl acetate, bovine serum albu-
min, tris(hydroxymethyl)aminomethane (TRIS) and 2,2-diphenyl-
1-picrylhydrazyl (DPPH*) were provided from Sigma-Aldrich
(Steinheim, Germany). B. subtilis spores (BGA, ATCC 6633), cit-
ric acid as well as HPTLC (0.2mm layer thickness) and PLC
(0.5 mm layer thickness) plates silica gel 60, also with F,s4, were
delivered by Merck (Darmstadt, Germany). Luminescent marine
bacteria A. fischeri (DSM no. 5171) were obtained from the Leib-
niz Institute DSMZ, German Collection of Microorganisms and
Cell Cultures (Braunschweig, Germany). Bidistilled water was
prepared with a Destamat Bi 18 E (Heraeus, Hanau, Germany).
The standard compounds of rosmarinic acid (RA), caffeic acid
(CA), tanshinone I (TI), tanshinone IIA (TIIA), cryptotanshinone
(CT), 15,16-dihydrotanshinone I (DHTI) were purchased from
Sigma-Aldrich, whereas salvianolic acids A (SAA) and B (SAB)
as well as lithospermic acid (LSA) were provided by Phytolab
(Vestenbergsgreuth, Germany). NMR tubes (5 mm)were purchased
from VWR (Darmstadt, Germany), and deuterated methanol (D
>99.80%, H,0 <0.03%) from Eurisotop (Saarbriicken, Germany).
Two Danshen samples were purchased from pharmacies (sample
A, HerbaSinica Hilsdorf, Rednitzhembach, Germany, and sample B,
meine-teemischung, Hofapotheke St. Afra, Augsburg, Germany).

2.2. Standard solutions and sample preparation

Methanolic solutions of DHTI (20ng/uL), CT (100 ng/pL), TI
(100 ng/p.L), THA (100 ng/p.L), SAB (1000 ng/.L), LSA (500 ng/p.L),
SAA (500ng/pL), PCAD (500ng/pL), CA (250ng/uL) and RA
(150 ng/p.L) were prepared. For subsequent sample preparation,
the following steps were in common for all the different extracts
(Table S-1 with concentrations of Danshen in mg/mL solvent):
15 min in the ultrasonic bath at room temperature, centrifugation
at 756 x g for 5 min and vortexing for 1 min.

2.2.1. Polar extracts 1-3

Milled Danshen (1 g each of samples A and B) were decocted on
the hotplate stirrer with 50 mL distilled water at 70°C for 30 min,
followed by ultrasonication and centrifugation (20 mg/mL). For
the first extract (1), the resulting supernatant was acidified with
hydrochloric acid (32%, 12 M) to pH 3.0. After centrifugation, the
supernatant was transferred into a 50-mL volumetric flask, filled
up to the mark with bidistilled water and extracted 5 times with
5 mL ethyl acetate (40 mg/mL). After centrifugation, 15 mL of this
upper ethyl acetate phase was concentrated to dryness under a
nitrogen stream. The residue was dissolved in 2 mL ethyl acetate
(300 mg/mL).

For the second extract (2), 10 mL aqueous supernatant of sam-
ple B (20 mg/mL) was acidified by adding 200 pL hydrochloric
acid (32%). After centrifugation, 0.5 g sodium chloride was added
(salting-out effect). After vortexing, this suspension was extracted
with 4mL of a 1:1 (V/V) mixture of ethyl acetate (extractant) and
acetone (disperser solvent) as dispersive liquid-liquid extraction
(DLLE), vortexed and centrifuged. The upper ethyl acetate phase
was used (2mL, 100 mg/mL). For the third extract (3) as a ref-
erence, milled Danshen (1g) was extracted two times with 5mL
methanol (100 mg/mL), vortexed, ultrasonicated and centrifuged.
The supernatant was used.

2.2.2. Non-polar extracts 4 and 5

The fourth extract (4) was extracted as for (3), but two times
with 5mL ethanol - pentyl acetate (4:1, V/V). A 5-mL aliquot of the
supernatant (100 mg/mL) was evaporated to dryness. The residue
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was dissolved in 2mL methanol (250 mg/mL). The fifth extract (5)
was extracted as for (3), but using ethanol (100 mg/mL).

2.3. HPTLC separation

Standard solutions and the five different extracts of Danshen
were applied as 6-mm bands on a HPTLC plate silica gel 60 Fys4
using the Automatic TLC Sampler 4 (ATS 4, CAMAG). Depending
on the (bio)assay, 0.5-5 pL/band were applied for standard solu-
tions and 0.25-10 p.L/band for sample extracts (Table S-1). The
Automatic Development Chamber 2 (ADC 2, CAMAG) was satu-
rated for 5min with 10 mL mobile phase (MP). The separations
were performed at a relative humidity of the air between 45 and
55% at 23-26 °C. The optimal separation was as follows (all ratios
given as V/V): As first development, phenolics were separated with
10 mL toluene - chloroform - ethyl acetate - methanol - formic acid
4:6:8:1:1 (Table S-2, MP 6) up to 45 mm, followed by automatic
drying for 3 min. After documentation of the chromatogram at UV
254 nm, UV 366 nm and white light illumination, a second devel-
opment was performed with 10 mL petroleum ether - cyclohexane
- ethyl acetate 5:2.8:2.2 (Table S-2, MP 12) up to 85 mm, followed
by drying and documentation of the chromatogram as described.
For the separate polar and nonpolar chromatograms, the standard
solutions and the five different extracts of Danshen were applied as
8-mm bands on a HPTLC plate silica gel 60 F»s4 and developed with
MP 6 or MP 12 up to 7 cm using the same development parameters
as for the two-step method.

2.4. Derivatization

The nonpolar chromatograms were immersed in anisaldehyde
sulfuric acid reagent for 2 s with 2.5 cm/s immersion speed using
the TLC Immersion Device (CAMAG) and heated at 110 °C for 3 min
on the TLC Plate Heater (CAMAG).

2.5. Neutralization of chromatograms

Chromatograms intended for B. subtilis and A. fischeri bioassays
were dried for 30 min in the ADC 2, neutralized by 3-s immersion
(2.5 cm/s immersion speed) into a phosphate - citrate buffer (4%
or 8%, W/V, pH 7.8) using the TLC Immersion Device (CAMAG) and
dried for 5min under a cold stream of air of a hair dryer (Table
S-3, methods 1 and 2). For the AChE assay, chromatograms were
neutralized by exposure to ammonia vapor in a twin-trough cham-
ber (20 cm x 10cm, CAMAG) for 8 min, then dried in the ADC 2 for
8 min using an activated molecular sieve (0.3 nm pearls, grade 564,
filled up to 3-cm high in the gas wash bottle of the humidity con-
trol device) to reduce the relative humidity to around 0.1% at 22°C
(Table S-3, method 3).

2.6. Effect-directed detection

Two-step developed HPTLC chromatograms as well as sepa-
rately polar or nonpolar chromatograms were subjected to the
respective (bio)assays, if required after neutralization. Immersion
was performed via the TLC Immersion Device (CAMAG) at an
immersion speed of 2.5 cm/s and documentation via the TLC Visu-
alizer (CAMAG), if not stated otherwise.

2.6.1. A.fischeri bioassay and limit of detection (LOD) of
tanshinones

The Gram-negative antimicrobial profiling was performed
according to [33]. In brief, the neutralized chromatogram was
immersed for 2s into the luminescent A. fischeri suspension (the
proper luminescence was visually checked by shaking the flask in
a dark room, the medium was prepared according to DIN EN ISO

11348-1 [34]). The change over time of the instantly luminescent
bioautogram was monitored for 30 min and documented with the
BioLuminizer (CAMAG) using an exposure time of 50s and 1 min
trigger intervals. Dark zones indicated the luminescence inhibi-
tion of the bacteria [35] and thus bioactive compounds. For LOD
study, DHTI(1-5 ng/band), CT (5-100 ng/band), TI(50-300 ng/band)
and TIIA (50-400ng/band) as well as extract 4 of each sample
(2 pL) were applied in duplicate. After development with MP 12
up to 70 mm, the chromatogram was immersed into the A. fischeri
suspension and documented. The bioautogram at 30 min was pro-
cessed by the open source rTLC V.1.0 [36] to produce inhibition
values.

2.6.2. B.subtilis bioassay

The Gram-positive antibacterial screening was performed
according to [12]. Briefly, the neutralized chromatogram was
dipped for 6s with 3.5cm/s immersion speed into the B. subtilis
suspension (ODgoo nm = 0.8), incubated at 37 °C for 2 hand then visu-
alized by immersion into a 0.2% PBS-buffered MTT solution for 1s
with 3.5 cm/s immersion speed and incubation at 37 °C for 30 min
followed by heating at 50°C for 5min on the TLC Plate Heater
(CAMAG). Active microorganisms reduced MTT into purple for-
mazan, whereas antimicrobials were observed as white zones on
a purple background [12,37] and documented under white light
illumination (reflectance mode).

2.6.3. AChE assay

The AChE assay was performed based on the latest modified
procedures [16,38] of the Marston’s method [39]. Concisely, the
neutralized chromatogram was immersed for 2's into the enzyme
solution (100 mL TRIS buffer, 0.05M, pH 7.8, plus 666 units AChE
and 100 mg bovine serum albumin). The plate was incubated at
37°C for 25min and immersed for 1s into the substrate (90 mg
a-naphthyl acetate and 160 mg Fast Blue B salt in 90 mL water -
ethanol, 2:1), followed by drying at ambient temperature. Enzyme
inhibitors were documented as white zones on a purple background
under white lightillumination (transmission and reflection modes).

2.6.4. DPPH* assay

For the DPPH* assay, the chromatogram was immersed into a
0.2 mg/mL methanolic DPPH* solution for 2 s. After drying for 2 min
at ambient temperature in the dark, the plate was documented
underwhite lightillumination (transmission and reflection modes).
After 30 min, the chromatogram was measured at 520 nm using the
tungsten-halogen lamp in the fluorescence mode without optical
filter (inverse scan).

2.7. HPTLC-HRMS

The extracts were applied in triplicate (the first section for
(bio)assay, the second section for derivatization with anisaldehyde
sulfuric acid reagent and the third section for HRMS) and sepa-
rated by MP 6 or MP 12. The chromatogram was cut (smartCut Plate
Cutter, CAMAG) and each section subjected to the intended detec-
tion. For HRMS recordings, the positions of the active zones on the
(bio)autograms were transferred and marked on the chromatogram
for HRMS at UV 254 nm and 366 nm using a soft pencil. An elution
head-based interface (Plate Express, Advion, Ithaca, NY, USA) was
used to introduce the sample to the heated electrospray ionization
(HESI) source, which was connected to a Q Exactive Plus Hybrid
Quadrupole-Orbitrap Mass Spectrometer (Thermo Fisher Scientific,
Dreieich, Germany). The zone of interest, tightly fixed by the oval
elution head (4 mm x 2 mm, 320 N) was eluted for 60 s at a flow rate
of 0.1 mL/min using methanol for the positive ionization mode and
acidified methanol (plus 0.1% formic acid) for the negative ioniza-
tion mode. All mass spectra were recorded in the full scan mode
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between m/z 50 and m/z 800 in both ionization modes. Two lock
masses were used, i.e. monosodium diformate (m/z 112.98563) for
negative and sodium dibutyl phthalate (m/z301.14103) for positive
ionization mode. The settings (positive/negative mode, if differ-
ent) included spray voltage +3.7/-3.5kV, capillary temperature
270°C, resolution 70.000/140.000, automatic gain control target
3 % 10%/2 x 10° and maximum injection time 10/200 ms. The MS
data was processed with Xcalibur 3.0.63 software (Thermo Fisher
Scientific). A representative plate/system background (located at a
similar hRg position as the zone of interest) was always subtracted
from the analyte mass spectrum.

2.8. PLC-NMR spectroscopy

The sample A (10g) was extracted with 50 mL solvent as for
extract 4. After evaporation, the residue was dissolved in 4mL
methanol. Thereof, 2mL were applied as band (185 mm x 3 mm)
on the PLC plate (cut to 20 cm x 10 cm using the smartCut and pre-
washed with methanol and water, 3:2), which was developed with
MP 12 up to 10cm in the Twin Trough Chamber (CAMAG). The
active zone was scraped off and extracted three times with 2mL
methanol and the supernatant was centrifuged and evaporated to
dryness under a nitrogen stream. The residue was dissolved in
600 pL deuterated methanol and transferred into a 5-mm NMR
tube (VWR) and measured with the NMR spectrometer AV 600
(Avance Il HD 600 MHz, Bruker, Rheinstetten, Germany) equipped
with a 5-mm BBO Z-gradient probe. All spectra were collected and
processed with TopSpin 3.5 (Bruker), and the acquisition parame-
ters were 64 K data points with 1024 transients and a delay time of
6. The CHD,0D signal at 3.31 ppm originating from the residual
methanol solvent was used as reference for the chemical shift.

3. Results and discussion
3.1. Two-step development for a comprehensive profiling

The chemical profiling of the different Danshen extracts was
aimed at covering effective compounds as comprehensively as pos-
sible. Due to the different polarities of tanshinones and phenolics,
two types of MPs were optimized to separate both groups on the
same plate through a two-step development. Especially for sep-
aration of polar Danshen extracts [30], the MPs contained a high
percentage of acids. In contrast, the acid content was required to
be as low as possible for a subsequent bioprofiling. Hence, various
MPs were investigated for separation of polar and nonpolar extracts
(Table S-2). With regard to an acceptable resolution of all the com-
ponents and a good response of the acid-sensitive bioassays, MP 6
and MP 12 were preferred for polar and nonpolar developments,
respectively. If required, halogenated solvents like chloroform can
be avoided for separation of the main phenolics (SAB,LSAand RA)in
the Danshen extracts (Fig. S-1; substitution of chloroform by pentyl
acetate).

3.2. Neutralization of the chromatograms prior to bioassays

Earlier investigations proved that a high percentage of acid in
the MP along with an insufficient neutralization hampered the
response of specific bioassays. Hence, the acidity of the MP was
reduced to 5% (Table S-2, MP 6) to be within the buffer capacity
[12]. Among three different investigated neutralization procedures
(Table S-3), method 2 was suited for A. fischeri and B. subtilis bioas-
says, and method 3 for the AChE assay.

3.3. Impact of different extraction methods on effect-directed
profiles

The polar part of Danshen containing phenolic acids was
extracted with methanol versus water, followed by an acidified
ethyl acetate partitioning, whereas the nonpolar part containing
diterpenoid quinones was extracted with ethanol versus its mixture
with pentyl acetate. The effectivity of these extractions was evalu-
ated regarding their biological, biochemical and chemical profiles.
Differing application volumes of the extracts eased the qualitative
comparison of the fingerprints, however, needed to be factorized
for quantitative conclusions. In comparison to agar diffusion and
agar overlay bioautography, DB was preferred to screen antimi-
crobial activities of Danshen extracts due to its good capability of
detection, time-saving direct application and minor impact on the
resolution of compounds [12].

The different extracts of Danshen provided strong (bio)profiles,
whereas the reference extract 3, covering both nonpolar and polar
components, had almost the same (bio)activity as the extracts 2
and 5 with the same concentration of 100 mg/mL. For example for
nonpolar compounds in the A. fischeri bioassay, extract 3 (Fig. le,
tracks 10-13) was similar in the intensity to extract 5 (tracks
19-22). For polar compounds, extract 3 (Fig. 5) was almost sim-
ilar in the intensity to extract 2 in the AChE (Fig. 5¢) and DPPH*
(Fig. 5d) assays. The differing (bio)activity behavior of extracts 1-5
was evident by comparing polar with nonpolar extractions (Fig. 1,
left versus right plate side). Unique responses were observed even
among the extractions of a similar polarity (polar extracts 1 and
2 as well as nonpolar extracts 4 and 5). For instance, if compared
to extract 1 of Danshen sample B (Fig. S-2a-c), extract 2 showed
more pronounced bands in the phenolics chromatogram (Fig. S-
2a-c)and also more and stronger active zones in the A. fischeri and
B. subtilis bioautogram due to the salting-out effect and DLLE (ethyl
acetate as extractant and acetone as disperser solvent). Regard-
ing nonpolar extracts, extract 4 seemed at first glance to show
a much stronger bioactivity profile than extract 5 (Fig. 2d versus
e), but it was also by a factor of 2.5 higher in the amount on the
plate.

Consequently, the reference extract 3 was an appropriate com-
promise for both, polar and nonpolar (bio)profilings on the same
plate, though intensity of the zones was weaker, if compared to
the separate, more polar and more nonpolar extracts. The polar
extract 2 led to more intense zones than extract 1, whereas nonpo-
lar extracts 4 and 5 were considered to be comparable.

3.4. Gram-negative antimicrobials discovered via HPTLC-A.
fischeri bioassay

Literature on antimicrobial activity of Danshen against Gram-
negative bacteria showed that sensitive methods and isolated
compounds led to lower minimum inhibitory concentration (MIC)
values and revealed more accurate values for activities. Ethanolic
Danshen extracts exhibited 15.6 mg/mL as MIC against Aggre-
gatibacter actinomycetemcomitans and Porphyromonas gingivalis
[40], which was a relatively high MIC. In contrast, the antibac-
terial activity of single active compounds of Danshen such as
CT and DHTI showed MIC of 100 pg/mL against 8 Gram-negative
bacteria (agar dilution method), except Alcaligenes faecalis [41].
The antimicrobial activities of 4 tanshinones and 3 phenolics
(bioassay-guided fractions of the ethanolic Danshen extract)
against 5 Gram-negative bacteria through spore germination and
micro-dilution-colorimetric assays showed lower MICs of all
phenolics and tanshinones for Gram-negative bacteria versus
Gram-positive ones. Additionally, DHTI and CT with MICs of 6 to
25 pg/mL had a stronger antimicrobial activity than TI and TIIA
with MICs of 25 to 50 pg/mL. Phenolic compounds like RA and
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Fig. 1. Chromatograms of the two-step development on HPTLC plates silica gel 60 F;s4 (first toluene - chloroform - ethyl acetate - methanol - formic acid 4:6:8:1:1 up
to 45 mm, and second, petroleum ether (60-80°C) - cyclohexane - ethyl acetate 5:2.8:2.2 up to 85 mm) of 5 Danshen extracts (tracks 1-6, 8-13, 15-22; assignments and
individual application volumes in Table S-1) as well as 2 standard mixture solutions with 10 substances (tracks 7 and 14); each plate documented either at UV 254nm (a)
or UV 366 nm (b) or white light (c and d, transmission mode) and to the right the respective bioautograms using A. fischeri (e) and B. subtilis (f) bioassays as well as AChE
inhibition (g) and DPPH* scavenging assays (h).
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Fig. 2. Chromatograms of tanshinones (in B. subtilis and A. fischeri DHTI 20 and 10ng/band, CT 150 and 50 ng/band, TI in both 300 ng/band, and TIIA in both 200 ng/band,
respectively) and the nonpolar Danshen extracts 4 and 5 on HPTLC plates silica gel 60 F2s4 with petroleum ether (60-80°C) - cyclohexane - ethyl acetate 5:2.8:2.2, documented
at UV 254nm (a), white light illumination (b) and after derivatization via anisaldehyde sulfuric acid reagent (c) as well as respective bioautograms after B. subtilis (d) and A.
fischeri (e) bioassays.
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CA had a weaker antimicrobial activity (MICs 50-100 pg/mL), if
compared to tanshinones [42]. Such bioassays described do only
deliver a sum parameter of the bioactivity of complex samples or
require tedious pre-fractionation to obtain individual compounds
to test.

In our study, HPTLC combined with a bioassay directly indicated
bioactive component in the extract without need for fractionation
and without discrimination of compounds. The non-pathogenic
marine A. fischeri bacteria were chosen, which produce an instant
luminescent signal and are convenient to use as indicator. Bacteria
of a higher clinical relevance often need a special laboratory safety
level. Our bioautograms revealed that polar and nonpolar Danshen
extracts had a substantial effect on the Gram-negative A. fischeri
bacteria, whereby the nonpolar portion located at a higher hRg
range was more bioactive than the polar components at a lower hRg
(Fig. 1e). This confirmed initial results for the nonpolar compounds
[31].

For detailed investigation, polar and nonpolar extracts were
individually developed with the respective optimized MPs up to
a migration distance of 70 mm (Figs. 2 and S-2, a-c). The higher
migration distances resulted in a better zone resolution, if com-
pared to the two-step development (Fig. 1a-d). Our results showed
that among the 4 tanshinone standards, DHTI and CT had a higher
Gram-negative antimicrobial activity against A. fischeri than Tl and
TIA (Fig. 2e). Moreover, three unidentified nonpolar active com-
pounds 1,3 and 4 were discovered in the Danshen extracts. Among
the 6 phenolic standards, SAA, PCAD, CA, SAB and RA showed
an antimicrobial activity at the studied amounts on the plate.
Apart from these, three unidentified compounds 5-7 (Fig. S-2e)
were discovered in the polar Danshen extracts. Our results about
antimicrobial activity of polar and nonpolar compounds in Danshen
against Gram-negative A. fischeri bacteria were in accordance with
former results on Gram-negative antimicrobial phenolics and tan-
shinones in Danshen [42]. In addition, both results confirmed that
tanshinones such as DHTI and CT as well as a similar unidentified
compound had much stronger antimicrobial activity than pheno-
lics. This proves and outlines the suitability of the streamlined DB
workflow to be an efficient alternative with several advantages as
discussed.

The HPTLC-A. fischeri bioassay can be used not only for bioactiv-
ity screening but also for LOD determination of active compounds
on the plate [43]. LODs of tanshinones were determined using the
bioautogram after 30 min. For DHTI and CT, LODs were exemplar-
ily calculated to be 5 and 12 ng/zone, respectively, based on the
extracted digital values of the antimicrobial activity in the bioau-
togram against A. fischeri (Fig. 3b) using an open source software
called rTLC [36]. Such LOD values represent the lowest detectable
active amount of a substance on the HPTLC plate and can be
compared with MIC values. In contrast to tanshinones, phenolic
compounds had an inferior A. fischeri antimicrobial activity (Fig
S-2e), clearly underlined by their antimicrobial activity at higher
amounts, i.e. 10 pg/zone for SAB, 2.5 pg/zone for LSA, 2.5 jg/zone
for SAA, 1.5 pug/zone for RA, 0.75 pg/zone for CA and 1.5 pg/zone
for PCAD. To conclude, the HPTLC-A. fischeri bioassay workflow
was not only fast and cost-efficient, but also more sensitive than
the agar dilution method to detect activities, i.e., by a factor of
20 for DHTI with 100 pg/mL [41] versus 5ng/zone or by a factor
of 8 for CT with 100 pg/mL [41] versus 12 ng/zone, when referred
to a 1-plL/zone application volume. In that sense, the HPTLC-
A. fischeri bioassay workflow was comparable to the MIC range
of spore germination and micro-dilution-colorimetric assays (for
DHTI 6-25 pg/mL [42] versus 5 ng/zone or for CT 6-12 pg/mL [42]
versus 12 ng/zone), though it is expected to be more sensitive for
higherapplication volumes, e.g., by a factor of 100 for an application
of 100 pL.

3.5. Gram-positive antimicrobials discovered via HPTLC-B.
subtilis bioassay

In antimicrobial studies of Danshen against Gram-positive bac-
teria [44,45], the ethanolic (MICs 15.6 to 62.5 mg/mL via cup-plate
method) and methanolic extracts (MICs 8 to 64 pg/mL via broth
dilution method) exhibited antimicrobial activities on pathogenic
bacteria in the mouth such as Streptococcus (S.) mutans, Lacto-
bacillus, S. sanguinis, S. sobrinus, S. ratti, S. criceti, S. anginosus
and S. gordonii. These MIC values were wondering due to their
difference by a factor of 1000. In contrast to no antimicro-
bial activity (disc diffusion assay) of water, butanol and ethyl
acetate fractions of methanol extract of Danshen, its n-hexane and
chloroform fractions as well as whole methanol extract demon-
strated strong effects against Staphylococcus aureus, even against
a methicillin-resistant one, with MICs of 1 to 128 pg/mL through
broth microdilution method [46]. CT and DHTI showed antibacterial
activity (agar dilution method) against a wide range of Gram-
positive bacteria with MICs of 3 to ca. 100 pg/mL [41]. Moreover,
CT had strong antimicrobial activity against 21 S. aureus as well
as methicillin- and vancomycin-resistant S. aureus strains by broth
macro/microdilution method [47,48]. A coculture of Salvia milti-
orrhiza root with Bacillus cereus bacteria showed an increase in
the accumulation of tanshinones, produced as a defensive reac-
tion for inhibition of the bacterial growth due to the antimicrobial
effects of CT, Tl and TIIA [49]. The activity of tanshinones and phe-
nolics against three Gram-positive bacteria (B. subtilis, S. aureus and
S. haemolyticus) via bioassay-guided fractionation of an ethano-
lic Danshen extract showed that CT and DHTI had a stronger
antimicrobial activity than TI and TIIA. If compared to tanshinones,
phenolic compounds like RA and CA had a lower Gram-positive
antimicrobial activity with regard to the MIC level [42].

In our study, the ubiquitous, non-pathogenic B. subtilis bacteria
were chosen, as bacteria of a higher clinical relevance often need
a special laboratory safety level. To compare our results with the
mentioned studies, first, the antimicrobial responses of the whole
polar extracts (Fig. 1f, 1-6, 500-2250 ng/p.L, Table S-1, B. subtilis)
were compared with the nonpolar extract responses (Fig. 1f, 15-22,
100-500 ng/p.L). Even though the polar extract was at least at a
factor of 4.5 higher amount on the plate, it was less active in the
response, if compared to the nonpolar extracts. Therefore, it was
evident that the most antimicrobial compounds were found in the
nonpolar extract, which was retained at higher hRg values. This
result was in accordance with the results of the mentioned studies
for antimicrobial investigation of both isolated polar and nonpo-
lar compounds of Danshen [41,42,47-49] and its extract solutions
[44-46]. Nevertheless, some weak zones were observed in the
lower, polar hRg range. For further study, the polar and nonpo-
lar extracts were also developed separately up to 70mm. In the
nonpolar extracts, not only DHTI, CT, TI, TIIA, but also the uniden-
tified compound zones 1 to 4 showed a strong bioactivity (Fig. 2d).
Moreover, derivatization with anisaldehyde sulfuric acid reagent
revealed a violet zone (Fig. 2c) co-eluting with the yellow (Fig. 2b),
bioactive (Fig. 2d) DHTI zone in the Danshen extracts. In the polar
Danshen extracts, bioactive zones at the same hRg value as SAB (Fig.
S-2d), LSA (only in Danshen extract B2) and RA (only in Danshen
extract A1) as well as the unidentified compound 6 were observed.
The bioactive zone 5 at a higher hRg (Fig. S-2d) was assumed to
belong to the group of tanshinones extracted at a lower amount
during the polar extraction.

To conclude, the visual antibacterial activities of the tanshi-
nones and phenolics were observed in the following descending
order: DHTI> CT>TI~TIIA 3> phenolics. Despite of the structural
similarity of all tanshinones, they showed a differing bioactivity.
The dihydrofurane ring might explain this. Having a dihydrofurane
ring, a higher, but similar antimicrobial activity of CT and DHTI was
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observed in comparison to the bioactivity of T1 and TIIA with a
furane ring (C-15 and C-16). Also, DHTI with an aromatic ring A had
a higheractivity in contrast to CT with a perhydrated six-membered
ring A [42]. The HPTLC-B. subtilis bioassay was a fast and sensitive
method for investigation of the Gram-positive antimicrobial activ-
ity of these complex extracts, and again, directly indicated their
bioactive components without need for fractionation or discrimi-
nation of compounds.

3.6. AChE inhibitors discovered by HPTLC-AChE assay

Isolated DHTI and CT were inhibitors of AChE with ICso values
of 0.89 and 4.67 wM, respectively, using the Ellman colorimet-
ric method [50]. After modification of this method, DHTI and
CT (isolated by vacuum liquid chromatography followed by CC)
had anti-cholinesterase activity with ICsy values 1.0 and 7.0 wM;
whereas, isolated TI and TIIA showed a weak AChE inhibition [51].
The AChE inhibitory activity of DHTI and CT was confirmed ex-vivo
for 3 h and 6 h, respectively, while their in vitro ICsq values were 25
and 82 M, respectively [52]. Substantial AChE inhibition (enzyme
from homogenated rat brain) of TI, DHTI, total tanshinones and an
ethanolic Danshen extract was also proven via the Ellman colori-
metric method; whereas CT and TIIA did not exhibit any activity
in contrast to previous studies [53]. Among ICsq values of tanshi-
nones, DHTI with a dihydrofurane ring had the highest inhibitory
activity in comparison to TI and TIIA. In a recent structural study
using recombinant human AChE, DHTI revealed a selective periph-
eral site binding in a special orientation of the dihydrofurane ring
[54].

Our AChE profiling of Danshen extracts showed AChE inhibitors
in all extracts (Fig. 1g). Via separation of the nonpolar extracts,
DHTI, CT and the two unidentified compounds 1 and 3 (also
detected via A. fischeri and B. subtilis bioassays) were found to be
AChE inhibitors (Fig. 4). The partition-coefficient factor clogP of 2.4
for DHTI and 3.4 for CT showed that they are able to penetrate
the blood-brain barrier [51]. In other words, any AChE inhibitors
need to penetrate the blood-brain barrier to inhibit AChE, and
consequently, increasing the acetylcholine levels to restore its
physiological effects. Therefore, the clogP value is an important
parameter for AChE inhibitors. Apart from tanshinones, polyphe-
nols are also a main source of AChE inhibitors [53]. In the polar
extract, the six phenolics SAB, SAA, LSA, RA, CA and PCAD showed a
strong inhibition of AChE (Fig. 5¢). SAB, LSA and RA were detected as
given, whereas CA and PCAD were first detected at a higher sample
amount (data not shown). Additionally, the unidentified compound
8 was revealed in the Danshen extracts A3 and B3 (Fig. 5). The inhi-
bition mechanism of phenolic compounds with a similar structure
to caffeic acid is assumed to be done by fitting the inhibitors into

Tanshinones Danshe:

Fig. 4. Ch of i (DHTI 40ng/band, CT 300ng/band, TI
200 ng/band and TIIA 300 ng/band) and the extracts of Danshen (2 pL/band
each) on HPTLC plates silica gel 60 Fzs4 with petroleum ether (60-80°C) - cyclo-
hexane - ethyl acetate 5:2.8:2.2, documented at UV 254 nm (a) and white light
illumination (b) as well as after AChE inhibition (c).

the gorge of the active AChE site via aromatic ring positioning into
the peripheral anionic site (except for phenolics with the orienta-
tion of the aromatic ring towards the anionic site) [55]. The results
of HPTLC-AChE assay showed that this method has a considerable
potential for high-throughput screening of a wide range of active
compounds with differing polarities.

3.7. Free radical scavengers discovered by HPTLC-DPPH* assay

The antioxidant activitiy of phenolic compounds is related to
the compound structure such as the number of hydroxyl groups
present in the aromatic ring(s) and their positions (ortho, meta and
para). Phenolic antioxidants can inactivate the free radical genera-
tion by transfering a hydrogen atom to radicals [56] and generation
of own stable radicals which are stabilized through resonance [57].
Antioxidants caninterrupt the oxidizing chain reactions in different
ways, including disactivation of reactive oxygen species, inhibi-
tion of enzymes, and chelating of metal ions. For these protective
functions, two mechanisms have been proposed. The first mech-
anism is the hydrogen atom transfer from the antioxidant to the
free radical, depending on the dissociation energy of the OH bond.
The second mechanism is the electron transfer reaction by giving
an electron from the antioxidant to the free radical, depending on
the ionization potential [56]. Among the stable radical assays, the
DPPH* scavenging activity depends on the hydrogen atom trans-
fer (first mechanism). Obtained results may differ to the unstable
superoxide anion assay [58].
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Fig. 5. Chromatograms of phenolics (50 ng/band for DPPH* and 400 ng/band for AChE) and the polar extracts of Danshen on HPTLC plates silica gel 60 F2s4 with toluene -
chloroform - ethyl acetate - methanol - formic acid 4:6:8:1:1, documented at UV 254 nm (a), UV 366 nm (b), after AChE inhibition assay (c) and after DPPH* assay (d).

Most DPPH* studies used conventional spectroscopic methods
[57,59-61). The correlation between high amounts of tanshinones
in Danshen extracts and any antioxidant activity, which was
attributed to phenolic acids and flavonoids, was found unlikely
[59]. Despite of this consideration, the antioxidant activity of tan-
shinones was reported based on experiments performed by the
Rancimat and the Schaal oven-peroxide value method (tanshi-
nones isolated by CC and preparative TLC, and mixed with pork
fat at 0.02%, W/W, compared with a control sample). Except for
TIIA, all the diterpenoid quinones such as DHTI, TI, methylene-
tanshinquinone (MTQ), CT, and tanshinone IIB provided notable
antioxidant activity according to a prolonged induction time and
lower peroxide values of the fat [62]. Kang et al. found that ethyl
acetate and n-butanol fractions of methanolic Danshen extracts
had considerable scavenging activity against DPPH. Also, 2 phe-
nolics and 3 diterpenoid quinones were isolated from the pentyl
acetate, ethyl acetate, n-butanol and water fractions by CC. Among
these, the 2 phenolics in the ethyl acetate and n-butanol frac-
tions showed strong DPPH* scavenging activity, even higher than
butylated hydroxytoluene and L-ascorbic acid as two well-known
antioxidants [57]. In contrast, the 3 diterpenoid quinones (TIIA, TI
and CT) had no antioxidative properties and were inactive in all
three experiments even at high concentrations [57]. Also salvianic
acid A (danshensu), SAB and SAA were found to be effective radical
scavengers with antioxidative activities [60,61]. A recent HPTLC-
DPPH* investigation of 19 Salvia species (but no Danshen) showed
that most samples had antioxidative polar compounds covered by
flavonoids and phenolic acids. Only four Salvia species exhibited
free radical scavenging properties also in the less polar fractions
[63].

In our study, the effect-directed HPTLC-DPPH analysis seems
to be the first for Danshen. It rapidly detects individual free rad-
ical scavengers. Only phenolic compounds at a lower hRg were
detected as the major free radical scavengers in Danshen (Fig. 1h).
As the response was too intense, the DPPH* assay was repeated
after a 1:60 methanolic dilution of the Danshen extract 2 (to be
1.7 mg/mL), extract 1 (5.0 mg/mL) and after 1:30 methanolic dilu-
tion of extract 3 (3.4 mg/mL). The phenolic standard solutions were
diluted to be 50 ng/pL and 1pL was applied on the plate via
overspraying (50ng/band). The polar development up to 70 mm
showed that all six polar phenolics, i.e. SAB, LSA, SAA, RA, CA and
PCAD, were free radical scavengers (Fig. 5d). In all Danshen extracts,
DPPH*-effective bands were detected at the same hRf as SAB, LSA,
RA, and only in extract 3, an additional weak unidentified com-

pound 8 was detected (Fig. 5d). To conclude, SAB, LSA and RA
showed the most intense free radical scavenging activity and sub-
stantially contributed to the antioxidative potential of the Danshen
extracts. Our densitometric results also showed that free radical
scavenging activities of the phenolics were obtained in the follow-
ing descending order for a 50 ng/zone each (peak area percentage):
RA>CA~LSA>SAB ~ PCAD > SAA (Fig. S-3).

3.8. HPTLC-HRMS for the identification of known active
compounds

The preliminary assignment of discovered active compounds to
standard substances based on the hRg value and spectral prop-
erties, was proved by recording of mass spectra of both the
standard and sample zones. This way, CT, Tl and TIIA were con-
firmed in the nonpolar extracts 4 and 5, and SAB, LSA, SAA,
RA, CA and PCAD in the polar extracts 1 and 2 (Fig. 6). The
HRMS results confirmed a co-elution at the same hRg values
of DHTI in the samples, as the prior derivatization results had
revealed. According to the measured exact mass of m/z 303.09917
[M2+Na]*, the co-eluting compound was assumed to be either
methylenedihydrotanshinquinone (MDHTQ) or danshenxinkun B
(DXB) or 1,2,15,16-tetrahydrotanshinone I (THT) or their combi-
nations (Fig. 6 DHTI and Table 1). As most important active zone
among all the unidentified zones in the bioautogram and finger-
print of the nonpolar extract of Danshen, the compound zone
1 was selected and revealed m/z 301.08354 [M+Na]*. According
to [20,23,64-68], four tanshinones were potential candidates, i.e.
1,2-dihydrotanshinone I (1,2-DHTI), MTQ, iso-dihydrotanshinone
1 (isoDHTI), and iso-dihydrotanshinone II (isoDHTII) (Fig. 7). To
accept or reject the mentioned potential candidates, ' H-NMR spec-
troscopy was performed next.

3.9. Structural elucidation of unidentified active compounds via
PLC-NMR spectroscopy

Most reported isolation strategies were uneconomical even
those approaches with a direct elution of the zone from the plate.
A high number of TLC/HPTLC plates was required for zone elution
using an elution head-based interface to collect a sufficient analyte
amount for NMR spectroscopy [2,4]. Although good results were
reported for quantification of standards [5], the small elution area
of the elution head is not considered as an appropriate option for
extended compound isolation from complex samples. A single PLC
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